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InfoMine Inc. is the world leader in providing mining knowledge online, delivering content via our
websites, through corporate intranets, and by email.
The InfoMine websites provide focused, in-depth information and functionality encompassing most
aspects of mining and mineral exploration activities worldwide. The websites are organized as a series
of InfoMine Editions which collectively provide access to the largest, most fully integrated source of
worldwide mining and mineral exploration information. Each InfoMine Edition has its own specific
audience and content provided in the local language.
Whether you are developing mineral properties, investing in mining, selling products and services to
the mining industry, or you just want to find a job, industry research and knowledge is an important
requisite. Reliable, focused information is necessary to keep a competitive advantage, and InfoMine
is equipped to conveniently provide the knowledge you need.
For more information, visit our website at http://www.infomine.com/.

ConferenceMine, the InfoMine Conferences division, organizes highly technical seminars and
conferences, addressing specialized topics for the purpose of technology and knowledge transfer.
InfoMine Conferences provide an opportunity for specialists and technology users to exchange
information, discuss latest research and propose innovative solutions to technical challenges. Physical
conferences include technical sessions, trade shows and social functions, enabling personal exchanges
in formal and informal settings.
ConferenceMine conferences are a very important medium for fostering discussion, developing
technology, building relationships and gathering information. Since its creation ConferenceMine has
organized the following conferences:


Tailings and Mine Waste (2011, Vancouver, Canada)



Mine Water Solutions in Extreme Environments (2013, Lima, Peru; 2015, Vancouver,
Canada)



Paste and Thickened Tailings (2013, Belo Horizonte, Brazil; 2014, Vancouver, Canada)



Heap Leach Solutions (2013, Vancouver, Canada; 2014, Lima, Peru; 2015, Reno, Nevada)



Cold Covers Practice Seminar (2014, Whistler, Canada)



Mine Closure Solutions (2014, Ouro Preto, Brazil)



Geosynthetics Mining Solutions (2014, Vancouver, Canada)



10th International Conference on Mine Closure (2015, Vancouver, Canada)

Please see http://www.infomine.com/conferences/ for a list of upcoming conferences.
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Newmont is one of the world’s leading gold producers, and an industry leader in safety and
sustainability. The Company was founded in 1921 and has been publicly traded since 1925.
Headquartered in Colorado, Newmont has approximately 28,000 employees and contractors, the
majority of whom work at operations in the USA, Australia, New Zealand, Peru, Indonesia, and Ghana.

Barrick is the world’s largest gold producer, with operations in North America, South America, Africa,
and the Middle East. The company’s five Nevada mines lead the US in gold production, and the
company also holds a 50-percent interest in a sixth Nevada gold mine. Barrick employs more than
4,000 Nevadans, and its operations support hundreds of suppliers and vendors in the state. In Nevada,
Barrick employees play an active role in both rural and urban communities, supporting and providing
leadership to a variety of effective educational, environmental, safety, and social service
organizations.

Cyanco began producing sodium cyanide in Nevada 25 years ago with a simple concept: provide
customers with a product that is ready-to-use in their process, and give them exceptional service and
reliability of supply. Today, Cyanco is a global player and is the world’s largest producer of sodium
cyanide with three production plants and over 150,000 metric tonnes of capacity.
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A division of the College of Science, the Mackay School of Earth Sciences enjoys a long and proud
history at the University of Nevada, Reno. While offering programs in geology, geography, geophysics,
geological engineering, hydrogeology and mining engineering (with options in underground and
quarry mining), Mackay has expanded its scope to include research and degree programs in other
critical earth science disciplines including seismology, environmental engineering and hydrology. At
Mackay, our goal is to provide a student-focused and student-friendly atmosphere with small class
sizes, a low student to faculty ratio, and summer job and internship opportunities.

The University of British Columbia (UBC) is a global center for research and teaching, consistently
ranked among the 40 best universities in the world. Since 1915, UBC’s West Coast spirit has embraced
innovation and challenged the status quo. Its entrepreneurial perspective encourages students, staff,
and faculty to challenge convention, lead discovery, and explore new ways of learning. At UBC, bold
thinking is given a place to develop into ideas that can change the world.

UBC’s Department of Mining Engineering is known for being a small, close-knit family. The department
is exemplified by the dedication of the faculty and staff who provide a dynamic, hands-on learning
experience for both undergraduate and graduate students.
In addition to teaching, the faculty works with graduate students and staff to undertake research in
all aspects of mining in order to study and improve the industry for future generations. Gifts from
alumni, corporations, foundations, students, parents and other friends assist the Keevil Institute in
conducting leading edge research, providing outstanding education and contributing to social and
economic development.
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American Exploration & Mining Association (formerly known as the Northwest Mining Association
until 2013) is a 120 year old, 2,500 member, non-profit, non-partisan trade association based in
Spokane, Washington. AEMA members reside in 42 states and are actively involved in prospecting,
exploring, mining, and reclamation closure activities on USFS administered lands, especially in the
West. The diverse membership includes every facet of the mining industry including geology,
exploration, mining, engineering, equipment manufacturing, technical services, and sales of
equipment and supplies. AEMA’s broad membership represents a true cross-section of the American
mining community from small miners and exploration geologists to both junior and large mining
companies. More than 90% of members are small businesses or work for small businesses. Most
members are individual citizens.

The Nevada Mining Association is comprised of operating mining companies; exploration companies;
suppliers of industry equipment, goods and services, counselors and consultants; and individuals
interested in sustaining the industry. The Nevada Mining Association’s objective is to maintain a
business and operating environment that fosters exploration, development and production of
minerals in Nevada using safe and environmentally conscious methods. For more information, visit
www.nevadamining.org.

The Geological Society of Nevada is a non-profit scientific society dedicated to promoting the
advancement of the geological sciences, especially as they relate to Nevada. The Society encourages
dissemination of scientific and practical knowledge through semiformal presentations, field trips and
symposia and by publishing the literature resulting from these activities. Through the GSN Foundation,
we fund a number of earth science related charitable programs, including grants for K-12 field trips,
university scholarships and grants for geological mapping.
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September 2015 marks the third year of this innovative and diverse conference, the brainchild of, and
organized by, InfoMine. As an alumnus of the University of Nevada, Reno, and as a member of the
UNR College of Engineering Advisory Board, I am very proud to report that this year’s conference is
presented in academic partnership with the University of British Columbia and the University of
Nevada’s Mackay School of Earth Sciences & Engineering.
I am also pleased to say that our industry partners are Newmont, Barrick, and Cyanco.
Our contributing authors represent a diverse range of professions and walks of life. We have
representatives of academia, consulting, and operations, and owners from the copper, gold, nickel,
and nitrate industries.
In the year since the last conference, the industry has been increasingly focused on improving margins
in a soft market. This trend is reflected in many of the conference papers, which include optimization,
improved instrumentation, better integration of engineering specialties, improved testing and
analysis, and innovative closure technologies. For the first time we have multiple papers on injection
leaching, authored by major names in the heap leaching business. Clearly this marks injection leaching
as an emerged technology. A long-term trend in the industry is to build bigger and more complex
facilities in more challenging locations. This year’s papers also reflect that trend, with excellent
discussions on advanced geotechnical methods, the latest developments in seismic response, closure
planning, and environmental monitoring.
In total this volume contains 37 peer-reviewed papers and 8 abstracts, reflecting presentations in the
following categories: Project development; Operations; Closure; Nickel, uranium and other minerals;
Unsaturated flow; and New technologies.
Our authors hail from the USA, Australia, China, India, Brazil, Chile, Peru, Canada, the UK, South Africa,
and Turkey. Over a dozen of our authors are recognized global leaders in their fields; others are
emerging talents with voices that need to be heard.

Mark E. Smith, GE, D.GE, PE
Technical Committee Chair
Heap Leach Solutions 2015, Reno, Nevada, USA
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Heap leaching, the future*
David W. McLaren, Newmont Mining Corporation, USA

Abstract
In today’s world of complex ores and milling processes, heap leaching is often forgotten. However, the
future of large-scale mining depends heavily on heap leaching. New ore deposits are lower grade, more
refractory, more difficult to drill, and face the challenge of rising costs, increased regulatory pressure,
and a declining foundation of skilled professionals to develop them. In today’s economic environment,
CEOs and other executive leaders are averse to risk and are actively looking for projects that have a
certainty of a financial return to develop. Heap leaching is critical to developing large-scale mines, and
the low- to medium-grade material must be processed economically along with the high-grade. But
projects in the future will need to address all of the challenges listed to be developed and operated
successfully for profit. This presentation discusses each of these challenges and what the industry must
be prepared to do to ensure a sustainable future.

* Note that there is no accompanying full paper for this abstract.
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Intermediate scale evaluation
of air-solution interactions in heap
leach irrigation and aeration processes*
Michael A. Milczarek, GeoSystems Analysis, Inc., USA
Mike Yao, GeoSystems Analysis, Inc., USA
Jason Keller, GeoSystems Analysis, Inc., USA
Monisha Benerjee, GeoSystems Analysis, Inc., USA

Abstract
Controlled intermediate scale laboratory tests were performed in a 240 cm high, 240 cm wide, 15 cm
deep, highly instrumented test cell (Box) to evaluate solution and air distribution efficiency and flow
within ½-inch crushed copper sulfide leach ore under varying irrigation rates and air injection location
and aeration rates. Raffinate content, capillary pressure, air pressure, temperature and oxygen content
were monitored with twenty-four sensor nests installed throughout the Box. Air injection ports were
located within the leach ore and drainage layers and drainage was monitored from either side of the box
(50% of ore volume). Box tests were conducted under target irrigation rates of 8 or 12 liters/meter2/hour
and target aeration rates of 3.2 or 6.4 liters/minute at different aeration injection depths and locations.
Solution content and capillary pressure data indicated that solution content within the Box did not
change significantly in response to different irrigation and aeration rates or aeration locations. However,
uneven distribution of solution content was observed, with even distribution at shallow depths near the
irrigation source and variable wetting and preferential solution flow at deeper depths. Drainage rates
were uneven and correlated to air injection rates and location, indicating that air injection location
influences solution flow direction and distribution. Increasing the irrigation rate during air injection
also decreased oxygen contents within the leach ore, indicating that a small increase in solution content
associated with a higher irrigation rate inhibited air flow. Oxygen displacement and recovery testing
indicated air injection into the drainage layer produced more complete oxygen recovery than observed
with air injection into the leach ore. The Box test results demonstrated that the Box design and
instrumentation provides the capability and sensitivity to collect meaningful data on heap leach
irrigation and aeration processes and the results from these intermediate scale laboratory tests can be
used to support heap leach pad design (e.g. heap height, irrigation and aeration system design) and
process modeling.
* Note that there is no accompanying full paper for this abstract.
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The challenge of processing gold-copper ores
Steve N. Dixon, SND Consulting, USA

Abstract
The processing of gold-copper ores is challenged by the amount of cyanide consumed by forming
complexes with the copper. The solubility of copper minerals varies greatly, with oxide minerals
generally more soluble in cyanide than sulfide copper minerals. The processing of gold ore containing
copper minerals has higher cyanide consumption than gold-only ores. Recovery and reuse of the
complexed cyanide, along with production of a saleable copper by-product, can improve the economics
of the ore body.
A number of processes have been used or proposed that use variation in pH and/or the addition of
reagents to complex or precipitate the solubilized copper and release cyanide for reuse. Some of the
processes use clear solution and are not applicable for slurries. The different processing options are
discussed in this paper. An alternative process is then presented that could improve the economics of
processing gold-copper ores.
The proposed process does not significantly adjust the pH of the solution and can be used to treat
both solutions and slurries. The process has two significant points that have not been addressed before.
The first is the continuous removal of copper cyanide from the solution or slurry. The second is the
removal of copper and recovery of the cyanide for reuse. The proposed process uses conventional
technology that has been practiced for 40 to 100 years.

Introduction
The processing of gold-copper ores has been a challenge for cost control since the start of the
cyanidation process in 1889. The solubility of different copper minerals influences the amount of copper
in the leach solution. Table 1 presented by Leaver and Woolf (1931) evaluated the extraction of copper
from different copper minerals and the amount of cyanide that is recovered by regeneration by sulfideacid precipitation (SART).
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Table 1: Solubility of copper minerals in 0.99 gpl NaCN solution at 23°C
(Leaver and Woolf, 1931)
Consumption NaCN, kg/t
Mineral

Formula

Before

After regeneration
with sulfide ion

% Cu extracted

Azurite

2CuCO3.Cu(OH)2

6.0

1.2

95%

Bornite

FeS2.Cu2S.CuS

4.8

1.1

70%

Chalcocite

Cu2S

5.7

1.1

90%

Chalcopyrite

CuFeS2

0.4

0.5

6%

Chrysocolla

CuSiO3

0.7

0.4

12%

Cuprite

Cu2O

4.8

0.6

86%

Enargite

3CuS.As2S5

3.7

0.9

66%

Malachite

CuCO3.Cu(OH)2

5.5

1.0

90%

Tetrahedrite

4CuS.Sb2S3

1.1

0.5

22%

Metallic copper

Cu

4.9

0.5

90%

The recovery or isolation of copper in cyanidation has been addressed in the past using
sulfidization, acidification, recycling and thickening

(SART), ammonia, activated carbon,

electrowinning, acidification-volatilization-recovery (AVR), and ion exchange (IX). There have been
numerous papers published on the different processes for treating gold-copper ores. The majority of
these processes were investigated and patented years ago (except for IX). A summary of some of the
processes follows.

SART
SART can process a solution but not slurry. The SART process was developed as early as 1911 by
Williamson. Leaver and Woolf wrote an excellent technical report on the acid-sulfide precipitation for
copper and zinc in 1931. Cyanamid developed this process again in the early 1960s. It has been patented
a few times since 1911.
The process requires the use of solution since the copper sulfide is precipitated and collected in a
filter and/or thickener. SGS Mineral Services (2013) has written about the process and the current
application. SART requires the reduction of the solution pH to 4-6 using sulfuric acid. Sodium
hydrosulfide or sodium sulfide is added to the solution to precipitate the copper sulfide. Bacterial
generated sulfide has also been used to precipitate copper sulfide. The copper sulfide is removed by
thickening or filtration. The solution pH is raised with lime. The lime treated solution reports to a
thickener to remove precipitated gypsum. Figure 1 presents a summary of the SART flowsheet.
Cyanamid developed a comparable flowsheet using filters in the early 1960s.
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Pregnant
Solution

SART Circuit - Acidification - Precipitation of Copper Sulfide
Loaded
Elution &
Carbon
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Stream
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Acid

pH >10.5
Cu2S
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Tank

Cu2S
Thickener

CaSO4
Reactor
Tank

NaSH

Cu2S Filter

Lime

CaSO4
Thickener

CaSO4
Disposal

Figure 1: Summary of SART flowsheet
The use of sulfide ion and the reduction in pH requires that the ventilation of the process be under
control for both operator and environmental benefits.
SART is currently in use in a number of operations. The capital requirements are dependent on
the volume of solution treated and the amount of copper sulfide produced. The equipment requirements
typically include two thickeners, one or two filters (dependent on what is the disposal method for the
gypsum produced), tanks that require negative pressure and monitoring for HCN an H 2S vapors, plus
monitoring of HCN and H2S for the Cu2S thickener. The operating cost for SART at one operation was
estimated at $0.80 per m3 of solution treated. The amount of copper in the solution was 500 ppm. The
estimated cost of NaSH, sulfuric acid and caustic soda was 67% of the cost. The cost for 100 m3/hr
bleed containing 500 ppm copper is $1.07/kg. This is before the credit is taken for the cyanide and
copper recovered.

Ammonia
Dorr and Bosqui (1950) referenced the use of ammonium hydroxide that was originally developed by
the University of Sidney. The process was used in the US in 1901 by Bertram Hunt. Putman in 1950
and Lemmon in 1939 discussed the use of ammonium chloride or sulfate in treating copper-gold ores.
Roach (1948) discussed the economics of using ammonium chloride in treating copper-gold ores.
Ammonia is used to complex the copper in the cupric oxidation state. This requires the ore to be
treated with ammonium salts prior to addition of cyanide. This reduces the amount of cyanide that is
complexed with the copper as the copper amine complex is favored. The process does not recover
copper although incorporation of a solvent extraction step could easily do this. The consumption of
ammonia is high due to volatilization at higher pH. The pH of the solution controls the relationship of
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the ammonia (NH3) to ammonium (NH4+) ratio. The loss of ammonia due to ventilation of the process
solution will impact solution pH and the benefit of reduction of cyanide consumption.

Carbon
A patent by Sceresini (1995) used activated carbon to selectively recover copper and other base metals
from slurry using a pH of operation of 8-9. The patent claimed the use of a separate carbon in pulp
carbon in pulp (CIP) circuit using minimal cyanide and the lower pH would remove the copper prior to
extraction of the gold. The copper adsorbed on the carbon is eluted at ambient temperature using sodium
cyanide solution. The eluate had the pH lowered using sulfuric acid to precipitate the copper cyanide.
The copper cyanide was digested to produce a copper sulfate product for sale.
This patent used activated carbon to concentrate the copper. The operation of the solution pH of
8-9 may have issues with the Cyanide Code and requires process control of the ventilation for operator
safety and environmental issues.
The use of acid to precipitate copper cyanide was patented in 1911 by Wheelock.

Electrowinning
The pre-concentration of the copper cyanide by IX or activated carbon is required to generate a high
grade solution for electrowinning. Direct electrowinning of copper from cyanide solution is practiced
in the plating industry, but generally treats solutions with high copper concentrations (much higher than
those typically encountered in gold-cyanide leaching systems). The copper is plated but the cyanide is
oxidized. DuPont and others developed a membrane for use in electrowinning to isolate the cyanide for
recycling. The electrowinning processing has not progressed beyond laboratory and pilot testing stages
for gold milling operations because of poor current efficiency and high operating cost.

AVR
Mills and Crowe developed the AVR process for Pachuca in 1924. This process acidifies the solution
(slurry). The solution (slurry) is passed through a tower with packing and contacted counter-current
with a large volume of air washing the hydrogen cyanide from the solution. The air is then treated in a
separate tower with packing and large volume of high pH solution to recover the hydrogen cyanide.
This process was used in Pachuca in 1924 and Flin Flon in 1936 to recover cyanide from tailing slurry.
There have been a number of additional projects that have used this technology. The AVR process
works very well for cyanide solutions. The AVR operation with slurry has been practiced (Golden
Cross, New Zealand 1991), but requires maintenance of the HCN stripping tower due to precipitation
of gypsum. The main cost is the operation of the blowers, maintenance of the system and acid
consumption. The system must have control of the ventilation for operator and environmental issues.
Air sparged hydrocyclones (ASH) as discussed by Miller et al. (2005) has been used on pilot scale to
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recovery the HCN in caustic soda solution in the adsorption stage. This reduces the size of equipment.
The use of ASH in the HCN stripping stage is impacted by the formation of calcium carbonate scale on
the sparger.

IX
Ion exchange (IX) has been used in the gold processing plants, but for unique ores. The recovery of
cyanide and copper cyanide had IX process developments for Hannah, AuGMENT and Vitrokele
processes. But these processes are not widely used. The reagents required for elution of gold and copper
from the different IX resins can vary from copper cyanide to zinc cyanide to thiocyaniate and thiourea.

Proposed process – cold elution and aluminum cementation (CEAC)
The proposed process uses conventional technology. This process uses activated carbon continuously
eluted with cold (ambient) temperature cyanide solution to selectively remove the copper from the
circuit. This is currently practiced at a number of operations around the world, with the copper-bearing
cyanide eluate sent back to the heap leaching, agitated leaching, or tailings disposal facilities.
However, in the proposed process, after the copper has been eluted from the carbon, a split of the
copper-free carbon from the lead tank is treated with hot strip solution to recover gold. The pH of the
mill solution (slurry) is not modified. The copper in the eluate is cemented with metallic aluminum
powder to produce a metallic copper precipitate using conventional Merrill-Crowe equipment. The
solubilized aluminum is then precipitated as calcium aluminate either in the mill sump for a CIP or
carbon in leach (CIL) process or in the barren sump for a heap leaching process, using available lime
or alkalinity in the slurry/solution. The cyanide that was complexed with the copper returns to solution
as free cyanide. This cyanide is available for recycling. The precipitated metallic copper can be filtered,
and then is available for sale without additional processing. The precipitate can be shipped to a smelter
or fire refined into ingots for shipment to brass foundry or an electrolytic refinery. The proposed CEAC
process flowsheet for CIC and CIP/CIL are presented in Figure 2.
The continuous elution of carbon has been performed discussed by Stone (1989) for the Zadra
process and Paterson and Suddaby (1987) for the AARL process with respect to plant scale operations.
The elution of copper can be accomplished using ambient pressure and temperature. The solution used
for elution is sodium cyanide (>40 gpl), sodium hydroxide (>10 gpl) and sodium carbonate (>1 gpl).
The use of continuous elution will maximize the use of cyanide in the elution process and maximize
the grade of copper in the eluate. The objective is to convert the copper to the tetracyanide complex or
to achieve a greater than 5:1 cyanide to copper ratio in the eluate.
The eluate containing the copper and cyanide would be processed using standard Merrill-Crowe
equipment, but aluminum would be used instead of zinc. The circuit includes solution clarification prior
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to de-aeration. The cementation must use a de-aeration tower to maintain a reducing atmosphere for the
reaction.
Hamilton (1920) reported a process for cementation of gold (and silver) using aluminum that was
patented in 1893. The cementation of silver and gold with aluminum was used in the Deloro Smelter in
the Cobalt district in 1910. The process required the use of a sodium based solution rather than a calcium
based (lime) as calcium will form a calcium aluminate that is refractory in the fire refining. The reaction
for the cementation with aluminum is presented in Equation 1.
6Na3Cu(CN)4+ 2Al + 8NaOH = Na2Al2O4 + 6Cu + 24NaCN + 4H2O

(1)

The barren solution from the cementation following filtration to recover copper is sent to the
barren sump for heap leaching or cyclone feed sump for CIP/CIL as makeup cyanide. This solution
would provide part of the normal make up cyanide for the leach solution. The aluminate in solution is
precipitated with the calcium in the mill solution. The dissolved solids content in the mill solution is
not increased significantly.
The efficiency of the aluminum versus zinc is evident when the molar ratios are compared as
shown in Table 2. The copper cyanide complex is cuprous and will require one mole of aluminum to
reduce 3 moles of copper. In contrast, one mole of zinc will reduce 2 moles of copper. Since aluminum
has a lower molar weight than zinc, 1 gram of aluminum will reduce 7 grams of copper. One gram of
zinc will reduce 3 gm of copper. The cost to reduce/precipitate copper using aluminum is less than
$0.68/kg based on a price of $4.40 per kg of powdered aluminum and assuming >90% precipitation
efficiency by aluminum.
Table 2: Comparison of molar ratios for cementation
Aluminum

26.98

gm/mole

65.4

Zinc

Copper

63.55

gm/mole

63.55

Copper

Cu/Al reduction

3

mole/mole

2

Cu/Zn reduction

Cu/Al reduction

7.1

gm Cu/ gm Al

2.9

Cu/Zn reduction

The capital cost for this process includes the column(s) used for continuous elution, surge tanks,
pumps and a Merrill-Crowe equipment to precipitate the copper. The cold elution is a pre-concentration
step that will significantly reduce the volume of solution processed by the Merrill-Crowe circuit. The
operating cost of the elution is the pumping of the carbon, pre-coat, power, labor, and aluminum for
precipitation. The cyanide and caustic soda used for cold elution is reused as leach solution makeup.
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Conclusion
This proposed CEAC process is expected to result in positive economics for the gold-copper project
compared to other processes that have been proposed. The preconcentration of copper using activated
carbon is known and practiced. The precipitation of copper using zinc is known and is a factor in
Merrill-Crowe operations.
Cold Elution - Aluminum Cementation Process - CEAC
Proposed Flow of Cu Recovery Circuit from Au-Cu Ores - by Steve Dixon
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Figure 2: Proposed flowsheet using cold cyanide
elution and aluminum precipitation of copper
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The importance of mineralogy in optimizing the
design, operation, and closure of a heap leach*
R.J. Bowell, SRK Consulting, UK

Abstract
Mineralogy plays a fundamental role in predicting the behavior of a metallic ore in any metallurgical
process. This is particularly true of heap leaching, where the process solutions percolate passively
through an ore material. In general, most ores placed on a heap leach are essentially run-of-mine
material, or at best crushed to several millimeters. As such the mineralogy of the material will control
the rate of leaching, the minerals that interact with process solutions, and consumption of process
reagents.
Regardless of whether the leach is acidic or alkaline, the size and nature of mineral particles in the
heap ore will influence the effectiveness of the heap leaching. An obvious use of mineralogy is in
determining the proportion and speciation of ore minerals that will leach. However, mineralogical
assessment of ores can also identify potentially problematic issues.
A critical issue for all heaps is the presence and nature of clay minerals and the potential to expand
or modify during operation to impact or change flowpaths. Understanding this potential at an early stage
can aid in modifying design or operational conditions, in order to compensate for the presence of
problematic minerals.
In acid leaching of copper and uranium ores, acid consumption can be anticipated from interaction
of a wide range of gangue minerals, such as carbonate minerals. However, reagent consumption is not
related solely to carbonates in acid leaching; other mineral phases, such as Ca-Mg-silicates and Fe-Al
oxides, also produce consumption of acid.
Closure of a heap can also benefit from understanding of the heap mineralogy in terms of
prediction of long-term controls on draindown water quality and possible self-mitigation measures for
adverse water chemistry impacts.
This presentation provides a review of the major mineral phases in heap leach ores and assesses
the potential implications of their presence and engineering options to mitigate adverse impacts.
Utilizing mineralogical assays can avoid unnecessary testwork at an early stage of project development
and provide a more meaningful assessment of heap leach potential and options.

* Note that there is no accompanying full paper for this abstract.
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Deflation risk largely priced in*
Paolo Lostritto, Red Cloud Mining, Canada

Abstract
This presentation is an executive summary examination of macro-economic issues that have been
negatively impacting the perceived price performance of gold. We juxtapose Central Bank rhetoric
about an economy that has reached exit velocity with evidence of tempered global growth. Deflation
risk is manifesting itself in the form of falling commodity prices, deteriorating money velocity, and a
global flight to USD cash holdings. The lack of capital in the mining sector should serve as the
proverbial “canary in the coal mine” for the rest of the market. Meanwhile, currency devaluations are
being used as a means to try and stimulate export-led economic growth. These currency devaluations
should serve as a reminder of gold’s purchasing power preservation properties in the context of the
current market.

* Note that there is no accompanying full paper for this abstract.
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Liberating the ounces:
global market and trends for reagents*
Jeffrey Davis, Cyanco, USA

Abstract
This presentation will focus on an overview of the cyanide market size and trends, regional
competitiveness in the market, the market situation, and competitive profiles. The regional market sizes
and growth rates, as well as the role of ore grade on the NaCN intensity, will be discussed. The role of
logistics and freight determines the regional trade flows into key markets. Supply/demand balance, the
tiers of competitors, and the overall gold price characterize the overall market situation. Finally, the
basis for competition and the profiles of competitors as well as differentiators will be used to identify
ways to create value.

* Note that there is no accompanying full paper for this abstract.
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Reflections on past and future opportunities in heap
leach and other processing options in Nevada*
Andy Cole, Barrick Gold Corporation, USA

Abstract
As Nevada’s gold mining renaissance enters its fifth decade, this presentation reviews the processing
innovations that fueled the prolific growth of our industry. From innovations in heap leaching and oxide
milling to complex refractory ore pre-treatment, Gold Corporation, USA Nevada has been home to it
all.

* Note that there is no accompanying full paper for this abstract.
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Deep heap leach operations at Cripple Creek
& Victor Gold Mining Co.*
Jeffrey Winterton, Cripple Creek & Victor Gold Mining Co., USA

Abstract
Operations at Cripple Creek & Victor Gold Mining Co.’s Arequa Gulch Valley Leach Facility began
in 1994. Originally constructed with close to 4 M square feet of lined area and a single pregnant solution
storage area, subsequent expansion projects have increased the total lined area over fivefold and added
three new solution drainages. Over 350 M tons have been placed on the heap to date. Total depths
average 350 feet and reach as much as 750 feet in some areas. The size and depth of the heap creates
unique challenges for predicting gold production, maintaining water balances, etc. The discussion
summarizes the operational and chemical features of the VLF. Results are applicable to other deep
operations and to heap leaching operations in general.

* Note that there is no accompanying full paper for this abstract.
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Solution mining: to know or not to know?*
Amado Guzman, HydroGeoSense Inc., USA

Abstract
The focus of this presentation will be on outlining the parameters that result from the uncertainty of the
metallurgical performance of a heap leach process. The difference between the hydrometallurgical
behavior of ROM and crushed ore will be considered. The impact of heap height on leaching efficiency
will be considered from the theoretical point of view and demonstrated via data from actual operations.
On the basis of these data it will be shown that a run-of-mine multi-lift heap is the most inefficient
leaching design of the current alternatives. Opportunities to address these issues will be discussed.

* Note that there is no accompanying full paper for this abstract.
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Sustainability and shared
value in the mining industry*
Rhonda Zuraff, Newmont Mining Corporation, USA

Abstract
Developing and maintaining sustainability and shared value with stakeholders is critical in today’s
business environment. Mining companies and the companies that support the industry do not have to
look far to witness both successes and failures in the delivery of these important business drivers.
Therefore, it is incumbent upon all companies, including our higher education partners, to ensure that
their operating models and their present and future employees are well-equipped to support
sustainability and shared value – with an understanding of ways in which they can provide meaningful
benefits to the present and future health of our industry.
This presentation will provide general background on the concept of “sustainability and shared
value,” followed by ready-to-use examples and techniques for implementing this concept.

* Note that there is no accompanying full paper for this abstract.
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Investigating leaching alternatives
for heterogeneous heap leach pads
Dale F. Rucker, hydroGEOPHYSICS, Inc., USA
Michael A. Milczarek, GeoSystems Analysis, Inc., USA
Chris A. Baldyga, hydroGEOPHYSICS, Inc., USA
Brian Cubbage, hydroGEOPHYSICS, Inc., USA

Abstract
Heterogeneity of hydraulic properties that control flow of leachate through ore can vary across a heap
leach pad at multiple scales. Small-scale heterogeneity can arise from differences in mineral type, grain
size distribution, agglomeration schedules, irrigation leaks, and other effects that are confined to a
localized area. Larger-scale heterogeneity can be attributed to ore placement, traffic patterns,
overburden compaction, and chemical weathering, all of which occur over much broader regions.
Large-scale heterogeneity gives rise to general structural features that can inhibit uniform wetting and
metal liberation. In turn, this can result in significant losses in metal recovery.
To more fully understand large-scale heterogeneity, geophysical imaging has been conducted on
several leach pads to assess internal structure in electrical properties. The variability in electrical
properties can be used to infer heterogeneity of hydraulic properties due to the sensitivity of bulk
electrical resistivity to the hydrologically based state variables of moisture content, ionic strength of
pore water, and temperature. From the set of geophysical surveys, two generalized types of large-scale
structural features have been identified and simulated in an unsaturated flow model. Simulations were
then run to determine a leaching schedule or method that could help increase solution flow through
lower permeable material. The simulations revealed that leaching schedules can be used to minimize
the effect of structural geometry under certain conditions, although some geometries cannot be rectified
from surface leaching alone and subsurface leaching through injection or rinsing is required to increase
metal recovery.

Introduction
Ores stacked or dumped in a heap leach pile are heterogeneous in terms of hydraulic, geometallurgical,
and geotechnical properties. Heterogeneity, defined as the spatial and temporal variability of a particular
property (e.g., hydraulic conductivity), is introduced at all stages of the heap leach pile formation, and
may arise from daily and seasonal environmental factors, engineering constraints, and metal production.
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Furthermore, heterogeneity may exist at multiple scales, such as differences in mineral type, grain size
distribution, agglomeration schedules, irrigation leaks, and other localized effects. At a much broader
scale, effects from traffic patterns, overburden compaction, and chemical weathering may affect the
flow of leachate through the ore and reduce extraction or the ability of the leach solution to effectively
drain from the pile.
Measuring broad scale heterogeneity in situ is difficult without the use of geophysical methods.
Specifically, electrical resistivity can be used to understand important heap properties such as moisture
content, inorganic mineral and solute concentrations, temperature, or the distribution of clayey material
(Poisson et al., 2009; Rucker et al., 2009; Rucker, 2010). When conducted in a time-lapse manner,
changes in resistivity can be related to unique hydraulic parameters, as all others will likely be static.
The data plotted in Figure 1 is an example of monitoring surface irrigation of a heap leach pad with
electrical resistivity. Snapshots of data were acquired every six hours during steady irrigation. The time
series of plots represent snapshots of changes in electrical conductivity that directly correlates to
changes in moisture content. The change was calculated from a baseline resistivity dataset prior to
irrigation. From these data, it is clear that wetting below the upper lift is occurring preferentially on the
left side, while the subsurface moisture content on the right side is static. The figure highlights the role
of broad-scale heterogeneity of hydraulic properties and the ability of 1) raffinate to effectively wet up
ore, and 2) pregnant leach solution (PLS) to drain out of the system.
In this work, we use geophysical data to investigate several different scenarios of heterogeneity
that may manifest in heap leach piles. The heterogeneity in electrical properties is used to generalize
heterogeneity in hydraulic properties, such as the values comprising constitutive relations that describe
hydraulic conductivity, water potential pressure, and water content. Heterogeneous leach piles are then
evaluated for their ability to transport solution and effectively drain during irrigation by modeling the
leaching process with a numerical unsaturated flow model. The modeling also investigates leaching
schedules through periodic application of leaching rates with resting periods. The results of the flow
modeling with surface irrigation highlight issues surrounding low permeability and/or poorly draining
ores and the eventual metal recovery from a leach pad. Lastly, a subsurface irrigation model is tested
and demonstrates that raffinate can be injected and PLS recovered more quickly via injection wells.

Geophysical surveys of heaps
Assuming that the solid mineral grains comprising heap leach ore have relatively low electrical
conductivity, the flow of electricity through a pile will be much like the flow of water. Thus larger,
interconnected, water-filled pores provide a conductive medium for electrical current flow. Lower water
content and/or reduced pore space interconnectivity will be more electrically resistive due to the more
tortuous paths that the electrical current must take. Since the primary pathway for electrical current is
through solution in the pore space, it is described as being electrolytic. Electrical conductivity of the
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solution is in turn directly correlated to the dissolved ion concentration. Hence, when the solution
salinity is high, electrical conductivity increases (or resistivity decreases), and salinity is a major factor
in determining the resistivity of the leach ore media (Ward and Fraser, 1967).

Figure 1: Electrical resistivity monitoring of surface leaching, showing electrical resistivity
baseline and subsequent changes in resistivity over a four-day period
The flow of electricity, like water, occurs when a differential potential is applied across a
medium. In electrical surveys, this is accomplished by placing current electrodes into the ground, and
the resistiveness of the medium is calculated by knowing the potential drop over a known distance. It
has been observed in laboratory experiments that the resistance of a medium is proportional to the length
over which the current is applied and inversely proportional to the area perpendicular to current flow.
There are many published studies using electrical resistivity geophysical methods to image
engineered rock piles (Placencia-Gómez et al., 2010; Grangeia et al., 2011; Zarroca et al., 2015). While
all these studies used geophysical imaging to solve different problems, they commonly highlighted the
role of material to store solution with high total dissolved solids (TDS). In some cases, basic
hydrogeological principles were used to infer preferential movement of the solution. Figure 2 is another
set of examples of electrical resistivity, highlighting drainage through crushed copper ore. The
resistivity data were collected using a Schlumberger array with the SuperSting R8 resistivity meter.
Electrode separation was 3 m in both examples and the data were processed with RES2DINV (Geotomo
Software, http://www.geotomosoft.com). In Figure 2A, the upper lifts in the near surface are
conductive. Along the bottom of the pile, however, variable resistivity can be seen, where low resistivity
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indicates higher moisture and high resistivity indicates low moisture. If the ore permeability is lower
than the irrigation flux, excess solution storage will result. Excess storage may be occurring above the
high resistivity, lower lifts (light blue) in the low resistivity (purple) areas.

Figure 2: Profiles of electrical resistivity across heap leach pads, showing differential
moisture conditions. A) variable deep moisture to the liner; B) variable shallow moisture;
C and D) ponding due to low permeability surface conditions
Figure 2B shows a thin resistive layer near the surface (light blue marked by X) that may be
inhibiting effective drainage. The resistive layer was most likely compacted during ore placement.
Immediately above the compacted layer, the resistivity is very low and below the layer there are areas
of high solution content indicating preferential flow. At the time of acquisition, excessive surface
ponding of water was observed (Figures 2C and 2D).

Electrical conduction in porous media
A decrease in resistivity due to electrically conductive porewater does not actually describe any effects
of the ore itself; hence we need to remove the pore conduction effect of the conducting electrolyte if
information about the heap leach materials is needed. Removing pore conduction effects is
accomplished by normalizing the measured resistivity to the electrolyte resistivity, which is termed the
formation factor, FR.

FR 
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where b is the resistivity of the bulk sample and w is the resistivity of the fluid in the pore space. For
copper heaps, where the salinity of raffinate and PLS is usually high, the formation factor has been
observed to be approximately 1 to 30, with pore water resistivity on the order of 0.3 to 1 ohm-m. Archie
(1942) proposed a power law between porosity and FR (known henceforth as Archie’s Law), which
plots as a straight line with a negative slope on bi-logarithmic paper:
FR =  -m

(2)

The parameter m is obtained through regression analysis and is termed the cementation factor. The
value of m generally lies between 1.3 to 3, with a generic value of 2 used most often. Trying to
generalize Archie’s Law to account for the non-zero offset observed when matching FR to , Winsauer
et al. (1953) added a multiplication factor, a, to Archie’s Law:
FR  a  m or

 b  a w m

(3)

which was found to vary between 0.6 and 1.3 for some sediments.
Equation 3 satisfies observations where the ore materials are completely saturated. In media with
a substantial volume fraction of air, which is a non-conductor, the resistivity will be a function of the
water saturation as well. Saturation, which varies between 0 and 1, describes the fraction of the pore
space filled with water. Archie (1942) again showed an exponential relationship with the saturation and
determined that the formation factor can be represented by:
FR  S w n

(4)

where Sw is the saturation and n is the saturation index. The combination of Eq. 4 with Eq. 3 results in
a relationship that gives the specific electrical resistivity of a partially saturated material depending on
PLS resistivity, hydraulic properties of saturation and porosity, and empirical fitting parameters:
 b  a w  m S w n

(5)

Equation 5 assumes that the conduction mechanism is purely a pore space phenomena, i.e.,
neglecting surface conduction. Surface conduction is the flow of electricity along the surface of the
mineral grains by the exchange of electrons (Ward and Fraser, 1967). This is a galvanic conduction
mechanism and is different from electrical flow through the saturating fluid. Surface conduction is an
important mechanism in resistivity measurements when the material has a relatively high clay content.
Barker and Worthington (1973) mention the importance of surface conduction mechanisms and
suggested an equation based on a parallel resistor model:
1

t



1

b



1

s

(6)

where t is the measured resistivity of the host rock, b is the resistivity of the sand if it were not matrix
conducting (Archie’s component), and s is the resistivity of the conducting portion of the rock matrix.
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The volume fraction is often used in hydrogeology to obtain effective hydraulic conductivities, and
depends on flow parallel or perpendicular to bedding planes.
To use these relations, the moisture content or ionic strength is calculated from the field-measured
resistivity. Eq. 6 is inverted to obtain the dependent variables of saturation and concentration from the
single independent variable of resistivity. The measured resistivity is only one variable and many pieces
of information are needed to form a quantitative expression that is useful for hydrologic interpretation.
The inversion then is non-unique as many combinations of these parameters can give the same
resistivity value. Direct hydrologic modeling, in-situ measurements, or a combination of the two could
provide the additional information needed to ensure uniqueness. With the hydrologic modeling,
estimates are made as to the location and extent to which the PLS has drained through the ore. The PLS
content is converted to a resistivity distribution using the relationships formulated above. In essence,
the resistivity data provides constraints to help focus the hydrologic modeling results to obtain more
realistic distributions of water content and concentrations of various solutes in the PLS.

Hydrogeological models
Unsaturated flow modeling was conducted using the numerical code, HYDRUS (Šimůnek et al., 2012).
The purpose of the modeling was 1) to understand the ability of different material structures, as
observed from the geophysical data, to drain effectively and 2) to predict the amount of increased
storage for ores that do not drain. HYDRUS solves the Richards equation for saturated-unsaturated
water flow and the convection-dispersion equation for heat and solute transport. The flow equation can
incorporate a sink term to account for water uptake by plant roots. The heat transport equation considers
transport due to heat conduction and convection with flowing water (Šimůnek et al., 2012). We limited
the investigation in this work to modeling the flow of solution through leach ore; several others have
used HYDRUS to solve solution flow problems through heaps (e.g., Cariaga et al., 2015; McCaffery et
al., 2014). References to the modeling equations and assumptions can be found in these sources.

Surface irrigation
The first set of models was conducted in order to understand drainage through and storage in a
homogeneous heap for comparison to results from heterogeneous heaps. A homogeneous heap was
modelled using a one-dimensional geometry with steady infiltration at the surface and free drainage at
the bottom using parameters consistent with Webb et al. (2008). Infiltration was set at 0.147 m/d (6
L/m2/day or 0.0025 gpd/ft2) for the first 90 days and shut off for the second 90-day period. The
simulated heap height was 30 m and we simulated a well- and moderately-draining heap according to
the Van Genuchten hydraulic properties in Table 1 (Figure 3A and 3B shows the shapes of the
constitutive relations for the four types of ore materials in Table 1). A well-draining material is
characterized by a high saturated hydraulic conductivity (Ks) and a low storage potential as represented
by a high water release value ().
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Table 1: Ore material hydraulic properties used for modeling heaps
Soil type

Ks (m/d)

n

 (m-1)

r

s

Well draining

24.3

1.22

54

0.04

0.27

Moderately draining

2.6

1.23

2.8

0.02

0.30

0.023

1.3

0.05

0.05

0.273

0.000023

1.3

0.05

0.05

0.273

Poorly draining
Compacted

When infiltrating from the surface, the wetting front takes time to reach the bottom of the heap
depending on the ratio of the change in hydraulic conductivity before and after wetting to the change in
moisture. After turning off the surface source, the solution will redistribute through the ore and come
to equilibrium. If the solution content is greater than the ore’s water holding capacity, drainage of PLS
will occur as effluent. The infiltration and drainage flux can be mapped through time to understand the
speed of the wetting front and the amount of solution recovered from the bottom of the heap. Figure 4
shows the results of these data for a well- and a moderately-draining ore, both with an initial water
content of 0.07. The cumulative flux is the height of water in meters and the volume can be computed
by multiplying by the planar surface area through which the solution flows. For the well-draining ore,
the PLS wetting front reaches the bottom of the heap in about 41 days versus 58 days for the moderately
draining ore. After turning off the surface irrigation, the ore immediately begins to drain, but at a slower
rate than during infiltration (as indicated by the slope of the flux curve). After 90 days of drainage, an
excess of 3.07 m is observed for the well-draining ore and 4.56 m is observed for the moderatelydraining ore, thus the moderately-draining ore stores an extra 1.5 m of solution. Absent from these
homogeneous models are the poorly draining and compacted ore. The compacted ore is similar to the
poorly-draining ore, except with a significantly lower saturated hydraulic conductivity. Since the
saturated hydraulic conductivity for these soils is less than the irrigation rate, ponding would
immediately start and percolation would be limited.

Figure 3: Soil properties for different ore types used in the unsaturated flow model.
A) hydraulic conductivity functions; B) soil characteristic functions
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Figure 4: Cumulative flux from the top and bottom of a homogeneous heap
A heterogeneous heap was simulated with a thin, poorly-draining layer in the middle of a normally
well-draining heap (Figure 5A). This model is similar to the geophysical example shown in Figure 2B.
The height of the poorly-draining layer was 5 m at 10 to 15 m below the pad surface. An irrigation flux
of 0.147 m/d (6 L/m2/day or 0.0025 gpd/ft2) was applied at the surface for 90 days with an initial
pressure head condition of -100 m. The solid lines in Figure 5B show the predicted raffinate and PLS
flux into the top and out of the bottom of the heap. The slope of the flux is only slightly lower than that
of the homogeneous heap comprising moderately draining ore, suggesting that a small poorly draining
layer has minimal effects on the total movement of solution through the heap. However, the solid lines
showing solution pressure head in Figure 5C indicates excessive internal saturation. Since the hydraulic
conductivity of the low-permeability layer is lower than the irrigation flux, the solution saturation
occurs above the layer (perched water table) regardless of depth or thickness of the poorly draining
layer. For this instance, saturation reaches the surface starting on day 22 with resultant ponding and
potentially geotechnical instability in actual field conditions.
A second model was then run to estimate the maximum allowable irrigation rate that could be
applied to avoid saturating the upper material by changing the upper boundary condition to a minimal
suction head value near 0 m. The new boundary condition allows us to back calculate a flux that would
keep the entire heap unsaturated. The slope of the dotted low flux data in Figures 5B shows that the
surface irrigation rate could not exceed 0.018 m/d (0.7 L/m2/day or 0.0003 gpd/ft2) in order to keep
from saturating the material and that breakthrough of the pregnant leach solution from the bottom of
the heap would occur in about 210 days. The unsaturated conditions are verified in Figure 5C.
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30m

A
5m

Figure 5: Output data from a heterogeneous heap with steady flow.
A) Heap geometry;
B) Cumulative flux for high and low irrigation rates with a poorly draining layer;
C) Pressure heads for high and low flux with a poorly draining layer

The same models were run for a lift of compacted ore with hydraulic properties shown in Table
1. Both a steady low flux at the surface and a constant suction head near 0m was used to establish
acceptable irrigation rates to minimize ponding. However, since the lift has such low hydraulic
conductivity, no solution could penetrate the ore within a reasonable period of time (300 days) for either
boundary condition. Any irrigation rate eventually created a perched water table within the upper
material and the compacted lift remained mostly dry at its initial condition. Figure 6A shows the water
content distribution for a model of compacted ore. For these results, the lower lift was assumed to have
been partially leached prior to stacking the compacted lift and any new ore was placed above the
compacted lift. Figure 6B shows the conversion of water content from the HYDRUS model to effective
saturation using the saturated (s) and residual (r) water content values as end points of 0 to 1 (Table
1).
Finally, the saturation was converted to an electrical resistivity value (Figure 6C) using parameters
in Table 2 for completing Equation 5. The only significant difference among the ore types, besides the
saturation, was the resistivity of the pore water. It was assumed the new ore was being leached with
high acid (conductivity of 30 mS/cm and 6 g/L free acid) and the partially leached ore was effectively
devoid of acid (conductivity of 18 mS/cm and >1 g/L acid). The resistivity distribution of Figure 6C
demonstrates how a geophysical survey from the surface could identify issues associated with drainage
by identifying dry compacted layers.
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Figure 6: Model results from a heap with a lift of compacted ore.
A) water content from Hydrus;
B) conversion of water content to percent saturation using Table 1;
C) conversion of saturation to electrical resistivity using Equation 5
and parameters in Table 2
Table 2: Soil electrical properties used for modeling different ore types
Soil type
New ore
Compacted lift
Partially leached ore

w (ohm-m)

A

M

n

0.33

0.6

2

2

2

0.6

2

2

0.55

0.6

2

2

The next flow modeling case examined a 30 m heap that was constructed with the bottom half
comprising poorly-draining ore and the top half comprising well-draining ore (Figure 7A). The
hydrogeological model is represented geophysically in the left-hand-side of Figure 2A. This is a realistic
scenario for many mines as different phases of the mine plan may exploit argillaceous or low competent
ore or the construction methods may change (e.g., Rucker, 2015). Again, an irrigation rate of 0.147 m/d
(6 L/m2/day or 0.0025 gpd/ft2) would have saturated the upper portion of the pad within 27 days, due
to the low hydraulic conductivity of the lower layer. Therefore, a model was run to determine the highest
achievable irrigation rate without saturating the ore with a constant suction head boundary condition
near zero. Figure 7B compares the model results (the 15 m layer) to the case of the individual 5 m lift
of Figure 5B. The irrigation rate is nearly identical, but the drainage occurs slightly faster from the 15
m layer. This is due to the slightly higher hydraulic conductivity at a higher suction for the poorlydraining ore relative to the well-draining ore.
As a last trial for surface irrigation using both 5 m lift and 15 m layer cases, a rinse-rest model
was conducted by incorporating resting periods into the irrigation schedule, similar to the work by
Silver (2013). For the heap with a 5 m layer of poorly draining ore, an initial 21-day wetup period was
followed by 10 days of rest before another 5 days of irrigation. The schedule of 5 days on + 10 days off
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was continued for 300 days with results shown in Figure 8A. The pulsed flow was compared to the
steady-state irrigation rate that prevented saturation (dotted lines of Figure 5B). The results show that
the pulsed scheduling allows a higher average flux through the surface (0.03 m2/day, 1 L/m2/hr, or
0.0005 gpm/ft2) compared to 0.018 m2/day (0.7 L/m2/hr or 0.0003 gpm/ft2) while maintaining a steady
PLS effluent rate. The arrival of the wetting front at the bottom of the heap also occurs faster with the
pulsed flow irrigation scheme. There are, however, periods of hydraulic head build up on the low
permeable layer, creating a perched water layer of about 2 m. The perched layer drained within a day
of irrigation being turned off. As for the thicker 15 m poorly draining layer, a different schedule was
created to maintain the same level of safety as the 5 m lift. Figure 8B shows the results for pulsed flow,
where a 5 day on + 50 day off schedule was needed to sufficiently drain the solution for 2 m perched
water layer thickness. The average rate for the pulsed surface irrigation is much lower than the steady
irrigation (0.01 m2/day compared to 0.018 m2/day (0.4 vs 0.8 L/m2/day or 0.0008 vs 0.0016 gpd/ft2),
demonstrating that there is no advantage in devising a tailored irrigation schedule for thick poorly
draining ore.

30m

A

15m

Figure 7: Output data from a heterogeneous heap with steady flow.
A) Heap geometry; B) Cumulative flux for 5 m and 15 m layers

Subsurface irrigation
As shown by the above examples, overcoming drainage issues of excess storage, low surface irrigation
rates, and long PLS arrival times can be difficult via surface leaching alone. Moreover, layers with low
hydraulic conductivity may impede metal recovery from within and below the layer. A remedy may be
to direct the solution to specific areas deeper in the ore using subsurface irrigation through injection or
rinse wells. The number of wells needed depends on the desired solution coverage which is controlled
by the specific hydraulic properties of the ore, as well as available flow rate and pressures in the line
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feeding the wells. In several examples (Seal et al., 2012; Rucker, 2014; 2015), wells were spaced 25 m
to 35 m apart and operated independently or simultaneously in a group with flow rates upwards of
11,000 m3/d.

Figure 8: Cumulative flux from pulsed and steady flow in a heterogeneous heap with
A) 5 m poorly draining layer;
B) 15 m poorly draining layer

An example of subsurface irrigation flow modeling is presented in Figure 9, where a twodimensional axisymmetric flow model was constructed with moderately draining ore. A single 5 m lift
of poorly draining ore was placed in the center of the leach pad, similar to the geometry shown in Figure
5A. The axisymmetric model is a simplified three dimensional model in a cylindrical coordinate system
that assumes the properties are equivalent for all angles  (Figure 9A). The model was initiated with a
fairly wet ore with draindown for 180 days to establish a new initial condition for injection. For the
remaining 90 days, injection occurred below the low permeable lift over a screened interval of 3 m. For
this model, it was further assumed that the wells were gravity fed solution from the top of the well and
maintained a minimal pressure head value of 0.01m (i.e., just above saturation).
Figure 9B shows the water content distribution after 90 days of subsurface irrigation. Immediately
near the well, the water content of the formation indicates saturated conditions. However, the increase
in water content above background levels is distributed laterally at least 5 m suggesting for this scenario
the well field could be designed on 10 m centers. Figure 9C shows the cumulative volume of raffinate
into the heap and volume of PLS to the drainage layer as effluent. A significant aspect to these
simulations is that the time of solution arrival has been reduced significantly compared to surface
irrigation. The 11-day arrival for subsurface irrigation is much faster than any surface irrigation models
with similar ore.
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Figure 9: Subsurface irrigation model example: A) two-dimensional axisymmetric model
geometry with 5 m poorly draining lift; B) water content distribution after 90 days of rinsing;
C) cumulative volume into and out of the heap

Conclusion
Unsaturated flow models incorporating surface irrigation were conducted on homogeneous and
heterogeneous heap realizations to understand flow and drainage though ore with different levels of
permeability and storage. Imposed heterogeneities were derived from geophysical imaging across
typical leach pads and included a single mid-level layer and the bottom half of the leach pad, both
comprising low permeable, poorly draining ore. The homogeneous models provide background for
comparing the effects from PLS arrival and retention during irrigation. The heterogeneous models
showed how a layer, regardless of thickness, can impede flow and create in-heap saturated conditions
if the ore hydraulic conductivity is less than the applied irrigation rate. Conditions were then tested to
understand whether tailored irrigation schedules with periodic resting periods could overcome the
difficulties associated with low hydraulic conductivity values. Appropriate schedules can be devised,
but their success depends on the length of time allowed for draindown, or the “off” time.
Lastly, a model was developed to show how subsurface irrigation by injecting or rinsing could
benefit the leaching operation by applying solution below lower permeable regions. The model showed
that gravity injection of raffinate deeper within the heap allowed for faster PLS recovery and more
effective rinsing at depth. Practically, subsurface irrigation has already been applied at a number of
heap leach facilities. The method has also been adapted for poorly draining or compacted ore by
applying sufficient pressure to mechanically alter the hydraulic properties and increase drainage.
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Abstract
The success of a copper heap leach is dependent, in part, on the ability to deliver the right amount of
raffinate solution to the right places. This concept is especially critical at Freeport-McMoRan’s Safford
Mine, where the acid-consuming nature of the ore requires a high level of precision regarding where
the raffinate flows are delivered. This is to ensure the right amount of acid per tonne of ore is delivered
over the leach cycle, which is the primary driver in achieving targeted copper recovery. Prior to 2013,
the irrigation system at Safford was flow-controlled based on a single flow meter for the heap with
manual adjustments made on valves at each ~8,000 m2 module. This basic system did not meet the
precision needed for Safford ore, which led to the development of a state-of-the-art control and
monitoring system.
Development of this system required overcoming a number of challenges including materials of
construction, portability, power requirements, wireless operation, and cost/benefit. Taking these
obstacles into consideration resulted in the creation of a portable, self-contained unit consisting of a
wireless pressure transducer, a wireless orifice plate flow meter, and a pressure-regulating valve. One
unit was installed on each module on the leach pad, for a total of 230 units. These devices allow the
individual raffinate flows to be monitored on a real-time basis, with the regulator maintaining a
consistent pressure to each module. This system also records the flow and pressure data for each
module, providing historical information over the course of the leach cycle. This data has also provided
secondary benefits such as monitoring flushing efficiency, monitoring real-time drip emitter plugging
rates, and instantly alerting operators of any piping failures. This new system has been very successful
in improving the monitoring and control of raffinate flows to the Safford leach pad.

Introduction
Freeport-McMoRan Safford is a mine-for-leach operation that started production in 2007. Ore from the
mine is crushed and agglomerated, then placed on the leach pad using a portable conveyor stacking
system. Placement of ore began on the first phase of the leach pad (Phase I) in 2007, with the expansion
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to the directly-adjacent second phase (Phase II) in 2012. Each phase is approximately 2,300 m (7,500 ft)
in total width. The ore is then leached with a weak sulfuric acid solution, generating pregnant leach
solution (PLS) that is processed through the SX/EW circuit. Electrowon copper cathodes are the final
product of the operation.
The ore body at Safford is predominantly oxide, with chrysocolla making up the primary copper
mineralization of the deposit. The ore is also characterized by the large amount of acid-consuming
gangue materials that exist within the deposit. These two factors are the drivers for the high acid
consumption. Sulfuric acid is introduced into the process in two locations. The first location is during
the agglomeration process, where 35-45% of the total required acid is introduced immediately to the
ore. The second location is through acid contained in the raffinate, where the remaining 55-65% of the
required acid is delivered over the full leach cycle. Because of the relatively high percentage of total
acid delivered via raffinate, correct flow distribution across the leach pad is critical to ensure the correct
amount of acid is being delivered to the ore.

Process description
The ore is retreat stacked in cells that are nominally 125 m (420 ft) in width, and are currently 400 m
(1,300 ft) in length on Phase I and 500 m (1,700 ft) in length on Phase II. The irrigation system is
designed to follow the stacking pattern, and has a primary feed line on each cell that feeds from the
opposite end of the stacking equipment. The area on the top surface of the ore is broken up into modules
that are 65 m (210 ft) in length and 125 m (420 ft) in width, and are fed from the primary feed line on
the cell. Raffinate is pumped to the feed lines through a pumping system consisting of a raffinate tank
located at the SX circuit with an in-line booster station. Each module is irrigated using drip irrigation
at application rates ranging from 4.9–6.1 L/h/m2 (0.002–0.0025 gpm/ft2), with sulfuric acid
concentrations ranging from 9–14 gpl. Raffinate flows are determined for each module through a
pressure targeting process. Drip irrigation lines have a pressure/flow relationship that is defined by the
manufacturer. This creates a simple correlation using the module surface area to convert from
application rate to pressure. To reach the desired application rates, pressures for each module are
targeted to 100, 135, or 170 kPa (15, 20, or 25 psi), with application rates varying based on ore
characteristics within the module.
Raffinate flow controls were very basic prior to 2013. The pumping system had a single control
loop located at the in-line booster station that consisted of a single flow meter and a variable frequency
drive (VFD) placed on the motor of one of the four pumps. The VFD was set up to control the flow out
of the in-line booster station, which was also the full raffinate flow to the leach pad. A control system
was also established for flows at the module level, but was completely manually operated. Each module
consisted of a 10 cm (4 in) butterfly valve and a manual pressure gauge at the connection with the feed
line, which would be manually adjusted based on the targeted pressure for the module. The leach pad
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would have to be walked 2 to 3 times per day with modules being adjusted each time to maintain their
targeted pressure values. Manual data was collected for each module once per week providing a
snapshot of how the full system looked at that time. Process engineers would walk the entire system
and record manual readings from the pressure gauges. All of this information was compiled and a report
was generated based on what was seen at the time of the walk-through.
Because of the sensitivity of the ore being stacked, this monitoring method raised questions about
whether the precision of the system could meet the optimal acid application needs of the ore. The
aggressive acid-consuming nature of the ore makes it very sensitive to changes in acid delivered, even
over a short duration. In addition, the kinetics of the copper leach recovery are not linear. Areas that
have been below their flow target cannot be caught up by simply raising flows to average out the
application rate. The probability of variance across the system was high with an irrigation system that,
prior to 2013, could only automatically control the full system flow of 4,100 m3/hr (18,000 gpm) relying
solely on manual adjustments at each of the 102 operating modules. Since that time, the system has
expanded to 8,200 m3/hr over 220 operating modules. These concerns led to the bigger issue of not
knowing what was happening at the module level. Total flow to the leach pad was tracked in real time,
however data at each module was only tracked once per week. Even when total flow was at target, there
was no way of knowing what was happening at each of the individual 230 modules over the 7-day span
between data points. It also raised the concern that there would not be a way to see increases in precision
if they were implemented in the system.

Development and implementation
To address the concerns with the existing system, a process needed to be established that would improve
the precision of the raffinate flows to each module on the leach pad while providing feedback to indicate
the level of precision being achieved. The first step in this process was to identify the basic principles
that would need to be incorporated into the existing system to meet this objective. There were two
necessary categories identified. The first category was automatic flow control that would react to any
changes in the system. The second category was remote flow and pressure monitoring to provide
immediate feedback on what was taking place. Ideally, these would be located at the module level where
manual adjustments and monitoring were already taking place. The module level is a preferred control
point on the system since it is the closest point to the ore possible and would provide feedback that is
realistic to the conditions being fed to the ore.
Incorporating these two categories into the existing system ultimately led to the development of a
portable self-contained unit known as an “instrumentation skid,” or simply a skid. One skid is installed
at each module, and consists of a wireless orifice plate flow meter, a pressure regulating valve, and a
wireless pressure transmitter connected in series with standard piping and enclosed within a protective
frame. There are currently 230 modules over 33 cells between the two phases of the leach pad, with 220
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modules in operation at a given time. Implementing such a system on this large of a scale required
overcoming a whole different set of challenges, which included materials of construction, portability,
power requirements, wireless operation, and cost/benefit considerations.

Figure 1: Instrumentation skid

Instrument selection
To begin development of the device, the instruments needed to be selected in order to measure the flow
and pressure. The main objective of these instruments was the ability to remotely communicate the data
back to the central network for real-time feedback and tracking. Many of the instruments in use at
Safford at the time connected to the network using a hard-wired fiber optic connection. This option
would have required fiber optic lines to be installed; none existed on the top surface of the leach pad.
This option was deemed to not be feasible for several reasons. Any lines that were installed would have
to be removed prior to placing a new lift, and then need to be reinstalled once the ore was stacked. Also,
fiber optic lines would have to be run along every single cell to capture each installed skid. Instead, the
more feasible option was to utilize a wireless communication system. This type of system required
antennas as part of each instrument to transmit a signal out that would be received by a central data
collection point, known as a gateway. The gateway would be connected to the network by a hard-wired
connection that would allow the data to be transmitted back to the network. When fully implemented
the system would consist of 460 individual instruments spread out over 1,300,000 m2 (14,000,000 ft2),
which required a detailed network design to ensure reliability of the wireless connections. Gateways
were strategically placed around the perimeter of the leach pad at the base where fiber optic lines were
available. The gateways were located lower than the top surface of the leach pad, which required signal
repeaters along the crest of the top surface to communicate the signals from the surface down to the
gateways below. The individual instruments would be placed at the ground level, which required
additional signal repeaters along each cell to help transmit the signal to the repeaters along the crest.
Once the communication system was determined, the next challenge was determining how to
provide power to the instrumentation. For the best results, the instruments need to operate for the full
leach cycle. Prior to 2013, the cycle time was 120 days. This has since expanded to 280 days. Line
power was not an option due to the same concerns as providing fiber optic lines for communication,
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leaving solar power and battery power as the two remaining options. In previous applications on the
leach pad, neither option had proven reliable. This was typically due to the power draw required for
items operating on the pad, depleting the batteries in a short amount of time. This placed another
selection criteria on the instruments to have the lowest power draw possible while continuing to be an
effective tool. The first consideration was the level of accuracy that was needed for these measurements.
Reliable feedback is critically important to meet the precision goals, however the margin of error of
flow measured by differential pressure was acceptable compared to the precision of a magnetic flow
meter. There was only one style of pressure transmitter available which met the requirements. The
second consideration was frequency of data collection. Other instruments measuring in “real-time”
would communicate a data point every 2–3 seconds. For this application, the conditions at each module
would not change enough to warrant data collection that frequently. Instead, collecting one data point
per minute would still allow enough feedback to accurately see what was happening on the module over
the full cycle. This would allow the instruments to power down in between data collection points, and
only draw power when taking a measurement and communicating the data back to the network. Both
of these considerations allowed the instruments to operate using a lithium battery that would provide 35 years of battery life.
Multiple styles of differential pressure flow meters were available for use. The primary differences
between the meter styles were the pressure drop across the meter and the straight lengths of pipe
required on both sides of the meter. The selection criteria for this meter was to minimize the size of the
skid while not creating any hydraulic operation issues. The orifice plate flow meter was selected for the
skid as it provided the smallest piping configuration around the meter. The trade-off was a higher
pressure drop across the meter, however this did not create a concern because of the available feed
pressure to the skid.
The final selection criteria for the instruments was material of construction. This consideration
was needed for both components that would be in contact with the raffinate as well as components
exposed to the environment. Having instruments placed at the module level requires them to be on the
top surface of the leach pad above ore that is under irrigation. The drip irrigation system creates wet,
acidic conditions under normal operation. In most cases the only source of raffinate within a module
comes from the drip emitters, which passes into the ore without creating ponds or surface channels. In
this standard case, the ore will maintain a moisture content that has the ability to corrode any materials
that are in contact with the ore. It is also a common occurrence for small leaks and sprays to develop
within the irrigation system. Even though these are fixed quickly, there is still the potential for the
instruments to be sprayed with raffinate. Most of the components of the instruments that could come in
contact with raffinate are metal. To ensure the instruments will be protected from corrosion, all of the
metal parts were specified for 316 L stainless steel construction.
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Pressure regulation
The other primary objective for this device is to improve the precision of raffinate flows to each module,
ideally through an automatic flow control valve. Controlling flow was initially selected due to the direct
connection back to application rate, however such a device would not be feasible in this application due
to the typical power draw one would require. The same power supply constraints apply to the regulator
as the instruments, which would not be reliable under battery power for the full leach cycle. Instead, the
option for using pressure regulation was visited. Pressure targeting was already a practice used on the
leach pad, and because of the correlation back to flow and application rate it would still be an acceptable
practice. Having the ability to monitor the flow rate to the module would provide a level of redundancy
to ensure the desired flow to the module was being reached with the pressure set point. A pressure
regulating valve also provided a major benefit over flow control by operating using the pressure of the
incoming raffinate. The valve regulates using the differential pressure between the inlet and the
discharge pressures of the valve to physically adjust the diaphragm within the valve body, and does not
require any other power sources to operate.
Manual adjustments would still be required on these valves, similar to the manual adjustments
made with the existing system. Unlike the existing system where a butterfly valve was manually
adjusted, the pressure regulating valve will react automatically to changing feed conditions. The only
adjustments that would be necessary on the pressure regulating valve would be an adjusting nut that
allows the discharge pressure to be fine-tuned. The automatic regulation without any fine tuning
provides a significant improvement to the precision of flow control to the module.

Structure and deployment
Once all of the instrumentation components were selected, they all had to come together to form one
functioning unit. From the component standpoint, only the orifice plate flow meter had a specification
on installation. The two requirements were for the straight lengths of pipe required, and also installation
with the instrument facing parallel to the ground. The only other consideration was for ease of
installation that was compatible with the piping system on the module itself. This led to a horseshoe
shape in the piping. The flow meter was placed first, with the required straight lengths of pipe on either
side, followed by the pressure regulator, then finally the pressure transmitter. The horseshoe shape
allowed for the module piping to remain in its original location, and allowed for simple installation of
the skid.
A critical piece for success of the project was to create a unit that was easily portable. Each skid
would remain in one location for an entire leach cycle, but then would need to be removed from the
module for placement of the next lift of ore. The skid would then need to be re-deployed on the new
module on top of the newly stacked ore. An additional concern with moving the units was providing
protection to the components on the skid to prevent damage. Many of the components contained small
and fragile parts that would render the component non-functional if they were damaged. To achieve
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both goals, a rectangular frame was developed that enclosed the components and the piping. The frame
provided structure on the base to mount and support the weight of the components. The sides and the
top of the frame provided added protection by enclosing everything except for the connection points
within the framework. The top also created a stable lifting point either by hand or with forks on a piece
of equipment.

Data collection
With the system implemented and properly functioning, the next major hurdle came from managing the
data that was now available. The skid on each module communicates four different raw measurements
back to the network: static pressure from the pressure transmitter, differential pressure from the orifice
plate flow meter, and battery voltage measurements for each of the two instruments. Under typical
operation, 220 of the total modules are under irrigation at a given time, generating four data points each
minute for a total of 1,267,200 individual data points each day. For the new system to be successful,
data management would be a critical step. This required the data to be organized into a format that
seamlessly fit into the existing operational structure in a user-friendly manner.
All of the data that is collected from the modules has no meaning without context. Each of the
instruments allows added information to be mapped that provides details as to what the instrument is
actually measuring. In most cases the information mapped would be very basic, such as “Booster Station
Raffinate Flow” that is used for the flow meter at the in-line booster station. In this case the naming
system cannot be that straight forward, as each of the 230 skids would be taking the same four
measurements. To make this system effective, each instrument needed to be mapped based on its
physical location on the leach pad. This required creating a numbering system that would create a unique
identity for each skid based on its corresponding module location. Based on the way the leach pad is
stacked, each module has a quick reference to the cell and the phase in which it is located. The only
addition necessary was to add a module reference within the cell itself. The naming convention used
for the stacked cells consisted of numbers, so to avoid confusion the module references were created as
letters. The “A” module of each cell would always be the first ore stacked within the cell. This allowed
for a numbering system to be based on phase, cell, and module and align as a grid. For example, a
module on Phase II Cell 4 that was three modules in from the start has a name of 2-04-C. Each
instrument was mapped with this naming convention upon deployment, which provided data back into
the system organized by its physical location.
A second major benefit for creating this naming system was to ensure correct placement of the
skids on the leach pad. Once the instruments are mapped and placed on the skid, it is assumed that the
data within the network corresponds to that location. Since the skids were designed to be portable units,
there was the possibility that a skid could be placed in a different location, especially when re-installing
on top of a newly stacked lift. It is not possible to see the mapped location on the instrument itself
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without connecting a special device, so a large metal label was created for each of the skids with the
new module name stamped into it. The label was riveted to the exterior framework, and is very easy to
see. It is also very robust so that it does not fall off or deteriorate over time, which could lead to
confusion as to what location the skid should be placed.
Setting up the instruments based on location upon deployment allowed the data points to be
transmitted back in an organized fashion. The grouped data could then be transferred into the site’s
existing data collection and management system, which allowed the information to be sorted and
displayed on a computer screen. The static pressure measurement and both voltage measurements were
transferred directly over, while the orifice plate flow meter measurement was converted from its raw
format of differential pressure into an actual flow reading in gallons per minute. This was to avoid
confusion of having two separate pressure measurements coming across for a single module and
potentially mixing them up, and also for the ease of the end-user to provide the data they are expecting.
Providing immediate feedback and monitoring to the operators using this system required
displaying the actual data points in real time. When operators would be making pressure set point
adjustments to conform to the daily pressure targets, they would be able to see the pressure
measurements of the full system in real-time to check the progress of adjustments, and to identify areas
that needed extra attention. It would also provide identification of any areas that were missed or
remained off target. Using the grid concept applied when the naming convention was developed was
the most visually effective method to display this information. A grid was set up with cells across the
horizontal axis and modules on the vertical axis, with the individual pressure data points displayed in
their corresponding location on the grid. As additional feedback, the data management software also
allowed for conditional formatting around each of the data boxes. Any time a module was more than 7
kPa (1 psi) away from 100, 135, or 170 kPa (15, 20, or 25 psi), the data box would automatically turn
yellow. This would indicate that a module was far enough off of a target value that it needed to be
corrected.

Figure 2: Pressure data feedback grid used by the operators
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Interpretation and results
Once the organized data set was established and being effectively transmitted back, the next steps were
to compile and interpret the data to determine if the levels of precision desired with this new system
were being achieved. Since module pressures were the targeted values and also monitored each day by
operations, the pressure data set was also used for monitoring flow precision. For each module, the 24hour average pressure was calculated from the data set and displayed in the same grid format as the
monitoring display. The next step was to determine a reasonable variance from the pressure targets that
the actual data could be measured against. Previously, an absolute variance of 7 kPa (1 psi) from target
was considered good, 7-35 kPa (1-5 psi) from target was considered acceptable, and greater than 35
kPa (5 psi) unacceptable. The same metric was used for the new system, but with more of a focus to
keep the system in the “good” category instead of merely “acceptable.” This provided a solid metric for
measuring the performance of each individual module in the system; however, with 220 modules in
operation there was a need to take a step further to also determine a metric for how the system performed
as a whole. To achieve this, a quality scoring system was created. This utilized the same pressure
information but took an additional step beyond by comparing the variance between the actual pressure
and the target pressure.
A quality score of 100% would indicate that the pressure for the individual module was exactly
on target. For scaling the quality score based on pressure variance from target, a linear scale was
established where every 0.35 kPa (0.05 psi) variance from target would reduce the quality score by 1%.
This scale translates an absolute variance of 7 kPa (1 psi) to an 80% quality score, and a 35 kPa (5 psi)
absolute variance to a 0% quality score. This new metric is used in two ways to display the precision
over a 24-hour span. The grid still displays the 24-hour average pressure, but has conditional formatting
built in based on its quality score. This provides a quick visual indication for each module if the variance
falls into the good (green), acceptable (blue or yellow), or unacceptable (purple or red) category. In
addition, the quality score for each module is averaged and displayed as a metric of the whole system.
This value is also measured against the same color-coded categories. Both the full system and the
individual module quality scores are reviewed on a daily basis to ensure that the desired precision is
being reached in all locations on the leach pad. Since the implementation of the system in 2013, quality
scores have routinely been above 80%. This indicates that precision is regularly within 7 kPa (1 psi) of
the targeted value over a 24-hour span. This met the level of precision that was desired when this project
began.
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Figure 3: Example of consolidated data visualization
for the Phase II leach pad for a 24-hour span

Additional benefits
As the new system continued to develop into the standard operation of the leach pad, additional
monitoring parameters using the collected data became evident. Part of monitoring the precision of
raffinate flow to each module included monitoring data trends over different time periods. When
anomalies in the data trends were observed, investigation in the field would be performed. At first, the
thought was that an issue had taken place either with the pressure adjustments, physical construction,
or assumptions built into the targeting strategy. In a handful of cases this was true, however many
anomalies continued to be seen across the whole system. As these were investigated, additional
monitoring techniques were developed using the data.

Plugging rates
The pressure targeting system for each module used the defined pressure/flow relationship provided by
the drip line manufacturer, which when coupled with the area of the module would provide an estimated
flow to the module at the set pressure. In several cases, the flow rates began to drift downward while
operating at the same set pressure. This was seen primarily on modules later in their leach cycles. This
led to the concept that flow rates were declining due to drip emitters becoming plugged, especially since
plugging rates are typically higher near the end of the leach cycle. This was tested conceptually through
manual plugging audits on the drip lines themselves, which showed elevated plugging rates compared
to the rest of the system. This confirmed the concept, but only qualitatively. A test was conducted using
new, clean drip line to measure the pressure and flow at the start of the cycle. After the baseline was
established within a couple of hours, a set number of drip emitters were cut out of the drip lines and
spliced back together. This was to simulate the effect of plugging. This test correlated exactly to the
manufacturer pressure/flow relationship, indicating that the percentage of flow decrease from the
baseline indicated the percent of plugging that exists on a specific module. This information is currently
tracked on a weekly basis.

Flushing efficiency
Across the entire system, there would be short periods of time within the day that under relatively
constant pressures the flows to the module would increase by 75-100% of their nominal value that day.
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The duration would last a few minutes, and then return to its normal operation. Investigation into this
phenomenon found that the times of the flow increases lined up with flushing operations. Each time a
flushing valve would be opened on a specific module, the flow would always increase. Then within a
couple of minutes of the flush valve being closed, the module returned to its operating conditions prior
to the flush. By determining an estimated flow increase related to flushing, the flow data for each
module was manipulated to generate a data point counter for the number of times a flow measurement
exceeded the flow baseline value plus the estimated increase. Since flow measurement data points are
taken once per minute, this count resulted in the approximate time that the module was flushed.
Operators in the field are assigned a minimum time to flush a module, however up until now there was
no way of quantitatively measuring if this was being accomplished. This information was compiled into
the same grid as the precision measurements, and provided back to the operators as a tool for how well
the system is being flushed.

Leak detection
Other data variances continued to exist within the system that could not be explained by either plugging,
flushing, or targeting variances. These changes would typically be minimal flow increases at the same
pressure. One concept was that something in the module had come apart or had broken, allowing
raffinate to short-circuit out the leak. This concept is consistent with what is expected in larger systems
when a large line break takes place. A test was performed to replicate these conditions. In a module, the
drip lines are connected to a main header using a plastic connection known as a single. The test
disconnected one drip line from the header, allowing raffinate to freely flow out of the single and also
the open-ended drip line. The corresponding change to the system was a very similar flow increase to
what had been seen in the data previously. Once the drip line was reinstalled into the header, the flow
rate returned to its previous level. This allows the system to track even minor leaks, and also indicates
that a major failure will be easily seen with a significant flow increase.

Pressure-controlled pumping system
As discussed earlier, prior to 2013 the pumping system to the leach pad was flow controlled based on a
single meter. As this project developed, the opportunity arose to change the control loop from the flow
meter to the header pressure located at the in-line booster station. One issue that was identified with a
flow controlled system was that if flow was reduced in one location on the leach pad, it would be
diverted to another location. That location was not necessarily controlled, and would typically cause
other modules to drift above target. By modifying the system to control by pressure, the system would
only deliver the raffinate flow that was demanded by the pressure on the system. This worked very well
with the pressure regulating valves on the skids, as they would only allow the raffinate flow to the
module based on the targeted pressure set point. When the pumping system followed the same control
logic, the total flow to the system would increase when the pressure regulating valves would open, and
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decrease when they would close. This shifted the flow control point for the entire system down to the
module level, which was one of the primary objectives from the beginning.

Conclusion
The acid-consuming nature of the Safford ore required a higher level of precision in order to be
effectively leached. Increased precision was achieved by implementing a portable self-contained unit
that provided pressure regulation to improve flow rate precision, along with wireless flow and pressure
instruments to quantitatively monitor the level of precision reached. Additional benefits were identified
along the way, which allowed plugging rates and flushing efficiencies to be monitored in real-time, as
well as detecting leaks in the system. This system has proven very effective at improving the control of
raffinate flows to the Safford leach pad.
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Abstract
When the hydraulic properties of the ore that constitute a permanent heap leach do not allow proper
percolation of solutions through its full height, intermediate drainage systems between different ore
layers must be considered.
These drainage systems commonly comprise an impervious liner deployed below a layer of
drainage and collection pipes. Under this configuration, each layer is hydraulically isolated, thereby
preventing the solution from flowing through ore layers that have gone through a process of
densification and permeability reduction caused by overload of higher levels. One downside of this
system is that it generates a series of weak planes in the contact interface between the impervious liner
and the ore, generating several potential block failures. An alternative configuration has been
considered in some operations that may decrease this adverse effect and reduce the costs associated
with the impervious liner. This alternative configuration consists of the compaction of the surface of
certain layers, and leachate collection pipes on each compacted layer. The reduction of permeability on
the subgrade of each layer aims to isolate the solution outflow of a set of lifts, similar to the condition
with a geosynthetic inter-lift liner. However, depending on the densification degree and the geotechnical
properties of the compacted ore, part of the applied solution may not be captured by the drain pipes due
to infiltration into the lower layers of the heap leach, resulting in different saturation degrees in each of
them, with negative consequences in terms of recovery and slopes stability.
Through numerical models, hydraulic behavior is analyzed on heap leach systems composed of
intermediate drainage systems without an impermeable liner. The resulting phreatic level of each layer
and the vertical infiltration flow is evaluated in relation to different initial conditions regarding irrigation
rates and saturated ore properties for different geometrical configurations. Using the results of this
analysis, the authors discuss the implications of the maximum irrigation rate and a maximum number
of layers for a configuration comprised of an intermediate compacted layer, complemented with a
collection piping system.
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Introduction
Inter-lift liners have been used on copper heap leach pads mainly in South America starting in the mid
1990s (Breitenbach, 2005) with the primary objectives of reducing acid consumption (Smith, 1996) and
increasing recovery kinetics.
The inter-lift liner system can also mitigate the flow blockage effect of permeability loss that is
caused by self-weight induced densification and by the fine particles transport, forcing the solutions to
flow only through the ore between liners.
In order to reduce operational costs, inter-lift liners are generally thinner than base liners, since
their breakage should not cause major risks in terms of environmental or operational issues, unlike the
case of the base liner. The materials that are commonly used as inter-lift liner are LLDPE and PVC
(Smith, 1996). Figure 1 shows a schematic of a heap leach system with inter-lift liner.

Figure 1: Schematic of a heap leach with inter-lift liner system
With the aim of reducing the operational costs associated with the inter-lift liner, there are
operations in Chile where inter-lift liners have been partially eliminated, while maintaining intermediate
drainage systems. These systems have drainage pipes installed on each layer over the compacted
prepared surface of the previous layer (leached ore). As an indirect positive effect, this system reduces
the instability that can be generated by numerous intermediate liners, since they produce a series of
weak interfaces that are liable to slope block failure, which is caused by the low strength properties of
the interface between the overliner or underliner material and the liner. In fact, a heap using inter-lift
liners will be less stable than a conventional heap, if all other factors are equal (Smith, 1996).
The drainage system without inter-lift liner but with a compacted leached ore layer instead, aims
to achieve a similar barrier effect that the geosynthetic liner system would provide, through decreasing
permeability at the base due to the material compaction. However, this procedure does not provide
absolute impermeability, which means that a certain percentage of the irrigation flow will still infiltrate
to the inferior layers. This solution flow can cause water table build-up in the lower layers, which must
be checked and controlled in order to achieve adequate metallurgical behavior and stability.
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The infiltrated flow on each layer and the resulting water table depends on the design conditions
of each layer and its corresponding drainage system, irrigation rate, and the geotechnical properties of
the ore and the intermediate compacted leached-ore layer. Through numerical models, the hydraulic
behavior of a heap leach is analyzed, considering drainage systems without inter-liner but with a
compacted leached ore layer on each level.

Hydraulic performance analysis
Methodology
The analysis methodology was focused on determining the water-table height and the amount of flow
that infiltrates from each layer into deeper layers, depending on the solution application rate and the
permeability coefficients of the ore and the compacted layer. From this data, and the relationship
between the variables, we did an assessment of the hydraulic behavior of a heap leach with intermediate
drainage systems with compacted layers instead of a geosynthetic liner.
In order to determine the behavior of the flows under these conditions, two-dimensional numerical
models were developed, based on the finite element method. The models were developed considering
a saturated flow condition in order to represent the irrigating operation stage, assuming that at this stage
the ore in the system will reach a condition close to saturation on the surface level and on the lower
levels. The initial stage of impregnation that is characterized by a non-saturated flow condition has not
been incorporated in the analysis, since the results shown in this paper reach the critical period during
the irrigation stage, after the impregnation stage.
Typically, the range of leach cycle durations for copper-oxide heap-leach process may go from
100 to 200 days. On the other hand, results of cribs tests and experience at full-scale operations indicate
that the impregnation stage (which is not considered on the analyzed models) typically ranges from 10
to 15 days, which is a small period of time compared to the total time considered in the analysis.
A representative 150-days leach irrigation cycle has been considered for the analysis, and during
this period, the solution is applied only on the active top surface of each heap model. This consideration
implies that each of the lower layers have already completed their own 150-days leach cycle. Therefore,
all models have been developed through a transitory analysis limited to the time frame of the upperlayer leach cycle.
Different models were established, modifying in each one the number of layers, the geotechnical
properties of the materials involved, and the irrigation rate. In each model, the resulting water table
height and the infiltration flow rate for each layer was determined after a 150-days period of solution
application.

Analysis model
The general model used for the flow analysis corresponds to a permanent heap section composed by
several layers, each one of them with an intermediate drainage system consisting of a compacted
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material base and three drain pipes, which represent the behavior of the total extension of the heap
leach. At the base of the first level an impervious liner was provided. The model used is shown
schematically in Figure 2.

Figure 2: Analysis model scheme

The different analysis models have been defined by the combination of a few parameters set as
variables. A set of parameters were defined as constant throughout all models. These parameters
correspond to geometrical conditions and geotechnical properties characteristic of the heap leach type
define for this study. Table 1 indicates the adopted values for the parameters set as constant, and Table
2 indicates the variable parameters.
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Table 1: Constant parameters
Parameter

Unit

Symbol

Values

Observation

Distance between drainage
pipes

m

D

4

Typical distance varies between 3
and 6 m

Compacted layer thickness

m

E

0,3

Typical value for compaction
effectiveness in depth

Layer height

m

H

8

Typical lift heights vary between 4
and 8 m

Table 2: Variable parameters
Parameter
Ore permeability

Compacted layer permeability

Irrigation Rate

Unit
cm/s

cm/s

L/h/m2

Symbol

Values

KM1

0,0748e-0,050xZ

KM2

0,1581e-0,144xZ

KM3

0,0018e-0,072xZ

KC1

5,00 × 10-05

KC2

5,00 × 10-06

KC3

5,00 × 10-07

Q1

8

Q2

12

Q3

15

Saturated ore permeability is expressed in terms of the depth (Z), to represent the density increase
(and decreased permeability) that is produced by the ore overload itself. The functions were defined on
the basis of records of several consolidation tests performed on representative copper ore samples with
permeability measures for different loading conditions. Three functions were defined representing three
different ore materials (M1, M2 and M3) with different hydro-mechanical behaviors, in order to assess
this condition. For modelling purposes, the permeability as a function of depth was discretized per layer,
assuming a uniform layer permeability equivalent to the maximum depth of each level.
Figure 3 shows the function of the saturated permeability coefficient in relation to the depth for
the three materials considered. The red markers represent the permeability value assigned to each layer,
according to the maximum depth of each, for the three considered functions.
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Figure 3: Saturated permeability coefficient vs depth
As a boundary condition, a unit vertical flow has been considered in the upper limit of the model
corresponding to the irrigation rate as defined in Table 2.
The lower limit of the model was defined under the zero flux condition representing the
impervious liner laid on the base. Drain pipes placed on the base liner and each compacted level were
modeled as a review boundary condition, which only allows flow out of the model when a point in the
vicinity reaches a pressure equal to or greater than zero.
Furthermore, the side edges of the model are assumed to have null boundary condition, i.e., there
is no lateral influence on the result. This condition is based on the hypothesis that horizontal dimensions
of the heap leach are considerably larger than the vertical dimensions, and the section modeled is
representative of a center portion, and the lateral boundaries are located at the middle of two drain pipes,
generating a symmetry axis at each boundary respect to the flow behavior, as shown in Figure 4.

Figure 4: Lateral boundary condition scheme

Results
The results of each model were analyzed in terms of the resulting water table height and the infiltrated
flow on each layer. The phreatic level is measured through a virtual piezometer located at the center of
two contiguous drain pipes, which according to hydraulic theoretical behavior, corresponds to the point
where the maximum phreatic level height should be developed for each layer, as shown in Figure 5.

54

HEAP LEACH SOLUTIONS, 2015 ● RENO, NEVADA, USA
Based on these results, and in relation to the parameters set as variables, the hydraulic behavior of the
heap leach has been evaluated. Some of the results that demonstrate the hydraulic behavior are shown
below.

Figure 5: Maximum phreatic level measurement
A first evaluation of the water table height generated at the base of the heap leach (over the
impermeable liner), highlights the importance of the number of stacked layers without impervious liner
and the permeability value reached by the inter-lift compacted layer.
Figure 6 shows the resulting water table height on the first lift for a heap leach configured from
one to five layers, for the same material (M2) and at the same irrigation rate (Q1 = 8 L/h/m2). For each
case, three different permeability values assigned to the compacted leached ore layer are represented.
Figure 7 shows the model schematic representation of the results expressed on Figure 6.

Figure 6: Water table height over the base liner vs number of layers, for different compacted
layer permeability values, for M2 material and Q1 irrigation rate
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Figure 7: Pore-water pressure related to number of layers, for K C1 = 5,00 × 10 -5 cm/s
It can be observed that the higher the number of layers stacked without intermediate liners, the
higher the water table builds up in the first lift (or at the base) of the heap. Moreover, the water table
will be higher when inter-lift compacted layers with higher permeability are considered. Conversely, as
the permeability value of this compacted layer decreases, the behavior approaches to that of an
impermeable geomembrane, and therefore the resulting water table at the base is closer to zero. From
the graph it can also be observed that the permeability of the compacted layer is more relevant to the
resulting water table height, when higher number of layers are stacked without impervious liner.
These results are all for the same ore type with respect to the permeability value assigned to each
layer. When analyzing the same plots, i.e., the water table height versus the number of stacked layers,
but this time varying the permeability coefficient of ore and keeping the compacted layer permeability
fixed, the curves displayed on the graph of Figure 8 are obtained.
This graphic is based on a 5,00 × 10-6 cm/s permeability for the compacted layer (KC2) and an
irrigation rate of 8 L/h/m2 (Q1).
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Figure 8: Water table height over the base liner vs layers number, for different ore
permeability’s, for C2 compacted layer and Q1 irrigation rate
The chart above shows that the lower the permeability of the ore, the higher the water table will
build up. This will be exacerbated by an increasing number of stacked layers. In the case of the M1 ore
sample, corresponding to the highest permeability material, a water level near to zero is observed even
for the maximum number of levels considered. This represents a mineral ore with the hydraulic capacity
to be leached in a conventional permanent heap leach with no need for inter-lift liner, which is consistent
with sandy gravel ores. Moreover, it is noted that M1 and M2 ore samples have similar behaviors with
a low number of stacked layers; however they differ when the number of layers increase. This is related
to the hydraulic characteristics of the materials in relation to the permeability characteristics
(permeability vs overload function). For M1 and M2, the permeability value is similar to low overload
levels; however, in the case of M2, permeability decreases further with increasing load, resulting in
increased height of the water table.
Another important aspect of analysis is the evaluation of infiltration that occurs at each level to
lower levels, which determines the percentage of solution that is captured by the collection system of
each level. This analysis also enables evaluating the efficiency of the inter-lift compacted layer in terms
of the imperviousness degree and the hydraulic independence of each level.
Figure 9 shows the percentage of solution that is captured at each layer in the case of a heap leach
consisting of five 8-meter lifts, with a collection system and an inter-lift compacted layer, for the three
different ore materials M1, M2, and M3.
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Figure 9: Percentage of solution captured by each level, for the different ore types
This graph demonstrates that in all three cases there is some degree of percolation of solution to
lower levels, due to the difficulty of reaching an adequate impermeability by compacting the superficial
leached ore. The higher the permeability of the ore, the higher the percentage of infiltration that occurs
at each level. This is evident when comparing the corresponding graphs to the M1 and M3 samples,
since the permeability characteristics functions have similar slopes, with lower permeability value in
the case of M3. When evaluating the infiltration for M2, a different trend is observed than for M1 and
M3, showing the influence of the permeability versus depth function on the behavior in terms of
percolation to lower levels.
Furthermore, it may be noted that while decreasing the permeability of the ore, it is possible that
certain water table levels on the surface of each ore lift may be generated. This also depends on the
permeability of the inter-lift compacted layer and its potential to allow infiltration of solution to lower
levels. Figure 10 shows the result of a five-layer model, in which a certain water level is generated
within each of the lifts.
Figure 10 shows the most critical case in terms of ore permeability among all of those studied,
corresponding to an M3 ore sample and an inter-lift compacted layer permeability equal to 5,00 × 10-6
cm/s. This case shows that the water table build-up may reach up to 0.5 m over the compacted surface
of intermediate lifts.
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Figure 10: The results for a five-layer model, with water table formation in all layers
Regarding irrigation, in general terms, an increase of the application rate causes an increase of the
resulting water table at each level. However, it will depend both on the hydraulic characteristics of the
ore and the compacted layer and the number of layers stacked. For this reason, the critical irrigation rate
will be defined by the maximum water table considered on the project-specific geotechnical design
criteria, and subject to the hydraulic conditions of the materials and the geometric conditions of the
heap leach.

Conclusion
The use of inter-liners is a common practice in permanent heaps when the ore does not provide an
adequate hydraulic capacity to infiltrate solutions throughout its full height. It is feasible to implement
a superficial compaction of the older leached ore layers plus a proper drainage system at the base of
each level, as an alternative to replacing the liner installation. This may make it possible to save on
operational costs. However, the hydraulic behavior of this system is complex and depends largely on
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the hydraulic properties of the ore at a loose as-stacked condition, after further overloads of upper lifts
and also at a highly compacted condition with operating moisture conditions after leaching and draining.
A clear trend of the hydraulic behavior of the heap, in terms of the resulting water-table height
and the infiltration degree, has been determined regarding the hydraulic properties of the materials and
configuration of the number of layers. The results show that the number of layers stacked without
geomembrane is an important aspect to take into account on the design: higher water-table levels are
expected at the base of the heap when increasing the number of stacked layers.
The permeability of inter-lift compacted layers is also an important factor, given that the higher
the permeability, the greater the flow of solution that will infiltrate into the lower levels, and therefore
higher water table build-up may be generated at the base. Conversely, the more imperviousness that can
be achieved through compaction, the higher the hydraulic independence of each layer. In this sense, the
level of compaction achieved during the surface preparation for each new lift stacking, and the
permeability value associated to this compaction, is very important. Proctor compaction tests and
permeability tests prepared at the specified compaction percentage are very important to determine the
hydraulic properties of this layer. For mines that count with actual data from pilot heaps or commercial
operations, field compaction tests would provide valuable data such as level of compaction, number of
roller passes, actual operating moisture conditions after leaching, draining and repose stages, etc.
Moreover, the ore permeability is critical for the expected water-table height. As expected, the
lower the ore permeability, the greater the resulting water table; however, with a multilayer system as
set forth in this paper, it is critical to have a more profound knowledge of the hydraulic behavior of the
ore in relation to overloading or density. For a small amount of stacked layers (one or two layers), two
materials may have the same behavior; nevertheless, if more layers are considered with the proposed
inter-lift system, the water table will vary in each layer, depending on the permeability losses related to
higher densification.
Taking into account the influence of the different variables on the result, the recommended
maximum irrigation rate should be defined upon these critical variables and on the criteria defined for
the maximum expected water table, which must be considered in the slope stability analyses of the heap
leach.
The relationship between permeability and number of layers also defines the percentage of
solution captured by each layer. This should be analyzed from the point of view of the process solution
recovery plan, because, as mentioned before, the intermediate compacted layer does not generate
absolute impermeability and therefore, part of the flow passes through to lower layers. This becomes
higher the more permeable the compacted leached ore layer and ore is.
It is important to mention that the phreatic level, the infiltration rate, and other hydraulic outputs
resulting from this analysis can be controlled by modifying design elements that have been considered
constant on the present study, such as the drain-pipes spacing, ore layer height, and compacted layer
thickness, among others.
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Since this drainage system makes it more difficult to determine the hydraulic behavior of the heap
leach system, the application of numerical models is recommended in order to analyze the possible
designs. It is recommended that these analyses are done using parameters obtained from laboratory
tests, such as saturated permeability, consolidation, Proctor, plus a general characterization test, and
complemented by hydrodynamic column test (HCT), in order to adjust the numerical models and refine
the geotechnical characterization of materials on the unsaturated condition. Also, it is equally important
to verify the results provided by the numerical models, taking data from operating heaps with these
drainage systems through monitoring instruments or in situ investigation.
Finally, the decision to switch from a classic geosynthetic inter-lift liner to an intermediate
drainage systems with a compacted material layer, has to take into consideration an economic analysis,
in terms of Capex and Opex, including critical aspects such as acid consumption, modification of the
expected copper recovery, the solution inventory within the heap, geomembrane costs relative to
compaction costs, etc.
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Modelling solution flow in copper heap bioleaching –
a case study
Wenying Liu, Department of Materials Engineering, The University of British Columbia, Canada
David G. Dixon, Department of Materials Engineering, The University of British Columbia, Canada

Abstract
Copper heap bioleaching involves multiple subprocesses occurring within the heap and across the heap
boundary: fluid (water and gas) transport, solute and gas species transport with the fluid, chemical
reactions, microbial activities, and heat transport. These subprocesses are intimately linked and interact
with each other. Understanding these complex interactions is essential for predicting how a leaching
system will behave, and can be achieved with the aid of mathematical modelling. The HeapSim model
was developed to serve this purpose by incorporating the above mentioned subprocesses and the
interaction of the heap with the surrounding environment.
In this study, we focused on one of the subprocesses modelled by HeapSim: solution flow.
Solution flow is responsible for carrying lixiviants to the ore surfaces for chemical reactions and
microbial activities, and carrying reaction products from the ore surfaces to the leach solution. The
concept of heap hydrology is used by HeapSim to model the movement of solution through a heap under
leach as follows. The whole heap is divided into multiple identical 2-D-axisymmetric cylindrical leach
columns, each with its own drip emitter. The diameter of each leach column is equivalent to the drip
emitter spacing and the length is equivalent to the heap height. Solution flow through the column is
described using the conservation of mass as the governing equation in conjunction with Darcy’s law
and the van Genuchten-Mualem model as constitutive equations. Solution flow through the whole heap
is described by integrating multiple individual leach columns. The HeapSim model was applied to
describe solution flow at the Quebrada Blanca Mine, a bacterially-assisted copper heap leach operation
located in Northern Chile. The model was tested using historical operating data from two independent
heaps. Heap moisture profile was also predicted at varying irrigation rates and drip emitter spacings.
The findings are: the model is robust in describing solution flux with high precision; increasing drip
emitter spacing and irrigation rate results in a more uneven distribution of water within the heap. This
will lead to an uneven distribution of lixiviants and therefore varying leaching kinetics within the heap.
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Introduction
With decreasing grades and limited water availability, heap leaching is becoming a promising,
environmentally-friendly way of processing large tonnages of low-grade copper ore (Ehrlich, 2001).
The contribution to copper production by heap leaching in conjunction with solvent extraction and
electro-winning is expected to continue (Schlesinger et al., 2011). The largest copper heap leach
operations are in Chile, Peru, and the southwestern United States.
The successful application of heap leaching depends on a comprehensive understanding of the
complex fundamental processes underlying it. These fundamental processes include water/solution flux
and solute transport, gas and gas species transport, reaction kinetics, and heat transport. Significant
progress has been made towards understanding the fundamentals of heap leaching with the aid of
sophisticated mathematical models (Dixon, 2003; Cross et al., 2006). HeapSim is such a modelling tool,
incorporating these hydrological, chemical, biological and thermal factors that may affect mineral
leaching rates (Bouffard, 2008; Petersen and Dixon, 2007; Bouffard and Dixon, 2009).
In this study, we focused on the model component describing how solution percolates through the
heap. To test the validity of the model in describing solution flow behavior, we applied the HeapSim
model to describe solution movement through the ore bed at two independent heaps at the Quebrada
Blanca mine. The test was carried out in three stages: adjusting the model parameters to fit the calculated
PLS (pregnant leach solution) volume to historical data of one heap, applying the adjusted model to
simulate PLS volume of the other heap, and predicting heap moisture content at varying drip emitter
spacings and irrigation rates using the adjusted model. This paper reports findings on the model test and
the prediction of moisture contents at varying drip emitter spacings and irrigation rates.

Method
The conceptual model
Heap leaching operations usually divide operating heaps into several modules and initiate irrigation of
the modules in a sequential manner within several days. This means that different modules are at
different stages of the leach cycle at any one time. Therefore, it is more realistic to consider the heap as
multiple leaching modules leaching at different instantaneous rates rather than one heap leaching at the
same rate. The model presented here incorporates this concept into the model development process.
In this model, the whole heap is divided into multiple 2-D-axisymmetric cylindrical leach columns,
each with its own drip emitter (Figure 1). The diameter of each leach column is equivalent to the dripemitter spacing (2R) and the length is equivalent to the heap height (Z). Equations are developed to
describe solution movement through the leach column, which are solved to obtain the PLS volume. PLS
volume of the whole heap is calculated by integrating multiple individual columns.
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Figure 1: A schematic showing the division of the heap into multiple leach columns

Governing equations
Solution flow through the column is described using the conservation of mass as the governing equation
in conjunction with Darcy’s law and the van Genuchten-Mualem (VGM) model as constitutive
equations (van Genuchten, 1980).
Assuming the density of water to be virtually constant (it only varies ± 2% over the entire
temperature range of stability), the conservation of solution mass can be represented by solution volume
conservation. Therefore, the 2D equation of solution volume continuity is given by:

   vw  

vw, z
z



1 (r vw,r ) θ M w
 
sw
r r
t ρw

Where:

vw

=

water volume flux (m3/m2 of heap/s), vw, z in vertical direction, vw,r in radial direction

z

=

depth (m)

r

=

radius (m)

θ

=

volumetric water content (m3 water/m3 of heap)

t

=

time (s)

sw

=

net rate of water production (kmol/m3 of heap/s)

ρw

=

water density (assumed to be 1000 kg/m3 water and may vary with actual PLS)

Mw

=

water molecular mass (18.015 kg/kmol)

Water volume flux vw is described by Darcy’s Law, which, assuming no pressure gradients
within the air phase, may be written in isotropic, unsaturated water-air media thus:
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Where:

k

=

saturation permeability (m2)

μw

=

water viscosity (kg/m/s)

g

=

gravitational acceleration (9.81 m/s2)

Kw

=

hydraulic conductivity  k ρw g μw (m/s)

k rw

=

relative water permeability (–)

pc

=

capillary pressure (Pa)

hc

=

capillary head  pc ρw g (m)

According to the widely adopted formalism of the VGM model, the relative water permeability

k rw and capillary head hc may be specified as unique functions of effective saturation S e (the fraction
of macro-porosity filled with flowing water) thus:
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Where:

m

=

an empirical constant, 0 < m < 1 (–)

n

=

an empirical constant, often taken as (1– m )–1 (–)

hc , 0

=

the capillary head scaling factor (m)

θs

=

saturated volumetric water content (also the effective macro-porosity) (m3 water/m3)

θr

=

residual (or fully drained) volumetric water content (m3 water/m3)

The derived continuous differential equation is transformed into discrete difference equations by
dividing the leach column into multiple annular control volumes in both vertical and radial directions
(Dixon and Afewu, 2011). The discrete equations are then solved numerically to obtain volumetric
water content and water volume flux, from which PLS volume is calculated.
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Model inputs and outputs
Model input parameters for solution flow fall into two categories:
 Design parameter (heap height, irrigation rates, and drip emitter spacing), which are typically
user-defined operating parameters and can be manipulated to achieve desired heap
performance.
 Fundamental empirical parameters (permeability, Van Genuchten parameters, and capillary
head scaling factor, saturated volumetric water content, residual volumetric water content, and
initial volumetric water content), which are a function of ore body and mineral assemblage.
The input parameters are combined into the model equations, which are then solved numerically
to obtain moisture content and solution flux, from which PLS volume is calculated. The calculated PLS
volumes are then compared with historical data to evaluate the performance of the model in describing
solution flow behavior.

Heaps for model calibration and validation
Quebrada Blanca (QB) is a copper mine located in the Chilean Andes. The operation uses heap and
dump leaching, solvent extraction (SX), and electrowinning (EW), to produce copper cathodes (Lizama,
2001). The parameters in the solution flow component in HeapSim model was adjusted using data from
Heap G-14 until the simulation results gave a close fit to the historical monitored data on PLS volume.
The validity of the calibrated model was then tested using data from another independent heap, Heap
H-9. The characteristics of the two heaps are shown in Table 1. The height of the two heaps was 8 m.
Irrigation was provided by drip emitters arranged in a 55 by 55 cm grid at varying flow rates during the
heap lifetime.
Table 1: Characteristics of heaps selected for model test
Heaps

Irrigation area, m2

Start date

Total active days

Cu grade

Cu recovery

Calibration

G-14

66018

5 Feb. 2006

444

1.48%

66.11%

Validation

H-9

30497

7 May 2007

449

1.02%

71.20%

Results and discussion
Model calibration
The purpose of model calibration was to adjust the parameters in the solution flow component in the
HeapSim model to fit simulated PLS volumes to historical data. Even though the model is capable of
handling varying irrigation rates during leaching, a stepwise irrigation rate (called ‘simulated’) was
calculated (averages of the measured irrigation rates) and used as the model input to reduce the
complexity of the input data. Accordingly, monitored and simulated raffinate volumes were calculated
by multiplying daily irrigation rate and irrigation area, which are not the direct model input, but are
shown in Figure 2 to assist understanding.
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Figure 2 shows that the simulated daily and cumulative PLS volume fit the monitored data very
well. These results indicate that the model can be calibrated to obtain a representation of the solution
flow process in heap leaching. The adjusted model parameters are shown in Table 2. The next essential
step is to test the validity of the calibrated model using another independent set of data.

Figure 2: Model calibration results comparing simulated PLS volume and historical monitored
data from Heap G-14 (irrigation rate and raffinate volume are shown to assist
understanding)
Table 2: Adjusted parameters for modelling solution flow
Parameter

Description

Value

Units

Z

Heap depth

8

m

R

Radius (½ of drip emitter spacing)

0.275

m

k

Saturation permeability

5E-11

m2

m

Van Genuchten m exponent

0.9

–

n

Van Genuchten n exponent

1.96

–

hc,0

Capillary head scaling factor

0.052

m

θS

Saturated volumetric water content

0.37

m3/m3

θr

Residual volumetric water content

0.12

m3/m3

θ0

Initial volumetric water content

0.10

m3/m3
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Model validation
The validity of the calibrated model was tested using historical data from another independent heap,
Heap H-9. Figure 3 shows the validation results with Heap H-9. The simulated PLS volume fit very
well with the monitored data. It is important to note the good agreement in the initial transient wetting.
Therefore, it is concluded that the calibrated model is robust in predicting PLS volume.

Figure 3: Model calibration results comparing simulated PLS volume and historical monitored
data from Heap H-9 (irrigation rate and raffinate volume are shown to assist understanding)
Further discussion is warranted on the robustness of the model in describing solution flow
behavior. As mentioned in the Method Section, the model direct output is moisture content (volumetric
water content), assuming uniform porosity of the heap. PLS volume is then calculated from moisture
content. The model was calibrated and validated using monitored data on PLS volume rather than a
measured moisture content profile. A potential risk is that even though the model is capable of
predicting PLS volume, it may fail to predict a realistic moisture content profile and still produce valid
PLS volume data. In reality, this can be caused by a channelled flow due to ore preparation (crushing
and agglomeration) and an uneven stacking of the agglomerated ore.

Predicted moisture content variability with differences in key operating parameters
Predicted heap moisture content responded to the variation of two key operating parameters: irrigation
rate and drip emitter spacing. Figure 4 shows the distribution of moisture content within the heap in
response to the change in the irrigation rate and drip emitter spacing. The irrigation rates tested were 4,
8, and 12 L/m2/h, which covers the standard range of irrigation rates applied in heap leach operations.
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The drip emitter spacing tested were 0.5, 1, and 2 m. Moisture content, i.e., the volume of water per
unit volume of heap, is essential in determining the concentrations of lixiviants within the heap, which
in turn affects chemical and microbial reaction rates.

Figure 4: The response of heap moisture content to varying drip emitter spacing
and irrigation rate, sign in the x-axis indicating the left side of the drip emitter,
the legends representing different depths within the heap
At the same irrigation rate, a larger drip emitter spacing resulted in a more uneven distribution of
moisture content. The unevenness was more pronounced at a higher irrigation rate. For example, at an
irrigation rate of 8 L/m2/h and drip emitter spacing of 0.5 m, the moisture content in the top 0.5 m was
17% around the drip emitter and 15% at the furthest distance to the drip emitter (referred to as the
column shoulder). Below 1.5 m, the moisture content was uniform for the whole column. In contrast,
at an irrigation rate of 8 L/m2/h and drip emitter spacing of 2 m, the moisture content in the top 0.5 m
was 26% around the drip emitter and 13% at the column shoulder. The uneven distribution of moisture
content at a drip emitter spacing of 2.0 m will lead to an uneven distribution of lixiviants and therefore
variable reaction rates across the heap.

70

HEAP LEACH SOLUTIONS, 2015 ● RENO, NEVADA, USA

Conclusion
Solution flow in heap leaching was modelled by dividing the heap into multiple 2-D-axisymmetric
cylindrical leaching columns. Solution flow and moisture content distribution through each column was
described using the principle of water mass conservation in combination with Darcy’s law and the van
Genuchten-Mualem (VGM) model. The validity of the model was tested using data from Quebrada
Blanca heaps. The model is robust in calculating PLS volume with high precision. The model is also
capable of simulating variations in heap moisture content from varying the irrigation rates and drip
emitter spacing. Larger drip emitter spacings and higher irrigation rates result in a more uneven
distribution of moisture content, which would, in turn, affect the distribution of lixiviants and leaching
kinetics.
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Gold heap leach testing using low-grade sulfide
run-of-mine ores in a full-scale leach pad
Veli Gökdere, Eldorado Gold Corporation, Tuprag Kisladag Gold Mine, Turkey
Engin Altay, Eldorado Gold Corporation, Tuprag Kisladag Gold Mine, Turkey
Suleyman C. Cengiz, Eldorado Gold Corporation, Tuprag Kisladag Gold Mine, Turkey

Abstract
Reserves at the Kisladag Gold Mine include significant tonnage of low-grade sulfide ore at or near
economic cut-off grade (0.40 g/t gold). The aim was to determine gold recovery from heap leaching
this material as run-of-mine (ROM) rather than being crushed, to save crushing and stacking operating
costs and to reserve crushing capacity for the higher grade ores. Heap leach testing of ROM ores is
inherently problematic and less accurate in a laboratory environment or a small test pad. The new
production leach pad at Kisladag was used to conduct heap leach testing using the low-grade sulfide
ROM ores from four major rock/alteration types. Four full-size cells in a new leach pad area were
isolated from each other and from the production cells. Each cell was equipped with necessary pipings,
valves, wire samplers and flowmeters to enable independent solution irrigation and recovery of
pregnant solution. The testing continued for approximately six months. This paper describes the results
of this heap leach testing.

Introduction
Kisladag open pit mine produces a significant amount of low-grade “close to cut-off grade” ores. Due
to mining sequence, most of these materials have to be mined in any case. Therefore, if process cost
can be adequately offset by the amount of recovered gold and if there is spare leach pad space they may
be placed as ROM materials onto the production leach pad, rather than being trucked to the waste dump.
Some additional gold could be recovered. This was the motive behind this heap leach testing.
Four new cells were chosen to test four major types of low-grade sulfide ores. Sulfide ores at
Kisladag are first classified by rock type, and then each rock type is further classified by alterations.
Rock types and alterations of the materials used in the heap leach testing are given at Table 1. Kisladag
experience demonstrates that alteration has a more significant impact on gold recovery than rock type.
The duration of heap leach testing was long enough to define the nearly ultimate recoveries. A minimum
of 27% gold recovery is required to economically heap leach these materials (0.40 g/t gold) for 50 to
60 days under the current gold price (US$1,100/oz) and processing costs (US$2.50/tonne) at Kisladag.

75

HEAP LEACH SOLUTIONS, 2015 • RENO, NEVADA, USA
On the other hand, leach kinetics is expected to be slow due to the coarse particles of ROM ore. Each
day of leaching carries a cost. Therefore, time required to reach the recovery target is critical. Three out
of the four ore types were found to be economical to treat. Economics were calculated by running the
heap leach operation for an optimum period
Table 1: Test ores
Cell number

Rock type

Alteration type

0

Intrusion 3

Intrusion 3 (Identical with rock type)

–1

Intrusion 1

Clay

–2

Pyroclastic

White mica tourmaline

–3

Pyroclastic

Argillic

Test pad
Four production cells were isolated for the use of heap leach testing, as the photo shown below. The
leach pad in this area was initially prepared for regular production, and was an extension from the
main leach pad. If heap leach testing proves to be successful economically, this test pad will become
normal production pad for gold production.

Figure 1: Test pad inside full-scale production cells
Each cell represents one ore type to be tested. The quantities are different due to availability of
the ROM ore material. The selection of the ROM ore materials was controlled by the mine geology
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department. The 40-tonne mine haul trucks were used to transport the ROM materials to the test pad.
About 100 kg sample was taken from each truck after being offloaded on the test pad This sampling
plus subsequent preparation and assays serves as a double check with the calculated head grade from
block model. The collected samples were weighed and crushed to a particle size about 80% passing 2
~ 3 mm by a mobile crushing plant on a daily basis. . The results from sampling and assays were in
good agreement with the calculations using block model See the tables below
Barren solution irrigation line for each cell was equipped with a wire sampler and a flowmeter to
measure the solution volume. The discharge solution of each cell, i.e., the pregnant solution, was also
equipped with a wire sampler and a flowmeters to measure the solution volume. Cumulative solution
volumes were recorded on a daily basis. Gold assays were carried out for the barren solution and
pregnant solution on the daily composites. The flowmeter and wire sampler setup are shown at
Figure 2.
Barren Solution

Pregnant Solution

for

for
flowmeter

Flowmeter
for
Wire sampler

Figure 2: Piping, wire sampler and flowmeters
for barren solution and pregnant solution
Gold mass balance was calculated on a daily basis based on gold assays of barren and pregnant solutions
and their cumulative solution volumes. Application rate of the barren solution varied somewhat from
one cell to another in a range of 6 ~ 11 (L/h)/m2. The irrigation rate was selected based on the
permeability of ore and the tonnages of the ore in each cell. Cyanide concentration in the barren solution
was normally about 380 ppm as NaCN pH of the barren solution was controlled around 10.4. Cyanide
concentration and pH were also measured for the pregnant solution. While the ROM ore was stacked,
6 kg/tonne quicklime powder was added to provide the necessary alkalinity during heap leach.
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Test 1 – Intrusive 3, Intrusive 3 alteration ore
The heap leach testing of this material (Intrusive 3/Intrusive 3) was performed in Cell 0. The main
characteristics of this ore type is its low grade. Table 2 shows head grade, gold recovery and leaching
conditions.
Table 2: Heap leach results for Intrusion 3, Intrusive 3 altered ore

Cell no

Tonne

Block
model
head grade
(g/tonne)

0

20,318

0.24

Assayed
head grade
(g/tonne)

Days
under
leach

Recovery
based on
block model
head grade
(%)

Recovery
based on
assayed
head grade
(%)

0.26

134

23.8

21.8

As can be seen from Figure 1, leach kinetics of the Intrusive 3/Intrusive 3 ore type is very slow,
and overall recovery is only 23.8% after 134 days of leach. This performances does not justify
economical leaching. Such recovery does not even justify the truck transportation cost. Therefore, this
ore type has been rejected and classified as waste.

Mine Grade Value
CELL 0 Gold Recovery
(134th Day)

Cum. Gold Rec.,%

27
23

23.8%

19
15
11
7
3
-1

Figure 1: Intrusive 3, Intrusive 3 ore leach kinetics

Test 2 – Intrusive 1, Clay alteration ore
This test was performed in Cell-1. Rock type is Intrusion 1 and alteration type is clay. Table 3 shows
head grade, gold recovery and leaching conditions
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Table 3: Intrusion 1, Clay altered ore

Cell no

Tonne

Block
model
head grade
(g/tonne)

–1

20,084

0.59

Assayed
head
grade
(g/tonne)

Days
under
leach

Recovery
based on
block model
head grade
(%)

Recovery
based on
assayed
head grade
(%)

0.63

134

29.4

27.3

This ore type just meets economically viable criteria. This cell produced its best economic output
in the first 55 days. Figure 2 shows the leach kinetics.

Cum. Gold Rec.,%

Mine Grade Value
CELL -1 Gold Recovery
(134th Day)
40
35
30
25
20
15
10
5
0

29.4%

Figure 2: Intrusive 1, Clay ore leach kinetics

Test 3, Pyroclastic, white mica tourmaline alteration ore
This test was performed at Cell -2. Rock type is Pyroclastic and alteration type is white mica tourmaline.
Table 4 shows head grade, gold recovery and leaching conditions.
Table 4: Pyroclastic, White mica tourmaline altered ore

Cell no

Tonne

Block model
head grade
(g/tonne)

–2

65,230

0.42

Assayed
head
grade
(g/tonne)

Days
under
leach

Recovery
based on
block model
head grade
(%)

Recovery
based on
assayed
head grade
(%)

0.44

134

37.8

35.9
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This ore type also meets economically viable criteria. The cell produced its best economic output

Cum. Gold Rec.,%

in the first 50 days. Figure 3 shows the leach kinetics.

Mine Grade Value
CELL -2 Gold
Recovery
(134th Day)

50
45
40
35
30
25
20
15
10
5
0

37.8%

Figure 3: Pyroclastic, white mica tourmaline ore leach kinetics

Test 4, Pyroclastic, Argillic alteration ore
This test was performed at Cell -2. Rock type is Pyroclastic and alteration type is white mica tourmaline.
Table 4 shows head grade, gold recovery and leaching conditions.

Table 5: Pyroclastic, White mica tourmaline altered ore

Cell no

Tonne

Block model
head grade
(g/tonne)

–3

9,388

0.37

Assayed
head
grade
(g/tonne)

Days
under
leach

Recovery
based on
block model
head grade
(%)

Recovery
based on
assayed
head grade
(%)

0.42

134

41.4

35.6

This ore also reaches economically viable target. The cell produced its best economic output in
the first 25 days. Figure 4 shows the leach kinetics.
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50
45
40
35
30
25
20
15
10
5
0

Mine Grade Value
CELL -3 Gold Recovery
(134th Day)

41.4%

Figure 4: Pyroclastic, argillic ore leach kinetics

Conclusion
While no attempt was made to determine particle size distribution for the ROM materials that have been
tested, visual observations indicated that fragmentation was increased significantly over the normal
crushing plant feed through intentional changes of drill spacing and powder factors during mining
process. It was apparent for some rock/alteration types that ROM heap leach is still profitable even after
additional mining costs are taken into consideration. Gold recovery ranged from 24% to 41% over the
134 days of leach cycle. Based on feed head grade and gold recovery, the economic operating period
ranges from 40 to 100 days. The leach cycle needs to be monitored closely. Operation should be stopped
when the incremental gold recovery is not large enough to offset the operating costs. It is reasonable to
expect additional recovery may be achieved from the materials in the lower stacked lifts when leach
pad becomes higher and higher. Overall, these testing results are in support of the continued mining,
stacking and leaching of the low-grade sulfide ROM ore. Compared with the high-grade crushed ores,
the low-grade sulfide ROM leaching is very sensitive to gold price, gold recovery and consumable cost.

81

HEAP LEACH SOLUTIONS, 2015 • RENO, NEVADA, USA

82

Proceedings of Heap Leach Solutions, 2015
September 14-16, 2015, Reno, Nevada, USA
Published by InfoMine, © 2015 InfoMine, ISBN: 978-0-9917905-8-6

Goldfield heap leach project: 100-year heap leach
effluent closure configuration
Guillermo Larios, Kappes Cassiday & Associates, USA
Carl Defilippi, Kappes Cassiday & Associates, USA
Richard DeLong, Enviroscientists, Inc., USA

Abstract
The Goldfield Project was a heap leach operation that entered its final closure stage in late 1998 and
has been under post-closure monitoring since April of 2003. This project is located north of the town
of Goldfield, Nevada, USA and consists, in part, of a heap leach pad and two evaporation ponds. Water
management of heap leach effluent has involved evaporation in the pond system for the past 12 years.
Over that period, approximately 1.4 million gallons of effluent have been managed through evaporation
with no system overflows. The system generally exhibits standing water in the early spring during
freshet when evaporation is weakest, but quickly evaporates as spring temperatures rise. In late 2014 a
water balance for 100 years of infiltration, evaporation, and associated salts precipitation was assessed
for the system. The assessment assumes evaporation pond inflow from two sources: precipitation and
effluent run-off. An extensive evaluation was conducted to provide for a permanent heap leach effluent
closure configuration that would require minimal maintenance, which included historical heap flow
records collected over a 15-year period, meteorological inputs encompassing 38 years of evaporation
and precipitation records, and long-term drainage computer simulation with the Hydrus 2-D software.
The results of the hydrologic evaluation indicate that the passive evaporation system, as designed
for the Goldfield Project, would have the capacity to handle the probable long-term flows associated
with heap drain-down, during all periods of the year, including the seasonally wet winter period. The
available pond volume represents a large quantity in relation to the cumulative volume of water that
will be accumulated by precipitation and run-off during the year. As a result, volume lost over time due
to precipitate deposition in system pore space presents a negligible impact to the overall ability of the
system to accept water during the 100-year period. The objective of this paper is to present the Goldfield
Project long-term drain-down information and discuss the evaporation pond design and performance.

Introduction
The Goldfield Project is located approximately half a mile north of the town of Goldfield, Esmeralda
County, Nevada in the historic Goldfield mining district. Mining of ore and leaching operations have
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been completed since late 1998, with post-closure monitoring currently ongoing. Red Rock Mining
Corporation mined the historic waste dumps in 1989, and after a brief shutdown entered into a joint
venture with the American Resource Corporation to place the Goldfield Mine property into production.
In mid-June of 1998 financial problems led to the forced bankruptcy of the mine owners. Later that year
Decommissioning Services LLC, a limited partner of Kappes, Cassiday & Associates (KCA), was
granted the mine purchase and became the party responsible for the closure plan and its implementation.
During its active life the Goldfield Project consisted of a 22-acre heap leach pad, four open pits (Jumbo,
Sheet-Ish, Combination, and Red Top), one waste rock dump, four ponds, a process facility, and
associated structures and roads. Ore material was processed by heap leach cyanidation and precious
metal recovery by carbon adsorption. The mine property encompassed approximately 242 acres, of
which 174 acres are private and 68 acres are public Bureau of Land Management (BLM) managed
lands.
Part of the closure program involved converting one pond into a long-term heap draindown
evaporation cell and constructing a second evaporation pond. The heap leach pad and the evaporation
cells are the only process components remaining. The pad currently receives meteoric water, a small
portion of which infiltrates the heap through a compacted clay cover. This water passes through the
heap and then flows to a partially backfilled evaporation pond where the solution is managed through
evaporation. Given the observed drainage flows and chemistry from the heap, a design for a permanent
heap leach effluent closure configuration was implemented that would require minimal maintenance
for a minimum of 100 years.

Mine overview
Pits
Ore and waste were mined from four separate pits, the Sheet-Ish, Combination, Red Top and Jumbo
pits. These pits are located in the Goldfield historical mining district. Three pits remain as open pits,
while the Sheet-Ish pit has been backfilled and regraded. None of the pits intercepted the groundwater
table and no dewatering of the pits was required during active mining.
Closure monitoring of the Combination, Red Top, and Jumbo pits requires annual inspection for
ponded water, surface run-on controls, stability, safety, and access restriction.

Geology
The waste rock consists of sedimentary breccia, volcanic conglomerate, tuffaceous conglomerate,
sandstone and shale, comprised of locally derived porphyritic rhyodacite and andesite. During active
mining, composite samples were collected from each pit to include both ore and waste rock, and
subjected to acid-base accounting (ABA) analysis and humidity cell testing. These tests indicated that
sulfides were present in both the ore and waste rock.
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Waste rock dump
The site consists of a single main waste rock dump, the Red Top dump. This dump contains
approximately 5.5 million tons of material. Due to the known sulfide waste being excavated and
relocated into a waste rock dump, a waste dump management plan was put into place. This plan involved
the placement of the highly acid generating material in the interior of the dump, with less acidgenerating material being placed at the edges of the dump, resulting in encapsulation of the higher acidgenerating material in the center of the dump. The closure of the waste rock dump included regrading
and seeding. Decommissioning Services LLC has improved the surrounding terrain to facilitate
drainage and prevent run-on from adjacent areas.
Studies concluded that the majority of the moisture received by the site during the winter months
would be consumed by evapotranspiration and/or sublimation, or would run off the surface. No drainage
through the main waste dump is expected. To date, no discharge or drainage from the waste dump has
been noted. As part of the closure monitoring, annual inspections of the waste rock dump are conducted,
checking for physical stability and any potential seepage.

Heap leach pad
Approximately 1.8 million tons of ore were processed on the single heap leach pad covering
approximately 22 acres. Material placed on the heap leach pad was mined from the four open pits and
reclaimed from the historic waste dumps. All ore placed on the pads was crushed, ranging from 3/8 inch
to 3 inch, with approximately 1.3 million tons agglomerated with 10 to 15 pounds of cement per ton of
ore and the remaining 0.5 million tons agglomerated using lime and Betz non-ionic polymer at rates of
16 pounds per ton and 0.5 pounds per ton, respectively. The heap was closed in 1999, covered with a
nominal 12-inch clay cap and nominal 12-inch topsoil cover.

Process ponds
There were a total of four ponds on site: precipitation, barren, pregnant, and storm event. The
precipitation pond was closed in-place by folding the liner in on itself and placing topsoil over the entire
area. The barren and pregnant ponds, which contained significant amounts of sludge, were sampled and
closed in place by placement of a clay cap overlain by geomembrane and then a topsoil cover. All
ponds, with the exception of the storm event pond, had leak detection systems which consisted of gravel
filled sumps. All leak detection systems were closed and covered during closure activities. The storm
event pond was improved and converted to an evaporation pond to handle the heap drainage.

Evaporation cells
During closure the storm event pond was refurbished with the intent of using it as an evaporation cell.
The refurbishing included re-contouring the side slopes, compaction, and the addition of new highdensity polyethylene (HDPE), double-liner, dual-leak detection system, gravel backfill with infiltration
galleries, and a piezometer to collect and monitor solution levels.
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The evaporation cell was not initially utilized since the Goldfield Project was awarded a permit
from the City of Goldfield to divert the heap draindown solution directly into the sewer system. This
practice was terminated in late 2004 when the city permit underwent renewal and it was determined
that the sewer system could no longer accept industrial waste. Decommissioning Services LLC
constructed a second evaporation cell, designed so that solution can flow between the two cells in case
of upset conditions. The second evaporation cell was constructed with the same features as the first cell.
This evaporation system was designed to be self-contained by not allowing the release or discharge
of any process or non-process solutions, and modeled based on 60 years of collected weather data from
the area. Historical weather data shows a yearly average precipitation of 5.8 inches and pan evaporation
of 105 inches, with 13.2 inches in the peak year of precipitation. The evaporation system for the
Goldfield Project has been conservatively modeled so it incorporates the highest year of precipitation
in the 60 years of data collection.

Site map
The site map for the Goldfield Project is illustrated in Figure 1.

Figure 1: Goldfield Project site map
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Current mine site configuration
The heap leach pad has been re-contoured to achieve final 3H:1V slopes with a convex configuration
on the top of the heap. The surface has been covered with a minimum of one foot of compacted clay
material, which in turn has been covered with 12 inches of growth media and seeded for revegetation.
Revegetation efforts on the heap have had limited success, leading to erosion rills observed at the
surface of the heap, which have required ongoing maintenance.
There are currently two evaporation ponds connected by an overflow piping system, as presented
in Figure 2. The system, as currently designed and configured, accommodates a total of 13,247 cubic
feet of solution and meteoric run-off, while maintaining a minimum of one foot of freeboard at all times.
Evaporation Pond #1 is illustrated in Figure 3 and Evaporation Pond #2 in Figure 4.
The larger of the two evaporation ponds, Evaporation Pond #1, receives effluent discharge directly
from the heap. It covers approximately 8,984 square feet, including the outer berm, and with
maintenance of one foot of freeboard, has a maximum capacity of 6,837 cubic feet. Evaporation Pond
#1 was constructed in 2002 within the original primary heap overflow pond as a double-lined system
with leak detection. The primary heap overflow pond was partially backfilled, and the evaporation pond
was constructed in the remaining cavity. The current structure of Evaporation Pond #1 consists of, at
its base, HDPE liner recovered and reused from the base of the original pond, which in turn is overlain
by six feet of local area soil. This soil layer is in turn overlain by a second HDPE liner, a one foot layer
of compacted fines to protect the HDPE lining, 1.5 feet of sandy soil, and finally six inches of two-inch
rock fill, as shown in Figure 2. The bottom of the overflow pipe is a minimum of 1.1 feet from the top
of the layer of rock fill. This profile yields roughly 1.6 feet of available pond depth, consisting of six
inches of two-inch rock fill, and 1.1 feet of open containment.
The second evaporation pond, Evaporation Pond #2, was constructed in 2005 with the same base
fill and liner profile as Pond #1, with the exception that no backfill underlies the base HDPE liner.
Evaporation Pond #2 is 2.8 feet deep from the base of the pond to the berm crest, and does not contain
any rock fill. This profile yields a rough containment volume of 6,410 cubic feet with maintenance of
one foot of freeboard.
The pond system was modified in 2010 to replace and reconfigure the pipe overflow system
between the two evaporation ponds to increase the available volume of Evaporation Pond #1. The
overflow is lined with the same HDPE liner and one foot layer of compacted fines as the two evaporation
ponds. Two polyvinyl chloride (PVC) pipes laid side-by-side connect the ponds through the ditch. The
overflow height is a minimum of 12 inches from the top of Evaporation Pond #1, which constitutes the
minimum operational one foot of freeboard described above.

87

HEAP LEACH SOLUTIONS, 2015 ● RENO, NEVADA, USA

Figure 2: Goldfield Project evaporation ponds
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Figure 3: Evaporation Pond #1

Figure 4: Evaporation Pond #2

Evaporation pond system water balance
Water management of heap leach effluent has involved evaporation in the pond system for the past 12
years. Over that period, approximately 1.4 million gallons of effluent have been managed through

89

HEAP LEACH SOLUTIONS, 2015 ● RENO, NEVADA, USA
evaporation, with no system overflows. The system generally exhibits standing water in the early spring
during freshet when evaporation is weakest, but quickly evaporates as spring temperatures rise.
A water balance for 100 years of infiltration, evaporation, and associated salts precipitation was
assessed for the system. The assessment assumes evaporation pond inflow from two sources:
precipitation and effluent run-off.

Meteorological inputs
Enviroscientists Inc. analyzed 38 years of evaporation and precipitation records collected between 1967
and 2005 at meteorological monitoring stations at Silverpeak, Nevada, and Goldfield, Nevada. The
station at Silverpeak is located 18 miles due west-northwest of the Project area, and the station at
Goldfield is located one mile due south-southwest of the Project area. Pan evaporation data from
Silverpeak, Nevada, is available only in monthly averages over this time period; therefore, the
precipitation data from Goldfield, Nevada, where daily measurements over the period are available,
have been interpolated to create monthly average values for the same time period to make the data
comparable.
Based on the records at Silverpeak and Goldfield, average monthly pan evaporation and average
total monthly precipitation measurements show total annual evaporation more than 15 times the
precipitation rate. Due to the seasonality of the climatic response, there will necessarily be times when
precipitation is greater than evaporation, particularly in the winter months, and therefore an
accumulation of solution in the evaporation ponds will occur. However, the active meteorological forces
over the year will lead to net evaporation and ultimately result in the removal of all water from the
ponds, likely by the end of spring. Provided that there is zero evaporation from December and January,
inclusive, an annual average of approximately 1,000 cubic feet of water will collect in the ponds from
meteoric events alone, prior to resumption of evaporation in February.

Heap flow rates
Historical flow records collected over the period 1999 to the present (15 years) have been used in this
assessment. Over this period, the most recently recorded flow measurement from the heap to the primary
evaporation pond was 0.029 gallons per minute (gpm), which was collected on 14 August, 2014. The
average discharge in the summer over the last three years has been 0.037 gpm with a 46% decrease in
flow over the 15-year period. Over the same time period the average winter discharge has been 0.046
gpm with a 39% decrease in flow over the 15-year period. The trend for both the winter and summer
discharges is that the flows are decreasing, summer flows are greater than winter flows, and there is not
a meaningful difference (less than 10%) in flows seasonally. The difference in flows between summer
and winter in 2014 was less than 6%.
The heap drain-down measured to date represents the net heap flow associated with drainage of
the residual volume of solution in the heap leach pad when monitoring began, plus the net balance of
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precipitation and evaporation through the cover material. During the initial stages of the project closure
the heap draindown rates were computer simulated for the first ten years using the Hydrus 2-D software.
Figure 5 shows the recorded values for the heap effluent drain-down rates along with the predicted
values provided by the Hydrus 2-D software, and Figure 6 provides a more detailed view of the
flowrates

below

0.5

gpm.

Using

meteorological

inputs

encompassing

38

years

of

evaporation/precipitation records and historical drainage data collected over a 15-year period, the
Hydrus 2-D software simulated heap draindown that exhibited good correlation with the actual effluent
flow values. The trend of heap drain-down volumes over the period of monitoring follows a pattern
consistent with first-order decay (R2 = 0.90). This is representative of what has been observed at other
mining-related facilities including heaps, tailings impoundment, and waste rock facilities. The
projection that heap flows will continue to decrease consistent with the established pattern of flow todate is a sound assertion based on industry experience. However, in the future it will also be important
to accurately measure heap flows as the success of the passive water management system evaluation
hinges, to some degree, on valid measurements of the low flow predicted.

12

10

Flow Rate, gpm

8

6

4

2
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Figure 5: Heap effluent drain-down with simulated model, 1998 – 2014
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Figure 6: Heap effluent drain-down (below 0.5 gpm)

To conservatively project the volume of water generated by the heap leach pad, the most recent
flow measurement of heap solution flow rate has been used, instead of modelled projections of heap
drain-down decay. This highly conservative approach ensures that predictions in flow rates are higher
than those which could be reasonably expected as described above. The data shows a discharge rate of
0.029 gpm as monitored on 14 August, 2014. Given this flow rate, the maximum total volume of
solution and precipitation that would initially collect in the pond catchment area over the course of a
year is 1,345 cubic feet, as presented in Table 1. At year 100, the expected water balance would see the
same amount of solution and meteoric run-off as the first year collected by the end of January, which
would constitute 31% of the total capacity of the ponds at that time as shown in Table 2. The pond
volume reduction calculations take a conservative approach by assuming that the inflow of solution to
the evaporation system will be the same in the span of one hundred years, but in reality the trend of the
solution inflow shows a decrease over time, as shown in Figure 6.
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Table 1: Goldfield Project evaporation system model, year one

Table 2: Goldfield Project evaporation system model, year 100

Pond precipitates
The hydrologic evaluation suggests that the passive evaporation system as currently designed would
have the capacity to handle the probable long-term flows associated with the Project heap leach pad;
however, chemistry of the drain-down solution has the potential to impact the success of the system
through deposition of solids in the form of an evaporated sludge.
Long-term oxidation and leaching of chemical constituents in the heap can lead to solids formation
on substrates in the pond system. The density and chemistry of potential precipitates has not been
assessed; therefore, it is not possible to accurately predict the volume of pond space lost to precipitation
over the life of the system; however, the hydrologic evaluation suggests that on an annual basis, all pore
space would be available to precipitates, with the exception of a brief period during freshet, at the end
of the winter. This would allow for full contact of any precipitates present in the solution with the gravel
over-layer.
KCA has evaluated the potential effect on available pond volume over a 100-year period as the
result of salts precipitation. Based on projected heap solution flow rate decay, as discussed above,
precipitate accumulation is expected to collect very rapidly over the first ten years of the project life,
reaching 93% of the total expected deposition by the year 2024. Over the next 20 years, by 2044,
cumulative pond precipitate deposition will achieve 100% of the total expected deposition. The volume
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of solids represented by the total volume is projected to be approximately 100 cubic feet, as shown in
Figure 7, which is less than 3% of the total available pond volume.
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Figure 7: Cumulative solids accumulation forecast, 2014 – 2114
To conservatively project pond volume at the end of the project life Enviroscientists, Inc. has
recalculated the potential pond volume given a constant heap effluent flow rate based on the most recent
effluent flow measurement, with no drain-down decay. This has the benefit of being both highly
conservative, and congruent with the approach taken to model the quantity of effluent run-off in the
system. This approach results in a constant, linear accumulation rate of solids in the pond to year 100.
At year 100, the quantity of sludge that would accumulate under these assumptions is 2,088 cubic feet,
or 33% of the year one total available pond volume.

Passive evaporation system
The last step to the Goldfield Project closure involves the conversion of the evaporation ponds. A
passive evaporation system will be constructed and maintained within the existing Evaporation Ponds
#1 and #2. Construction will involve the removal of bird netting over Evaporation Pond #1 and
placement of limestone rip rap in the cavity of both ponds to deter wildlife access. Rip rap will be placed
to top height of the overflow pipes. Water in the ponds will be evaporated from the open spaces between
the two-inch rock fill, and the limestone will assist in maintaining alkaline chemistry in the pond water.
Evaporation is limited in the interstitial space in the soil layer below the aggregate fill.
The proposed system configuration yields roughly 6,379 cubic feet of available pond space,
divided between Pond #1 (3,494 cubic feet) and Pond #2 (2,885 cubic feet).
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Conclusion
Given constant climatic inputs and a constant flow rate, the expected water balance at year 100 would
see 1,345 cubic feet of solution and meteoric run-off collected by the end of January, which would
constitute 31% of the total capacity of the ponds at that time.
The hydrologic evaluation indicates that the passive evaporation system, as described above, will
have the capacity to handle the probable long-term flows associated with heap drain-down, during all
periods of the year, including the seasonally wet winter period. The available pond volume represents
a large quantity in relation to the cumulative volume of water that will be accumulated by precipitation
and run-off during the year. As a result, volume lost over time due to precipitate deposition in system
pore space presents a negligible impact to the overall ability of the system to accept water during the
100-year period.
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Minimizing acid consumption in mixed
oxide/supergene and sulfide heap leaches
Randolph E. Scheffel, Metallurgical Consultant, USA
Graeme Miller, Miller Metallurgical Services Pty Ltd, Australia

Abstract
Increasing acid cost and lower grade deposits are making it critical to reduce acid consumption while
maintaining copper recovery in a reasonable time. This paper addresses the drivers for acid
consumption, illustrating both commercial heap and column testing results utilizing a proven empirical
acid consumption characterization methodology. The procedure strives to identify the minimum acid
addition regime resulting in the preferred solution chemistry, the goal being an initial high solution pH.
The high pH allows the best condition for precipitation of impurities, while maintaining copper
extraction early in the leach cycle. A means to achieve the minimum acid concentration and delivery
rate to the ore where the acid demand is constantly changing throughout the leach cycle is presented. A
conceptual solvent extraction plant configuration is described that allows for this variable acid
concentration requirement.

Introduction
Minimization of acid consumption is becoming more important as ore grades decline and the cost of
acid increases. These conditions place a premium on understanding the geochemistry of copper,
uranium and other acid-soluble or bio-leachable minerals. Dreier (1998, 2015) has written extensively
on the geometallurgy and geochemistry of copper leaching. Seyedbagheri et al. (2009) also addressed
the importance of understanding the acid-gangue reactions in heap leach operations.
Dreier (2015) makes clear there are a number of critical elements of the sulfate leaching system
that are important:
1. There is a full range of lithology and alteration that impacts acid consumption from the
lowest acid consumer (quartz) to the highest (calcite).
2. There is a significant range of acid consuming lithology and alteration within a deposit.
3. The acid consumption is driven by the pH of the aqueous solution in equilibrium with the
rock mass.
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4. The sulfate system is buffered with bi-sulfate complexes of all the metal ions that have
dissolved.
5. There are re-precipitation reactions at varying pH that can also produce acid.
6. In fact, this acid production with rising pH precludes rinsing as an economic alternative
during reclamation.
This buffering chemistry is a key advantage of the sulfate system for minimizing acid
consumption. In developing a heap leach project, there are two economic components that need to be
block modelled: first, the “soluble” metal content; and, secondly, the acid consumption by geologic
mine block. The primary means of obtaining these two parameters is by diagnostic assay and empirical
acid consumption tests. These tests are conducted on the same assay pulps on which the “total” copper
assay is conducted (for developing the minable block model).
Modelling the acid consuming character of the deposit requires that one conduct constant pH tests
on selected assay intervals that match the lithology and alteration styles. Further, to appreciate how
sensitive the various lithology types are to pH, it is beneficial to conduct Iso-pH testing at different pHs.
Varying the pH will show the advantage of limiting the pH with some gangue constituents, while others
may not be as sensitive. Figure 1 illustrates a typical pattern of acid consumption at three different pH
levels.
Total Acid Consumption vs. time and pH
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60
50
40
30
20
10

0

0

100
Comp 1 pH 1.4

200
Time (min)
Comp 1 pH 1.8

300

400

Comp 1 pH 2.2

Example courtesy of Mintek

Figure 1: Total acid consumption vs pH (Scheffel, 2013)
 With this particular lithology, the acid consumption can be reduced greatly by limiting the pH
in contact with the ore.
 Also, as the pH decreases the acid consumption increases and can accelerate with time.
Completing such tests prior to conducting column test work assists in developing a leaching
strategy that can minimize acid consumption. However, the copper recovery rate must also be
maintained in a reasonable time.
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Iso-pH characterization of each specific ore composite followed by an acid-cure procedure,
described by Scheffel (2013), have proven effective in optimizing the acid addition in agglomeration.
Proper acid addition in agglomeration allows one to obtain the initial PLS chemistry that has the best
chance of keeping acid addition to a minimum, while maintaining the dissolution rate.
Another reality of mineral leaching that should be appreciated is the chemical composition of the
leach solution in the boundary (mono) layer in contact with the mineral. The boundary layer constituents
can be entirely different from the bulk chemistry. For example, Figure 2 (Sand and Gehrke, 2006) is an
excellent illustration of the boundary layer constituents within the cell wall of the bacterium.

Figure 2: A model for the contact mechanism of the indirect
leaching attack as catalyzed by a pyrite attached cell of A. ferrooxidans
Most copper and uranium ores contain 0.05% to 0.4 % acid-soluble iron. Therefore, any acidsoluble ferric containing compounds or minerals provide a ready source of ferric ion to initiate leaching
very quickly in supergene minerals. As a result, the level of dissolution achieved with acid curing can
be very significant, allowing much higher extraction early in the leach cycle than the bulk PLS
chemistry might indicate as possible. Experience with commercial heaps has shown this to be the case.

1.0

Implication of initial PLS solution chemistry

The free ferric ion activity in most sulfate systems is quite low, i.e., ~0.5 g/L. The rest of the ferric iron
is associated with sulfate, bi-sulfate and hydroxyl complexes, depending on the pH. Sulfate complexes
predominate below pH 2, while iron hydroxyl complexes and iron oxides, which can precipitate, are
predominant above pH 2 (Yue et al., 2014). These complexes can provide additional free ferric ion as
it is reduced. However, it also suggests that a level of iron greater than about 0.5 g/L is not necessarily
needed to leach supergene copper minerals or to achieve a high Eh. What is needed is good bacterial
activity. The condition can be improved in solutions of moderately high pH, i.e., 1.8 to 2.2, as opposed
to the very low pH at which many operations have historically operated. Many believe higher acid
concentration is important with oxide mineral leaching. However, it is only a matter of acceptable rate
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of extraction. With mixed ores, it may be less important, as the leach cycle is longer to dissolve the
secondary sulfide copper minerals.
The acid-soluble iron is not extracted in the recovery plant. There are only two ways to control the
iron build-up in the process solutions: 1) precipitation or 2) a bleed (normally in the retained moisture
in the heap). Precipitation of iron, aluminum and magnesium is desirable to the overall leach system
and acid consumption. It can produce acid, off-setting that previously consumed, and it limits the level
of impurities for optimal bio-leaching.
The primary chemical advantage of acid curing and agglomeration is that it provides a much larger
volume of ore at a more constant pH to provide the porous structure to accept these precipitates. One
often reads that heaps can plug with jarosite or other precipitates. However, there are few examples of
this, especially if the ore is acid pre-treated prior to stacking.
Therefore, it is prudent to test the lowest possible acid addition in agglomeration and leach
solutions utilizing the advantages of the sulfate-buffered system.

1.1 Solution chemistry goal – commercial heap performance
The primary opportunity to have high pH and precipitate iron and other secondary minerals in the ore
bed is with the freshest ore. Therefore, the goal is to find the combination of acid added in agglomeration
and in the leach solution to achieve this condition early in the leach cycle. The empirical methods
developed by the commercial laboratories and as described by Scheffel (2013) have proven this to be
possible. Figure 1.1 shows an optimal condition of the PLS concerning the key solution components for
leaching a mixed oxide/supergene ore.
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Figure 1.1: Preferred commercial heap solution chemistry
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The solution parameters shown in Figure 1.1 come from a commercial heap of ~1.7% CuT. The
soluble mineralogy consists of 0.5% acid-soluble and 1.1% ferric-soluble copper (1.6% CuR, acid +
cyanide “sequential” assay). The ore depth was 6 m, agglomerated with 6 kg/t concentrated acid, 10
g/L acid in the feed solution for the entire leach cycle, and irrigated at 6 L/h/m2. The gangue acid
consuming behavior in this ore compared to other commercial ores would be considered low-tomoderate.
The specific parameters plotted deserve explanation:
 First, note the iron in the feed solution was nearly 6 g/L.
 The effluent FeT dropped to 1 g/L to 2 g/L due to precipitation of the ferric iron at the high
early pH, i.e., >3.0.
 There is little ferric in the effluent until the pH drops below 2.5.
 The feed solution contained only about 30% of the iron as ferric. Therefore, ferric ion was
generated very early in the leach cycle that allowed sufficient precipitation to reduce the FeT
iron to the 1 g/L to 2 g/L range when the pH was >3.
 Once the pH declined below 2.5, the ferric and total iron in the effluent returned not only to
the level of the feed solution, but the ferric conversion was much better than that in the feed
solution.
 Most importantly, the recovery was nearly 60% before the pH dropped below 2.5.
 At this point much of the first copper from chalcocite (that most ferric dependent) has been
leached, along with much of the acid soluble copper.
Figure 1.2 illustrates the three key acid consumption parameters normally monitored.
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Figure 1.2: Key acid consumption parameters
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In leaching copper, the key acid consuming parameters are always converted to the “net” acid
consumption, taking credit for the 1.54 kg of acid per kg of copper produced in the EW process. The
primary acid consuming parameters are:
 The cumulative net kg of acid consumed per tonne of ore.
 The cumulative “specific” net acid consumption ratio in kg acid per kg of copper recovered.
 The “instantaneous” specific net acid consumption in kg acid per kg of copper recovered on
a daily basis.
The instantaneous specific acid consumption is most critical, as this is the acid consumed in
dissolving the very last copper late in the leach cycle. This “marginal” copper recovery comes at little
cost since most of the total cost has been incurred in achieving the first 80% to 90% of the recovery.
This marginal cost is mainly limited to the power to pump increased amounts of the solution to achieve
the additional recovery, produce the copper in SX-EW, the instantaneous acid consumed and the costs
of sales. It is important to understand this concept, as it allows for economically increasing recovery in
many cases. Each ore type is different, and depending on the ore grade, especially near the cut-off grade,
it is this marginal acid cost that determines the limit of economic extraction. Therefore, the late-stage
economic instantaneous acid consumption ratio can be as high as 40 kg acid per kg copper (net $2.80/lb
copper sales revenue/$0.068lb acid cost = 41).
The above solution chemistry is worth targeting in column testing, or commercial practice, to
achieve the minimum acid addition.

2.0

Solution management scheme to control acid consumption

Bernal and Velarde (2003, 2007) have published extensively on improving solution distribution to the
surface of the heap. The objective is to match the delivery of the acid in a “request rate” mode relative
to the remaining target mineral content in the ore. The advantages, especially in bio-leaching, are
improving the gaseous porosity of the ore bed and reducing acid and pumping costs.
A conventional two-staged copper or uranium leach, or a single-stage leach for that matter, usually
applies the SX raffinate directly to the oldest ore in the leach cycle to minimize soluble copper hold up
in the leach tails. The result is ore that requires the least acid is contacted with the highest concentration
of acid – the SX raffinate.
Figure 2.1 illustrates the linear acid consumption profile experienced in a recent column test
program on a mixed ore. Both alteration styles show the same linear acid consumption with time using
a constant feed acid concentration of 8 g/L. The slopes of the traces are the consumption rate, in
kg/t/day, and are constant through the test and between the two ore types.
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Figure 2.1: Acid consumption at constant feed acid throughout leach cycle
Once one has adequately characterized the acid consuming characteristics of the primary rock
types in a deposit, it is possible to set up a laboratory column test or a commercial heap test to determine
the minimum acid dose.
The example included here illustrates the acid control philosophy for a low-grade mixed
oxide/supergene ore that showed fairly high acid consumption in the first phase of testing. In the second
phase, an approach to limit acid addition in agglomeration and irrigation was designed.
There are a number of methods for reducing acid addition:
1. The amount added in agglomeration or pre-cure.
2. The leach irrigation application rate.
3. The acid concentration in the leach solution.
4. Rest/rinse leaching at a fixed application rate.
All of the above are operationally acceptable options, and their combination depends on the
characteristics of the ore being leached.
Operationally, the most cumbersome change is changing the application rate. The dripper or
wobbler size and spacing is generally fixed, with only a slight flow change possible by way of pressure
supply. Modeling by Dixon et al. (2011) shows the wetting and delivery of acid is most uniform the
closer the spacing. However, 40 cm centers may be the practical limit in this regard. Guzman et al.
(2006) demonstrated this in geochemical profiling of a commercial heap. Therefore, spreading out the
drip lines for a fixed drip rate to reduce the application rate is inefficient. It is best to stay with the
initially installed dripper size and spacing and go to rest/rinse leaching. Or alternately, double-pipe the
solution supply to the drip lines such that every other drip line is operated separately, a piping and valve
installation complication.
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The conditions chosen for the second phase of testing in this case were to start with an application
rate of 5 L/h/m2. Then once about 70% of the copper was recovered, the application rate is reduced to
3 L/h/m2. Then, after some time observing the acid consumption and recovery behavior, cut the acid
concentration from 6 g/L to 3 g/L. And finally, go to rest/rinse leaching to further limit acid addition
late in the leach cycle.
The ore grade in these column tests was ~0.5% CuT, 0.15% AsCu, 0.22% CNSCu (ferric soluble
estimate). The gangue acid consumption was quite sensitive to acid concentration and linear with time
as illustrated in Figure 2.1.

2.1 Key solution chemistry – column tests
Figure 2.2 illustrates the solution chemistry resulting from two different column tests. One was
agglomerated with 20 kg/t and the other with 10 kg/t. The Iso-pH and acid-cure testing was used to
establish the starting parameters.
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Figure 2.2: Solution chemistry parameters at 20 kg/t and 10 kg/t acid cure dose
Some key items to note in these solution chemistry plots are:
 The initial FeT in the effluent from the 20 kg/t acid dose in agglomeration (Column 1) is much
higher than in the 10 kg/t acid cure dose (Column 2).
 The preferred pH profile was essentially achieved at both acid cure doses, suggesting that
most of the acid added to this ore, up to a limit, is consumed.
 Iron was eventually precipitated in each column test until the pH dropped below 2.5, much as
expected.
 The recovery was nearly 60% prior to the pH dropping below 2.5. The ferric iron started
increasing once the pH declined below 2.5. Therefore, much of the readily-ferric-soluble
copper is being dissolved at an effluent pH where equilibrium solution chemistry would
predict little ferric in solution.
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2.2 Acid consumption
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Figure 2.3: Net acid consumption at 20 kg/t and 10 kg/t acid cure dose
The specific acid consumption is controlled within the economic limits, at both acid-cure doses,
by the reduced irrigation rate and acid concentration strategy. But the lowest acid cure dose halved the
acid consumption, suggesting the doubling of acid addition in the agglomeration in Column 1 was
wasted.

2.3 Managed solution application scheme results
Figure 2.4 shows the improvement in the reduction in acid consumption rate relative to the initial phase
of testing and at the various step-wise changes during the leach cycle.
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Figure 2.4: Net cumulative acid consumption versus days
Figure 2.5 graphically displays the net gangue acid consumption rate at the various acid feed
concentrations illustrated in Figures 2.1 and 2.4.
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Figure 2.5: Net acid consumption rate versus acid in feed
The acid consumption rate is near-exponential with increased feed acid concentration, which is
typical of many gangue types. These results are the primary goal of the recommended procedures – to
understand the response of the ore to the potential management practices.
Figure 2.6 shows the comparative recovery for the two acid cure doses and how the recovery is
impacted at each step change in the acid addition rate.
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Figure 2.6: Net cumulative acid consumption vs. soluble Cu recovery
 The recovery profiles are nearly identical for the 20 kg/t and the 10 kg/t acid-cure doses.
 Once the recovery reached ~70% at day 75, the irrigation rate was cut to 3 L/h/m2 from the
initial 5 L/h/m2.
 The acid addition was cut further at day 98 by reducing the acid concentration in the feed
solution from 6 g/L to 3 g/L.
 Finally, the acid addition was further cut at the 3 g/L concentration by implementing an equal
timed one week rest one week rinse scheme on day 108.
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 The recovery rate is not significantly impacted by these changes. The necessary acid is
supplied by the buffered solution chemistry or the in situ biological acid production, sufficient
to leach the residual copper content at that time in the leach cycle.
The objectives of the lower acid addition scheme appear to work as planned in this case. However,
there are ores where this may not work, i.e., pure oxide ores with the primary acid consumer being
calcite. However, other oxide ores with a gangue moderately sensitive to pH may benefit from this
approach.
The control of solution chemistry is more optimal in single-lift leaching as opposed to multiplelift. However, the same principles apply to leaching in multiple lifts, where the key chemistry in the
topmost lift still needs to be achieved. The only issue is the change in copper retained in moisture in the
lower lifts as most all the ore is satisfied relative to acid addition in the topmost lift. The additional acid
consumption in the underlying lifts should not represent a negative impact to copper dissolution, but
more to retained copper in solution. The SX efficiency, discussed below, might be lower, but the goal
of reducing acid consumption to a minimum should still hold in a multiple-lift design.
Figure 2.7 shows the net instantaneous specific acid consumption in kg acid/kg copper, up to
termination of the test.
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Figure 2.7: Instantaneous specific acid consumption vs. soluble Cu recovery
In both cases, the net instantaneous acid consumption is still economic, so there is no great danger
of wasting acid by leaching this ore too long under the reduced acid concentration. However, the excess
acid added in agglomeration and the unnecessary acid added in leach solution is wasteful.

107

HEAP LEACH SOLUTIONS, 2015 ● RENO, NEVADA, USA
Figure 2.8 depicts a convenient means of showing the acid consumption trend as one pushes the
recovery as high as possible. Many ores, especially low-grade oxide ores, will show a significant
increase in the specific acid consumption as the recovery reaches a terminal economic or practical limit.

"Net" Specific Cum. Acid Consumed, kg/kg

Cum. "Net" Acid Cons. vs. Sol. Cu Recovery
(20 kg Acid/t vs. 10 kg Acid/t )
50
45
40

35
30
25
20

15
10
5
0
0

10

20

30

40
50
60
70
% Soluble Cu Recovery
20 kg/t
10 kg/t

80

90

100

Figure 2.8: Cumulative specific acid consumption vs. soluble Cu recovery
The lower acid cure dose resulted in three kg acid per kg copper less acid consumed.
Therefore, an acid addition scheme that minimizes acid consumption on a specific basis has been
proven in this test series. However, it is necessary to determine if the SX configuration can be modified
to provide the lower acid concentration during the later portion of the leach cycle.

3.0

Matching the SX configuration to the solution chemistry requirement

The copper SX reagent can be treated simply as a mass transfer agent, which allows numerous staged
configurations to achieve specific goals. Hein (2003) presents numerous SX staging options to match
specific goals, mostly focused on optimum copper recovery per stage for selecting a specific
configuration. Hein and Lewis (2004) later expanded these SX configurations to include two separate
recycled raffinate streams that provide advantages beyond the SX copper recovery itself.
The flexibility of the SX plant configuration selection can be used to create two levels of the
raffinate acidity. Specific stages of the SX plant can be configured to match the requirement of the leach
cycle. Figure 3.1, similar to one illustrated by Hein and Lewis (2004), shows a configuration that
achieves the pH (free acid) goal for the solution management scheme tested in columns 1 and 2 above.
The PLS is split into a high grade (HG) from the first part of the leach cycle and a low grade (LG) from
the last half of the leach cycle. This arrangement is also similar to the SplitCircuit™ described by Miller
and Nisbett (2007) used for agitation leach plants.
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Figure 3.1: SX extraction staging to achieve lower
free acid (higher pH) for late-stage leaching
By separating the higher grade early PLS from the lower grade later PLS, it is quite easy to generate
two separate raffinate streams with different copper and acid contents. If a single PLS is used, the
raffinate acid is well above the late-stage target of 3 g/L. The two-PLS stream arrangement not only
allows management of the acid concentration, and resulting consumption, but also minimizes the copper
and acid soluble losses in the leached ore tails. The reduction in soluble loss from a conventional
raffinate will be substantial (of 0.25 g/L Cu and 7 g/L acid) to the low-grade raffinate (of 0.065 g/L Cu
and 3 g/L acid with the above flow rates).
One key aspect of this development is the underlying assumption that the ore is leached to the limit
of economic recovery. At this point, the heap will be sealed (or the leached ore discarded to a storage
pile). A new lift is placed on top of it. In this way, specific panels (or cells) of the leach heap can be
diverted to the high- or low-grade PLS drain with recycle of appropriate high- or low-grade raffinate to
leaching. Leaching through multiple lifts will “smear” out the differences in PLS grades and make the
benefits of the technique less attractive.

4.0

Conclusion

Recognizing the benefits of the buffered sulfate solution chemistry and the difference in reaction
kinetics between the surface boundary solution and the bulk solution chemistry are key to minimizing
acid consumption.
The primary function of acid agglomeration is to achieve the preferred solution chemistry
parameters. Developing workable diagnostic testing procedures to achieve the desired PLS pH early in
the leach cycle is critical to controlling impurities while maintaining an economic copper extraction
rate.
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Achieving the desired parameters historically has required mostly trial and error in the column
testing or commercial heaps. More recent developments of testing protocols have shown that a sound
basis can be generated for acid consumption management planning.
The limits of economic leaching can be established, as can methods of extending this limit, by
changing the parameters of acid addition to agglomeration, leachate application rate, and leachate acid
concentration.
The SX configuration and solution management hardware can be designed to provide the alternate
acid concentrations desired at different times in the leach cycle.
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Emigrant Mine feasibility
and ore characterization study
Ashley Chancellor, Newmont USA Limited, USA
Brian Arthur, Newmont USA Limited, USA

Abstract
Newmont USA Limited operates several underground and surface mines on the Carlin Trend. The
Emigrant Mine, 19 miles south of Carlin, Nevada, is the most southern mine on the Trend. Emigrant
has been under exploration by Newmont USA Limited since the mid-1980s. It was placed into reserves
in 2002 and mining commenced in 2012. Emigrant is characterized by a shallow, low-grade, highly
siliceous oxide deposit. Early metallurgical tests revealed that the recovery would be more variable than
typical Carlin Trend ores, particle size and sodium cyanide concentration dependent, and have slower
and varying leach kinetics. A more thorough metallurgical campaign was initiated in 2008 and 2009,
which confirmed the earlier work. Based on the results of this work, six different leach performance
types were defined based on the different ultimate recoveries and leach kinetic profiles observed in the
test work. This paper summarizes the development and early production results that were realized from
the Emigrant Mine and how the development work was used to guide the early operations of the facility.
The current Emigrant ore control scheme uses the following criteria to build zonal shapes (Low,
Medium and High) based upon the three grids: quartz, hematite and nearest neighbor recovery. These
zones were cut to the gold shape before applying the recoveries. Further metallurgical testing has been
done to improve the effectiveness of this model. The leach pad was designed with several different
solution recovery cells, which enables the correlation of data collected from the ore placed on the pad,
the solution applied to the ore, and the solutions recovered from the leach pad on a regular basis. This
practice enables operators to estimate the recovery of the gold from isolated areas within the leach pad
and recalibrate the models used to predict metallurgical performance in the future.

Introduction
The Emigrant Mine, 19 miles south of Carlin, Nevada, had been under exploration by Newmont USA
Limited since the mid-1980s. It was placed into reserves in 2002. The deposit contains approximately
110 million tons (US) of ore and 600,000 t-ounces. The Emigrant deposit is within the Rain District
and is an oxide, low-grade, disseminated, strata bound, Carlin style gold deposit. Primary formations
for this deposit include the Devonian Devils Gate, Mississippian Webb, Mississippian Chainmann, and
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the upper plate Devonian Woodruff. Primary structures include the Emigrant Fault, which is a districtscale, north-south trending normal fault, and the Emigrant anti-form, which is a double plunging
anticline or “dome” east of the Emigrant Fault. The contact between the Devonian Devils Gate and
Mississippian Webb Formation is an irregular, karsted, disconformity. Mineralization is primarily
located above the Devonian Devils Gate, within the lower most portion of the Mississippian Webb
Formation. Mineralization thickens to the west where the limb of the Emigrant anti-form is truncated
by the Emigrant Fault.
The ore is characterized as highly siliceous oxide and is nearly homogenous based on routine core
descriptions and assays. All of the ore is close to the surface: < 500 feet (150 m). Preliminary
metallurgical testing suggested that even though the ore may be described as homogenous, the recovery
was more variable than typical Carlin Trend ores.

Methodology
Several small metallurgical studies were conducted between 1985 and 2000. The conclusions of the
studies varied and the samples provided were not adequate for a full feasibility study. A two phase
metallurgical approach was initiated in 2007 and completed in 2010. The first phase was to construct
master composites and test against several different conditions, and then to apply the best conditions to
a larger population of variability composites.
The master composite work is summarized as follows. Several sites were located within the ore
body, where geologists believed they would encounter large intercepts of representative ore. Once the
sites were selected, “PQ” core holes were drilled. The cuttings from each “PQ” hole were photographed,
logged, cut and assayed. A twin 6 inch (15.24 cm) core hole was also drilled immediately adjacent to
that location. The assays from the “PQ holes” were used to predict the composition of the 6 inch core
holes, which in turn were used to construct six large, master composites that each consisted of about
1,500 lb (680 kg). Each master composite was constructed from continuous ore intervals with similar
assays and geological descriptions. The testing program was designed to determine which variables
most significantly affected recovery, as well as the optimum reagent content. The composites from the
6 inch core were subjected to several column and bottle roll tests to determine the optimal NaCN
content, drip rate and the effects of particles size on grade and recovery.
The second phase or variability work involved using core from 30 “PQ” core holes. The cuttings
were logged, quartered and assayed. The remaining three quarters were used to construct fifty-two
composites of common material within continuous footages. The composites were subjected to the
standard column and bottle roll tests to identify ore body recovery variances.
As shown in Figure 1, the drill holes were scattered throughout the ore body to insure geographical
representation. The Bingo chart shown in Figure 2 indicates that most ore types with significant
quantities of ore were captured in the test program.
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Figure 1: Illustration of 2008 drill hole locations

Figure 2: Emigrant report bingo chart

Test results
As predicted from prior work, column test recoveries varied greatly from approximately 30% to 90%
of the fire assay (AuFA). Most recoveries were between 50% and 70% when adjusted for run-of-mine

113

HEAP LEACH SOLUTIONS, 2015 ● RENO, NEVADA, USA
(ROM) particle sizes and commercial leach times. Based on the results of the feasibility test work, six
different leach performance types were defined.
1. Fast kinetics and high recovery. The ultimate recovery was above 65% (AuFA) and 90%
of the ultimate recovery occurred by a solution to ore ratio of 3:1.
2. Slow kinetics and high recovery. The ultimate recovery was above 65%, but less than 90%
of the ultimate recovery occurred by a solution to ore ratio of 3:1.
3. Fast kinetics and moderate recovery. The ultimate recovery was between 55% and 65%,
and 90% of the ultimate recovery occurred by a solution to ore ratio of 3:1.
4. Slow kinetics and low recovery. The ultimate recovery was between 40% and 65%, and
less than 90% of the ultimate recovery occurred by a solution to ore ratio of 3:1.
5. Fast kinetics and low recovery. The ultimate recovery was between 40% and 55%, and
90% of the ultimate recovery occurred by a solution to ore ratio of 3:1.
6. Slow kinetics and very low recovery. The ultimate recovery was less than 40%, and less
than 90% of the ultimate recovery occurred by a solution to ore ratio of 3:1
The recovery was not a function of the cyanide soluble gold as reported by a cyanide to fire assay
(AA/FA) ratio, but was highly particle size dependent, and the leach kinetics are variable. Most
composites had AA/FA ratios above 80% and very low organic carbon and sulfide sulfur contents. The
project proceeded to construction as the metallurgical results provided reasonable confidence that the
ore deposit would ensure a profitable project.

Figure 3: Sample recovery curves for each met type
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The test results from the column tests, coarse and fine bottle roll tests were subjected to detailed
statistical review. Very few variables were found to be statistically connected to recovery. Samples with
recovery type 2, 3, 4, and 5 were assumed to be “average” and became the default for most of the ore
body. A weak but statistically significant correlation was found between silica, iron oxide and recovery.
Samples with more than 90% silica tended to be associated with the lowest recovery. High recoveries
are only assigned to the areas of the mine that produced samples with high recoveries using a nearest
neighbor practice. Ore from within the Devils Gate limestone formation was modelled separately, as it
could be easily distinguished and modelled.

Commercialization
The remainder of this report will focus on comparing the results on the composites listed in Table 1 to
the actual recoveries that have been realized to date from the Emigrant Pit. Please refer to Figure 1,
which showed the drill locations, and Figure 4, which shows the outline of the Life of Mine Emigrant
Pit when reviewing the rest of the document.
Table 1: Drill hole composites Emigrant Phases 1 – 3
as determined in Emigrant Metallurgy Stage 3 development work
Composite #

Hole

Mine phase

Hole (interval in
feet)

11

82

P-1

82 (62–125) 63'

12

84

P-2

84 (22–77) 55'

14

84

P-3

84 (212–242)

15

85

P-2

85 (0–100)

16

85

P-2

85 (136–155.5)

18

87

P-3

87 (62–114)

19

87

P-3

87 (132–160)

20

88

P-3

88 (82–137)

21

88

P-2

88 (13–82)

22

88

P-3

88 (137–228)

24

109

P-3

109 (167–197.5)

25

109

P-3

109 (255–324)

26

109

P-3

109 (197.5–255)

27

109

P-3

109 (51–124)
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Figure 4: Emigrant life of mine pit outline

Mine ore control
The six recovery types were reduced to four during development, as the reliability of differentiating all
six ore types proved difficult. These four modeled recovery types correlate to the quartz content,
hematite or goethite content, and performance of samples from near-neighbors to the area of concern
and whether the ore was in the Devil’s Gate limestone formation. Currently, the mine operation’s ore
control scheme uses three grids: quartz, hematite and nearest neighbor recovery, which were cut to the
gold shape before applying the recoveries. The criteria along with the recoveries assigned are listed in
Table 2.
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Table 2: Emigrant Mine ore control scheme as of February 2013

Priority

Recovery type

AuCN Rec (%)
assigned

Hematite
criteria (wt%)

Quartz
criteria
(wt%)

Recovery NN
grid criteria

3

Low

38%

Any blocks

≥ 90

< 70% (0.70)

4

Medium – Default

63.50%

N/A

N/A

N/A

2

High

92%

N/A

N/A

≥ 70% (0.70)

1

Devil’s Gate (Dg)

65%

N/A

N/A

N/A

Emigrant heap leach pad map (Lift A)
Approximately 2.6 million tons (US) at an average grade of 0.015 ounces/ton (0.5 grams/tonne) were
placed on Lift A on Phase 1A of the Emigrant Area Leach Pad from June through October 2013 from
these three phases. Lift A of the Emigrant Heap Leach pad consisted of twelve cells placed on Phase
1A with a nominal depth of 20 feet. Ore was leached with dilute sodium cyanide solution for an average
100 day leach cycle (90 days of active leaching, 10 days to drain down) resulting in a solution to ore
ratio of approximately 1.5:1. A layout of these cells is shown in Figure 5.
A composite of the ore placed on the leach pad was collected each month and submitted to the
laboratory for comparative tests. The composites for the monthly columns correspond to the following
phases mined from the Emigrant Pit and cells on the Emigrant Heap Leach Pad.

Table 3: Emigrant heap leach ore locations
Month

Pit phase

Cells

July

1,2

A-1, A-2, A-3, A-4

August

1,2,3

A-4, A-5, A-6

September

1

A-6, A-7, A-8

October

1,2

A-9, A-10a, A-10b, A-11
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Figure 5: Emigrant heap leach pad map as of November 2012
Underneath the leach pad, there is a system of drains that leads to seven main solution lines that
are used to transport the process solution to the Emigrant Carbon in Column (CIC) Plant. The solution
collection pipes intersect at the southernmost end of the pad, where a sample point exists for each
process solution line. Samples are collected on a regular basis from these ports and tested for gold values
as well as other metals and elements (CN, Cu, Ni, pH, etc.) before the solution is combined into a single
solution pipe and conveyed to the CIC Plant. Routine sample collection aids in monitoring the gold
recovery over time as solution is applied.

Solution sample port results
The results of this testing for Sample Ports 1, 2 and 5, which correspond to the ore, are shown in Figure
6.
The cells that report to Sample Port 1 solution channel, A-1 through A-4, were leached for an
average of 95 days. Overall recovery of the first leach cycle is estimated at 81%. Ore for these cells was
placed in June and July of 2013.
The cells that report to Sample Port 2 solution channel, A-4 through A-6 were leached for an
average of 99 days. Overall recovery of the first leach cycle is estimated at 80%. Ore for these cells was
placed in August of 2013.
The cells that report Sample Port 5 solution channel, A-7 through A-11 were leached for an
average of 100 days. Overall recovery to date is estimated at 88%. Ore for these cells was placed in
September and October of 2013.
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Samples were taken of the ore placed on the leach pad on a monthly basis and issued for
metallurgical testing.

Figure 6: Emigrant heap leach recovery curves – solution samples

Monthly column tests
Methodology
To determine the status of the ultimate gold extraction and recovery of the ore on the first (A) lift of the
Emigrant area, leach pad samples were collected from both the ore placed on the pad and the solution
applied to the ore. Results were then compared to the metallurgical feasibility test data derived from the
drill holes collected during the exploration and development phase.
A composite of ore is collected as the leach pad is loaded throughout the month and split for fine
bottle rolls, course bottle rolls, and column tests. The information from these monthly composites is
used to verify cyanide consumption, gold extraction, recovery curves, and permeability.

Monthly column test results summary
The monthly columns for July through October 2012 have been analyzed. All columns were leached to
a solution to ore ratio of at least 4:1. Each monthly composite was assigned a performance type based
on the work done in the feasibility stage.
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Table 4: Monthly column test summary
Coarse bottle
roll test
recovery

Ultimate
column
recovery

Column
recovery at
1.5:1
solution to
ore ratio

Predicted
ROM
recovery

Month

AA/FA
ratio

Fine bottle
roll test
recovery

July

65%

85%

70%

81%

73%

68%

August

70%

86%

72%

65%

56%

48%

September

87%

82%

74%

66%

63%

61%

October

70%

84%

73%

70%

51%

62%

Fast kinetics and high recovery
This performance type was assigned to monthly composites that yielded an ultimate recovery above
65% of the fire assay (AuFA), and a recovery at a solution to ore ratio of 3:1 had achieved 90% of the
ultimate recovery. This type describes two of the four columns that were analyzed. The leach
performance curves for both columns are shown in Figure 7.
Ultimate recovery for July, which includes ore placed on the leach pad in June and July, was
approximately 77% of fire assay (AuFA) and for September was 67% of AuFA with an average of 72%
of AuFA. The columns showed a moderate particle size dependency with the fines bottle roll (-200
mesh) above 82%, while in the coarse bottles the recovery decreased to less than 73%. ROM recovery
for this performance type is estimated to average 67% for July and 61% for September, as shown in
Figures 8 and 9, respectively.

Figure 7: Fast kinetics/high recovery (July and September, 2012)
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Figures 8 and 9: Recovery vs (Log D50) for July and September column

Fast kinetics and low to moderate recovery
The ultimate recovery was between 40% and 65%, and the recovery at a solution to ore ratio was at
least 90% of the ultimate recovery. This type described two of the four columns that were analyzed.
The leach performance curves for both columns are shown in Figure 10.
Ultimate recovery for August was approximately 59% of AuFA, and for October was 54% of
AuFA with an average of 57% of AuFA. The recovery for this material also showed a moderate particle
size dependency in the fine and coarse fractions; however, the ROM recoveries for this material have
shown a much stronger dependency at the ~4 inch size fraction. ROM recoveries for material estimated
to average 47% for August and 62% for October as shown in Figure 11 and 12, respectively.

Figure 10: Fast kinetics/moderate recovery (July and September 2012)

121

HEAP LEACH SOLUTIONS, 2015 ● RENO, NEVADA, USA

Figures 11 and 12: Recovery vs (Log D50) for August and October column

Conclusion
Based on metallurgical testing from development drilling completed in 2009, four different leach
performance curves were predicted to be present in ore placed on Lift A of Phase 1A the Emigrant Heap
Leach Pad:
 fast kinetics and high recovery
 slow kinetics and high recovery
 fast kinetics and low recovery
 slow kinetics and low recovery.
Samples were collected from the ore placed on the heap leach pad from July 2012 until October
2012 and were analyzed and evaluated against previous test work. The results have been divided into
two separate leach performance types:
 Fast kinetics and high recovery – two of four samples corresponded to this performance.
 Fast kinetics and moderate to low recovery – two of four samples corresponded to this
performance.
The average column recovery that was derived from the composites tested was 70%. As predicted
in the previous metallurgical work, the current metallurgical testing on recoveries also showed a
relatively strong particle size dependency with a predicted ROM recovery of 60%.
Recovery from the Emigrant heap leach pad itself was monitored by collecting samples from ports
located at the base of the pad. The average residual after an average 90 day leach cycle was
approximately 0.0023 opt (0.08 grams/tonne). This corresponds to an average cyanide soluble recovery
of approximately 83% throughout the first (A) lift of Phase 1A of the Emigrant heap leach pad.
Monthly composite testing and solution sampling will continue on the Emigrant heap leach Pad
so that both the modeled and predicted recovery can be better defined.
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The Piauí Nickel heap leach project, Brazil
Anne Oxley, Brazilian Nickel Ltd UK, Natural History Museum, UK
Mark E. Smith, Brazilian Nickel Ltd, UK
Omar Y. Caceres, Brazilian Nickel Ltd, UK

Abstract
The Piauí project in Northeast Brazil is a nickel laterite project in advanced development with measured
and indicated resources totaling over 72 Mt containing 1.0% Ni and 0.05% Co (at a 0.6% Ni cut-off
grade). Approximately 73% of this resource is in the measured category. Resources will be extracted
using a simple open pit mining method (the deposit occurs as an isolated hill surrounded by flat land)
with an estimated stripping ratio close to1.9:1 (tonnes waste:tonne ore).
The selected metallurgical process consists of two-stage crushing, agglomeration, conveying,
stacking, and leaching as a dynamic heap (on/off pad). Heap leaching will use counter-current
technology where the resultant pregnant leach solution (PLS) is treated in a downstream single-stage
iron removal and two-stage nickel precipitation plant to produce nickel as a mixed hydroxide product
(MHP).
Studies and test work completed to date include more than 76,000 m of drilling and sampling,
small and large-scale column tests, pilot heaps, a demonstration nickel recovery plant, and a
prefeasibility study. The column and heap tests demonstrate an extraction rate of greater than 80% Ni,
with low acid consumption and short leach cycles. The project is currently finalizing the demonstration
of the process and the feasibility study is expected to commence in 2016.
Target nickel production is 22,000 tpa as an MHP when in commercial operation.

Introduction
The Piauí Nickel Project (PNP) located in the Municipality of Capitao Gervasio in the Piauí State of
northeastern Brazil, was previously owned by Vale S.A. They spent over US$60M during the course
of 9 years developing the project to a pre-feasibility level. The deposit has been extensively drilled.
Almost 73% of the resource is classified as Measured with a combined Measured and Indicated resource
of 72 million tonnes containing 1.0% Ni and 0.05% Co. The project also has adjacent exploration
licenses which may provide a further upside resource potential. The geo-metallurgical characteristics
of the deposit (high silica, low iron content, rocky in texture, low clay content, etc.) combined with the
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climatic conditions (semi-arid), the site topography, and the available infrastructure all strongly support
the decision to use heap leaching as the extractive technology.
The combined standard unitary processes of crushing, agglomeration, conveying, stacking, heap
leaching, impurity removal and nickel precipitation constitute a low risk route to produce nickel as an
intermediate product. This route provides a great degree of flexibility in terms of resource utilization,
process capacity expandability, and product quality. In addition, this process exhibits well-documented
lower capital and operating costs as compared to more intensive treatment options (i.e. rotary
kiln/electric furnace, high pressure leaching, etc.)
The deposit occurs as an isolated hill surrounded by flat land. Mining will thus be a straightforward
open pit process with no, or very limited, groundwater issues. Metallurgically, the ore exhibits fast
leaching kinetics, high nickel extraction and, most importantly, low acid consumption. The project is
close to road and rail infrastructure. These connect the project to a choice of ports. There is a large
source of water nearby and the arid climate facilitates both the heap leaching process and to the
availability of ample land for the heaps. The surrounding terrain is flat and currently used only for low
productivity animal grazing.
In 2005, Vale commenced heap leach test work with positive results, which led to the construction
of a demonstration plant on the site. Large-scale columns were operated from 2007-2009 and
demonstrated excellent results with average nickel extractions exceeding 85%. In 2014, Brazilian
Nickel (BRN) finalized an asset purchase agreement to acquire 100% of the project which encompassed
all mineral rights, the demonstration plant, and the camp. After securing initial financing, BRN is now
completing all the necessary steps to develop a test pit, refurbish and restart the demonstration plant,
and operate said plant. This should provide the data required to complete a bankable feasibility study
(BFS) and secure construction finance. During the course of preparing the BFS, BRN will also identify
the most economically viable approach to project development. BRN will also complete environmental
and social gap analyses and any further work needed to enable timely application for the environmental
licenses.
Planned metallurgical test work includes several full-height heaps to confirm the process design
criteria and a series of large columns to test ore variability and confirm the operating window.

Project location
PNP is located in northeastern Brazil in the Municipality of Capitão Gervásio de Oliveira, in the state
of Piauí. The municipality of Capitão Gervásio de Oliveira is located in the southwestern region of the
state of Piauí some 46 km from the city of São João do Piauí and 545 km from Teresina, the capital of
the state.
PNP site can be accessed:
 from São João do Piauí-PI on highways PI-459 and then PI-465; and,
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 from the city of Afrânio-PE on PE-407 followed by PI-459 via Queimada Nova to the
municipality of Campo Alegre Fidalgo, where it connects to PI-465.
Both of these routes are on modern, asphalt roads. From the PI-465 there is an 8 km long unpaved road
to the project site. Figures 1 and 2 show the location maps.
The nearest commercial airport is Senador Nilo Coelho Airport at Petrolina (IATA Code: PNZ).

Figure 1: Location map

Figure 2: Project site location (from Google Earth)
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The Piauí deposit lies atop a low-lying hill with elevations up to 500 m surrounded by a flat plain
with elevations around 370 m above sea level. The hill itself is sparsely vegetated and the plain is cover
with small trees and scrub.
The project is located in a semi-arid, tropical steppe region. It has a short wet season from
December to May and a long dry period from June to November.
The average annual rainfall at the mine site ranges from 500 mm to 700 mm.

Geology and resources
The geological setting of the Piauí deposit is within a terrain of intensely deformed volcanic, volcanosedimentary and sedimentary rocks of Precambrian age which have been intruded by mafic-ultramafic
bodies. The Piauí ultramafic comprises a massive body of serpentinised dunite and peridotite, grading
to the south into a mafic complex of diorites, gabbros and troctolites. The ultramafic body as expressed
by the lateritised hill is about 3 km long (E-W) by about 1.3 km wide (N-S). The hill rises about 100 m
above the surrounding plain. The ultramafic body has been intensely and deeply lateritised forming the
nickel deposit. The character of the nickeliferous laterite is typical of lateritised dunites, which are
composed almost entirely of MgO and SiO2 and are highly susceptible to breakdown in the weathering
environment. Olivine breaks down as Mg is rapidly removed in solution, and the relatively small
amount of Fe remains as limonite.
The total estimated resource are 298 million tonnes at 0.50% Ni. Table 1 shows a summary of the
resource estimate without using a cut-off grade, and Table 2 presents measured and indicated resources
at a cut-off grade of 0.6% nickel:
Category

Tons
(‘000t)

Ni
(%)

Al2O3
(%)

MgO
(%)

Fe2O3
(%)

Cr
(%)

MnO
(%)

SiO2
(%)

Co
(%)

Measure

165,835

0.55

3.90

6.24

17.07

0.70

0.24

60.81

0.032

Indicated

88,559

0.46

4.20

5.44

17.99

0.76

0.25

60.72

0.031

Inferred

43,218

0.40

7.80

8.73

13.59

0.54

0.23

54.73

0.024

Total

297,612

0.50

4.56

6.36

16.84

0.70

0.24

59.90

0.031

Table 1: Piauí resource estimate without cut-off grade applied
Category

Tons
(‘000t)

Ni
(%)

Al2O3
(%)

MgO
(%)

Fe2O3
(%)

Cr
(%)

MnO
(%)

SiO2
(%)

Co
(%)

Measure +
Indicated

72,211

1.00

4.81

10.08

17.95

0.73

0.29

51.51

0.048

Table 2: Piauí resource estimate @ cut-off grade 0.6% nickel
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Process general description
Mining
The Piauí deposit consists of a hill with relatively limited overburden. Conventional open pit methods
will be used to recover the resource and because the deposit occurs as an isolated hill surrounded by
flat land and the ore generally follows the ground contours, groundwater issues are limited.
The mine plan calls for an ore production capacity of 3 Mtpa (dry) over a 24 hours per day, 7 days
per week operating schedule.
The mining equipment will consist of typical hydraulic excavators, rigid body rear dump heavyduty 36 t trucks, rotary drills and dozers. Standard support equipment such as graders, explosives trucks,
backhoe loaders, water trucks, service trucks and others will also be included.
Some of the criteria to be used to optimize the pit during the development of the BFS are:
 Annual ore production rate:

3 Mtpa

 Surface constraints:

None

 Nominal cut-off grade:

0.6% Nickel

 Open pit slopes:

35 degrees

 Mining recovery:

98%

 Global nickel recovery:

76%

The current mineable portion of the measured and indicated resource is present in Table 3. The
corresponding stripping ratio is 1.92:1.

Category

Ore
Tons
(‘000t)

Ni
(%)

Al2O3
(%)

MgO
(%)

Fe2O3
(%)

Cr
(%)

MnO
(%)

SiO2
(%)

Co
(%)

Measure +
Indicated

50,527

1.076

5.31

11.13

17.84

0.71

0.29

47.00

0.048

Table 3: Piauí project mineable resource

Crushing
Run-of-mine (ROM) ore will be crushed in two stages prior to stacking. Ore will be hauled from the pit
to either a course ore crusher-feed stockpile or directly to the crusher bin. ROM will be stored according
to its lithological classification and the heap-stacking plan will determine the crusher feed sequence.
Knowhow is directly transferable from both other laterite operations and copper heap leach operations.

Agglomeration
This process is included to initiate nickel extraction and improve the homogenization of the particle
size distribution within the heap, thereby improving heap percolation and permeability throughout the
life cycle of the heap cell. Optimized agglomeration allows irrigation of the heap for the entire leach
cycle and improves the initial leach response. Operational experience is transferable from heap leach
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operations for copper, gold and uranium. Specific methods used to agglomerate a variety of ore types
with a wide range of characteristics (i.e. particle size distribution, raw moisture, clay content, etc.) are
well known and documented through extended periods of demonstration test work undertaken by the
BRN team over the past 16 years.

Conveying and stacking
Standard conveying and stacking systems will transport the agglomerated ore from the agglomeration
drum to the leach pad area. Design criteria and engineering methods target the preservation of the
integrity of the agglomerated ore; a practice common in copper heap leaching operations.

Heap leaching
The topography of the project location allows for the use of a dynamic leach pad. Maximum heap height
is determined by the hydrodynamic characteristics of the ore, the metallurgical response, and slope
stability. Leach pad size is calculated based on the estimated total leach cycle.
The engineering configuration of the leach pad (liner, overliner, collecting pipes, slope, etc.), the
irrigation system (drippers, distribution pipes, control valves, etc.) and the solution management system
(ponds, pumps, piping, control valves, etc.) are all in accordance with well-known industry practices.
Heap operating philosophy (irrigation rate, irrigation solution chemistry, recirculation strategy,
leaching stages, etc.) are the strength and the competitive advantage of the BRN team:
 Since 1999 the members of the BRN team have been studying heap leaching of nickel
laterites. In this time, they have looked at over 35 deposits in 13 different countries.
Considerable amounts of test work have been completed on these, from bottle roll scale up to
demonstration heaps. All under direct supervision of the BRN team.
 The team began working with John Bartlett of Metsim in 2005 and has developed a state of
the art dynamic metallurgical simulation model that will be used to predict and validate the
data for the PNP.
 The team has developed data collection process and analysis techniques that allow for scale
up assessment and general process optimization.
 They have an understanding of the impact that the geo-metallurgical, mineralogical, and
hydrodynamic characteristics of the ore have on the metallurgical performance and vice versa.
 The team has developed an integrated economic model that combines all key inputs to assess
conceptually the potential benefits of developing any given laterite deposit using this
technology.
 And they understand the risk-management requirements of implementing heap leaching
projects.
Although different for each deposit, the link between the ore characteristics and the approach to
treatment is fundamental to optimize performance.
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Spent ore will be removed from the pads and disposed of in a dedicated residue disposal facility.
The equipment used will be selected from a variety of options based on both project site specifics and
economic criteria.

Impurity removal (PLS purification)
During this stage elements that precipitate at a lower pH than that at which nickel precipitates are
removed in a standard precipitation circuit (agitated tanks, thickener and filter) with the aim of
producing a purer nickel concentration product. Total residence time (and therefore the number and size
of the tanks and thickeners) is defined by the PLS chemistry and the required amount of precipitant
(limestone slurry). Standard equipment is used throughout the precipitation stage. Filters include two
stage washing to minimize nickel losses in the filter cake moisture.

Figure 3: Impurity removal filter cake
The filter cake is a process plant residue that is co-disposed with the spent ore in the same
contained area.

Nickel precipitation
Using similar standard equipment to the impurity removal stage, the nickel is precipitated by further
raising the pH with addition of the correct amount of precipitant (soda ash or magnesia). As before,
solution chemistry and the precipitating agent define the equipment size. The filter cake produced
during this stage is the nickel intermediate product. Filtered solution is returned to the process ponds
for re-use. Filter washing is also planned here to improve the product quality.

Reagents
The main reagents consumed in the process are sulfuric acid, limestone and soda ash. Sulfuric acid will
be produced at a dedicated sulfur burning acid plant located at the project site. The sulfur to feed this
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plant and the soda ash will be imported through one of two selected ports, both of which are connected
to the site via rail link.
The acid plant will generate enough electricity to run the entire plant once production has ramped
up to full capacity. A connection to the national power grid will be used as back up and for the rampup period. At full production, there will also be excess power which will be sold to the market.
Different sources for limestone have been identified near the project site and final selection will
be part of the BFS. The limestone trade-off study will include the location of the crushing plant and
micronizing plant. Limestone will be crushed at the quarry and then micronized at the project process
plant site (to optimize pumping requirements).
Soda ash (sodium carbonate) is employed to precipitate nickel and cobalt in the Nickel
Precipitation circuit. Soda ash solution is prepared by mixing soda ash with filtered water in the soda
ash preparation tank. Soda ash will be delivered in 1 t bulk bags to the reagent preparation area. After
the soda ash is discharged into the soda ash mixing tanks, a predetermined volume of water is added
and the mixture agitated until the soda ash is fully dissolved. The solution is then transferred by pump
to the storage tank. Soda ash solution is delivered in a ring main to the nickel precipitation circuits.

Figure 4: View from the mine to the future commercial plant area

Why heap leaching?
Low grade (1.5% Ni or less) laterite deposits require low capital and operating costs for an economically
viable business case. Traditional smelters or high pressure leaching processes do not qualify as low cost
operations and, in addition, have a significant implementation risk due to the complexity of their
flowsheets.
Heap leaching, on the other hand, involves the use of simple and well know unitary processes.
The risks are therefore not technology based. They are instead based on the potential for an incomplete
understanding of the link between the ore characteristics and the operating strategy, a risk borne by all
process methods.
The commercial application of heap leaching technology to nickel laterites is still in its infancy,
and even then only at a small scale (around 2,000 tpa of nickel contained in an intermediate product).
Multiple test work campaigns and demonstration programs at different scales undertaken by several of
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the industry leaders have confirmed the amenability of nickel laterites to heap leaching. The
development of larger commercial operations has been constrained by external economic factors.
A primary benefit of the use of heap leaching is its high degree of flexibility which allows
multiple approaches to a business case based on project specifics. This flexibility allows the operator
to:
 Use a staged approach (multiple expansions) to implement the project, which minimizes risk;
 Increase resource utilization, which results in less selective mining requirements;
 Expand the processing capacity without major disruptions in the installed capacity;
 Modularize the downstream plant to produce a variety of products using different refining
technologies (i.e. ion exchange).

Figure 5: View of the Piauí demonstration plant

Project upside potential
Intermediate product quality
The base case examined for the Piauí project calls for a simple precipitation-based downstream plant;
however, there has been much work done in recent years on ion exchange of leach liquors from nickel
laterites. Many companies including BHP Billiton, Vale and European Nickel have completed pilot test
work with favorable results. The BRN Team has been directly involved in much of this work and the
suitability of ion exchange to produce higher quality products will be assessed for the PNP.

By-products
Ion Exchange (IX) technology will allow BRN to evaluate the associated economic benefits and process
risks to decide if production of further products such as a Cobalt precipitate is both technically and
financially feasible.
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Figure 6: Nickel intermediate product sample

Conclusions
BRN is developing the Piauí Nickel Project (PNP) using a series of conventional technologies
sufficiently proven at commercial scale. PNP will rely upon a simple but robust process flow sheet to
produce nickel from a very well characterized nickel laterite deposit. This deposit is found in an
optimum location with enough space for all processing facilities and with access to all critical
infrastructure (if heap leaching is used as the extractive technology). The proposed processing capacity
for PNP means that common equipment sizes will be used. This minimizes the risk of installation,
commissioning and operation.
The selected processing route does not require exotic materials of construction, which reduces the
degree of specialization required for the construction and maintenance work force. That translates into
lower capital expenditures and operating costs.
The risk of technology integration (such as the overall water balance, the impact of the ore
variability in the process performance, the consistency of the characteristics of both the spent ore and
PLS purification residue, etc.) will be managed through an extensive test work program, which will
include large test columns and demonstration heaps combined with a dynamic process model. This
program will continue during the project execution and ramp-up stages.
It is time for the nickel industry to take advantage of heap leaching technology as the gold, silver,
copper and uranium have been doing during the last decades, and the Piauí Nickel Project is set to be
among the first to achieve that.
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Andrés Reyes, Anddes Asociados, Peru
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Abstract
The rapid growth of mining operations in Peru has brought many new challenges to the already difficult
task of designing, building and operating heap leach pads in the aggressive Andes terrain. Consultants
usually deal with delicate issues such as specific construction techniques, complex terrain geometry,
high seismic activity, and limited suitable locations.
This paper presents a case study of a heap leach pad designed on top of an existing mine waste
dump, which itself was built over a heterogeneous and complex deposit of alluvial and residual soft
clayey soils. Among other geotechnical issues, it was necessary to assess the short-term stability of both
structures, as well as determine the settlements due to consolidation of foundation soils and deformation
of mine waste, which threatened the overall stability and operation of the heap leach pad. Using a large
set of geotechnical information, several cross-section, finite-element staged construction analyses were
carried out to estimate consolidation times and settlements. This evaluation led to a detailed construction
schedule to allow pore pressure dissipation and use of buttresses for early stages of construction, and to
include precambering to guarantee both stability and optimal operation conditions, given the mine waste
settlement and its influence on the liner system. The analysis and design showed the importance of the
assessment of both short-term stability and deformation of soils. Furthermore, the construction schedule
for both structures, which ensured their short-term stability, highlighted the importance of planning and
coordination between the designers and mine operators.

Introduction
Since the beginning of the 21st century, the mining industry in South America, particularly in Peru and
Chile, has experienced rapid growth. Most of the mine sites in Peru are located in the Andean region,
above 2,500 m.a.s.l., where the geological conditions allow mining companies to extract gold, copper
and other minerals, making the Peruvian mining industry one of the top gold, silver and copper
producers in the world.
Recent development of mining operations in Peru has been related to extensive use of the heap
leaching technique. Since 1998, when the Pierina heap leach project was constructed, major heap leach
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pads (HLP) have been designed, constructed and operated in the Peruvian Andean region. However, in
the last five years several issues have arisen that have complicated the civil and geotechnical design, as
well as the construction work. Special construction techniques and criteria for the use of geomembranes,
geosynthetics and earthworks have been addressed by César et al. (2013), Garay et al. (2014) and César
et al. (2014). The limitations of the 2-D approach and the advantages of 3-D slope stability analysis due
to the aggressive Andes terrain have been discussed by Reyes et al. (2014). However, issues such as the
need to design HLP on poor foundation areas given the lack of adequate terrain, or even on top of other
earth structures, have not been extensively analyzed. Moreover, the increasing need for larger and
higher HLP has caused geotechnical designers to evaluate the resistance of both leach ore and liner
material interface for confining pressures from 1 to 3 MPa, thus highlighting the need for larger and
more powerful laboratory devices. Finally, the high seismic activity in Peru, which is generated by
subduction of the Nazca plate beneath the South American plate, almost always defines the design of
most earth structures. HLP are particularly sensitive to seismic forces due to the economic and
environmental consequences of leakage of pregnant solution through tears in the geomembrane that can
be caused by seismically induced permanent displacements.
This paper presents a case study of a HLP that, given the lack of an adequate location, was
designed on top of a mine waste dump (MWD) that itself was built over a heterogeneous and complex
deposit of alluvial and residual clayey soils. Challenges such as a staged construction plan due to
consolidation of foundation soils, estimation of the settlements of mine waste resulting from the ore
loading, and related geotechnical analysis are explored in detail.

Case study general background
The case study presented is a HLP design project, located in northern Peru, developed for one of the
most important gold mines in the region. A new HLP with a capacity of 40 Mm3 and a maximum height
of over 100 m was needed in the short term for the future development of the mine. However, there
were limited suitable locations, forcing the designers to place it on top of an existing MWD. This facility
was also in design stages: phase 1 was under the last stage of construction and phase 2, with a maximum
height of 140 m, was still in design. Previous geotechnical investigations had shown that the foundation
of phase 2 was composed of large and heterogeneous deposits of alluvial and residuals soils that were
over 80 m deep. Clayey, silty, sandy and gravelly soils were distributed over the area; consequently,
settlements due to consolidation of these soils, as well as settlement caused by the deformation of the
mine waste, were expected.
Preliminary stability analysis showed that for short-term conditions, which included undrained
resistance of clayey soils, phase 2 of the MWD and the HLP were unstable. It was decided that, in
permanent coordination with the mine owner, a staged construction analysis was needed to develop a
detailed construction plan for both structures. Thus, complementary site investigations as well as
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laboratory tests were carried out to define in detail the geotechnical properties required for the shortterm stability assessment and staged construction analysis. The long-term stability condition of both
structures, particularly when including seismic forces, is dealt with by Reyes et al. (2015).

Geotechnical site investigations
A large complementary geotechnical site investigation program was carried out in order to properly
determine the spatial variability and geotechnical properties of the foundation soils. Previous site
investigations and stratigraphy were described by Reyes and Parra (2014). A total of 210 test pits, 41
dynamic penetrations tests, 115 standard penetrations tests, 65 large penetrations tests and 26
geotechnical boreholes were included within an area of over 1,000 Ha. Laboratory tests included a total
of 6 undrained (UU), 14 consolidated undrained (CU) and 7 consolidated drained (CD) triaxial tests, as
well as one-dimensional consolidation and permeability tests on most soils. A range of geophysical
investigations was also performed. All of this information allowed the authors to describe and discretize
the foundation soils, mine waste and leached ore in more detail.
Foundation soil stratigraphy and properties for phase 1 of the MWD were described by Reyes and
Parra (2014). However, foundation soils of phase 2 of the MWD proved to be softer and/or looser and
more heterogeneous, and required more and longer geological-geotechnical cross-sections and
additional laboratory tests to properly describe them. For the particular case of residual and alluvial
clayey soils, laboratory tests were performed on undisturbed samples obtained from large test pits and
boreholes.
The particle size distribution (PSD) of mine waste and leached ore was determined in the field by
several excavations in both the existing MWD and HLP, respectively, determining maximum sizes of
over 12 inches for both materials. In each excavation, almost 1 ton of mine waste or leached ore was
evaluated, first weighting the whole sample and then separating particles with sizes smaller than 3
inches. Using large sieves, as presented in Figure 1, the PSD of all material larger than 3 inches was
determined in situ. Complementary laboratory tests on the smaller size particles completed the global
PSD curve. Figure 2 shows the average global PSD of both mine waste and leached ore.
Due to the large size of mine waste and leached ore particles, two parallel gradation curves to the
original PSD curves were developed for each material, which are shown in Figure 2, using a maximum
particle size of 1 inch, so that no scalping would be needed when tested on a 6 inch diameter drained
triaxial test. The technique used to develop the curves was first developed by Lowe (1964), and then
extensively used by Marachi et al. (1969), Thiers and Donovan (1981) and Varadarajan et al. (2003) to
perform drained triaxial tests on rockfill, crushed rock and alluvial soils. In the last decade, many
researchers, particularly Gesche (2002), De La Hoz (2007), Dorador (2010) and Ovalle et al. (2014),
and practitioners such as Linero et al. (2007) and Palma et al. (2009), have used this technique when
testing alluvial and waste rock materials. The laboratory tests performed for this case study were used
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to obtain the shear strength properties for phase 1 and provide representative stress-strain curves for the
numerical models.

Figure 1: In situ determination of the global particle size
distribution of coarse granular materials

Figure 2: Global and parallel particle size distributions of the mine waste and leached ore

Geotechnical properties
Table 1 and 2 show all materials involved in the short-term analysis of the HLP and their geotechnical
properties for both limit equilibrium and finite element analyses, respectively. Since translational
failures through the liner system of the HLP were not critical and were not related to the short-term
behavior of foundation soils, their properties were not included in this paper.
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Table 1: Geotechnical properties for short-term limit equilibrium analysis
Drained
shear
strength

Total
unit
weight
(kN/m3)

Saturated
unit
weight
(kN/m3)

20

21

20

21

Gravelly

19

20

0

Sandy

18

19

Silty and
clayey

18

Gravelly

Materials

'
(°)

Undrained
shear
strength
c
(kPa)


(°)

Non-linear
envelope

–

–

Non-linear
envelope

–

–

30

–

–

0

33

–

–

20

–

–

15

12

19

20

10

28

–

–

Sandy

18

19

5

25

–

–

Silty and
clayey

17

19

–

–

60

–

Sandstone residual soil

19

20

20

25

–

–

Quartz
sandstone

23

24

140

25

–

–

Intrusive

23

24

130

25

–

–

Lutite

22

23

120

20

–

–

Leached ore
Mine waste

Aluvial
soils

Intrusive
residual
soils

Bedrock

c’
(kPa)

The drained triaxial tests on mine waste and leached ore allowed defining non-linear envelopes of
resistance, as these materials were considered cohesionless with a reducing friction angle as confining
pressure increased. The range of variation of the friction angle was defined from 40 to 35° and 42 to
35° for the mine waste and leached ore, respectively. The Hardening Soil (HS) model (Brinkgreve et
al., 2014) was employed for the numerical modeling of the deformational behavior of these materials,
calibrating it with the resulting stress-strain curves from the triaxial tests. The HS is an advanced model
for simulating the behavior of different types of soil, both soft and stiff (Schanz, 1998). It is based on
the Duncan and Chang (1970) hyperbolic model, introducing the theory of plasticity rather than elastic
theory and including soil dilatancy, a yield cap and a Mohr-Coulomb failure envelope (Brinkgreve et
al., 2014). Another feature of the HS model is the stress dependency of the stiffness, which allowed
performing a properly staged construction model of the HLP. Figure 3 shows the original triaxial stressstrain curves and the ones generated by the calibrated HS model for both materials.
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Table 2: Geotechnical properties for short-term stress-strain analysis

Materials

Drained
shear
strength
c’
(kPa)

'
(°)

Deformational parameters


Eref
(MPa)

Eedo
(MPa)

Eur
(MPa)

Cc

Cs

Leached ore

Non-linear
envelope

–

80

80

400

–

–

Mine waste

Non-linear
envelope

–

30

30

150

–

–

Gravelly

0

30

0.3

50

–

–

–

–

Sandy

0

33

0.3

45

–

–

–

–

Silty and
clayey

30

19

–

–

–

–

0.251

0.125

Gravelly

10

28

0.3

45

–

–

–

–

Sandy

5

25

0.3

40

–

–

–

–

Silty and
clayey

25

17

–

–

–

–

0.310

0.154

Sandstone residual soil

20

25

0.3

25

–

–

–

–

Quartz
sandstone

140

25

0.25

4,000

–

–

–

–

Intrusive

130

25

0.25

4,000

–

–

–

–

Lutite

120

20

0.25

4,000

–

–

–

–

Aluvial
soils

Intrusive
residual
soils

Bedrock

Consolidations tests performed on undisturbed samples of clayey alluvial and residual soils
showed normally consolidated conditions. Consequently, undrained conditions were considered when
defining its short-term resistance. The UU triaxial test results were used in the preliminary limit
equilibrium analysis. The Soft Soil (SS) model (Brinkgreve et al., 2014) was employed for the
numerical modeling, using consolidation, CD and UU triaxial tests. The SS model was calibrated using
simulations of drained and undrained triaxial tests as well as consolidation tests. The SS model is a
Cam-Clay type constitutive model implemented in PLAXIS, specifically meant for primary
compression of near normally consolidated clay-type soil. Some of the features of the SS model include
a stress dependent stiffness (based on a logarithmic compression behavior), distinction between primary
loading and unloading-reloading, and failure behavior according to the Mohr-Coulomb criterion, among
others (Brinkgreve et al., 2014). It is important to mention that the properties defined for the SS model
were for drained conditions; the calibration stage allowed adjusting the undrained resistance. Figure 4
shows the stress strain curves and consolidation calibration of the SS model for the clayey alluvial soil.
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Figure 3: Calibrated stress strain curves from HS model
for the mine waste (left) and leached ore (right)

Figure 4: Stress-strain curves (left) and consolidation test results (right)
for the calibrated SS model of the clayey alluvial soil

Geotechnical analysis
As mentioned before, this paper deals with the short-term stability of both HLP and MWD. The longterm stability condition of these structures, particularly when including seismic forces, is dealt with by
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Reyes et al. (2015). Nine geological-geotechnical cross-sections were developed using the geotechnical
site investigations, all needed to capture the heterogeneous stratigraphy and the HLP and MWD layouts
complexity. Figure 5 show a plan view of the layout of the HLP on top of phase 2 of the MWD and its
cross-sections.

Figure 5: Plan view of the heap leach pad and mine waste dump

Preliminary short-term limit equilibrium analysis carried out with Spencer’s (1967) procedure and
making use of undrained resistance for clayey soils, showed two-dimensional (2-D) factors of safety
(FS) to be very variable among all the cross-sections, both considering only phase 2 of the MWD and
including the HLP. Table 3 shows FS when considering both structures for short-term conditions and
failures that cross foundation soils. FS for short-term conditions considering only phase 2 were also
critical. The heterogeneity of the FS is more pronounced than the ones obtained in the design of phase
1, which was described by Reyes and Parra (2014). All critical failure surfaces were of translational and
compound nature, being determined using the “simulated annealing” algorithm as programmed in the
software SLIDE. Figure 6 shows 3 of the cross-sections with the lowest FS and their respective failure
surfaces that, as in all the others, crossed clayey soils strata.
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Leached ore

Clayey and silty soils
Mine waste

Alluvial soils

Residual soils

Bedrock

(a)
Residual soils

Mine waste
Leached ore

Clayey and silty soils

Alluvial soils

Bedrock

(b)

Leached ore

Mine waste

Sandstone residual soil
Bedrock

Clayey and silty soils

(c)
Figure 6: Cross-sections (a) 1-1′, (b) 4-4′ and (c) 6-6′ and their failure surfaces
Based on the results, a large buttress was required to improve the stability of both MWD and HLP
for short-term conditions. However, it was unclear when it was needed and whether the increase in
resistance of the clayey soils as a consequence of the process of consolidation would result in a smaller
buttress. Given these needs, a staged construction analysis in PLAXIS was carried out with the objective
of representing the constructive stages of both structures and estimating the necessary consolidation
time to allow pore pressure dissipation, to increase the resistance of the clayey soils and, as an outcome,
to improve its stability for each stage and structure. Also, settlements due to consolidation of foundation
soils and deformation of mine waste induced by the ore loads were calculated and its influence on the
heap leach pad design were also evaluated. Additionally, the dimension of the buttress would be
optimized, compared with the one previously estimated with the limit equilibrium analysis. The 3 cross-
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sections of Figure 6 were chosen for evaluation, because of their low FS and representativeness of the
northern, central and southern regions of the HLP, respectively.
Table 3: 2-D factors of safety from limit equilibrium analysis
Factor of safety
Cross-section

Undrained shortterm conditions

Drained conditions
including buttress

1-1′

0,95

1,84

2-2′

0,93

2,02

3-3′

1,49

1,83

4-4′

0,58

1,62

5-5′

0,61

1,75

6-6′

0,48

1,67

7-7′

1,37

1,62

8-8′

1,54

1,72

9-9′

1,73

2,11

The PLAXIS models for each section included the modelling of clayey soils using the SS models
as well the HS models for mine waste and leached ore described previously. All other materials were
modeled using the linear elastic and perfectly plastic Mohr Coulomb model. No deformation/strain
analysis was performed on the geomembrane. The modeling stages consisted of:
 Generation of initial stresses for the original terrain.
 Staged construction of phase 1 of the MWD considering the actual time employed to build
each lift of the dump. Displacements were reset to zero after the last stage.
 Staged construction of phase 2 of the MWD. Time necessary to allow partial or total pore
pressure dissipation and to obtain a FS over 1.3 was calculated for each stage.
 Staged construction of the HLP on top of phase 2. FS above 1.3 were verified for each stage.
The authors agreed with the mine owner on the value of 1.3 for the short-term FS, as it is common
practice in Peruvian mining where values ranging from 1.3 to 1.35 are chosen for short-term conditions
and 1.5 for long-term stability. It is important to mention, however, that the FS of 1.3 was verified for
stages with failure surfaces with a depth of 40 m or more. Failure surfaces with depths less than 40 m
were verified for a FS of 1.35. This consideration was made for the following reason: the larger the
failure surface the higher the 3-D effect of the geology of these area, as shown by Reyes and Parra
(2014); consequently, smaller failure surfaces would not be subjected to this effect and required much
more care. Nevertheless, it is the opinion of the authors that the stability of major earth structures should
be not only evaluated with FS calculations but also with risk and/or probability of failure analysis.
Results obtained from of each model provided useful information, which is summarized in the following
points:
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 Phase 1 of the MWD did not induce important increments of pore pressure in the foundation.
All settlements in these stages were caused by the “immediate” deformation of both
foundation soils and mine waste, not influencing the analysis or results of the following stages.
 Phase 2 of the MWD was placed in some areas directly on top of clayey soils and required
consolidation times up to 45 days per stage or lift to obtain a minimum FS of 1.3.When over
45 days of consolidation time was needed, a buttress of 30 to 40 m of height was included,
which was substantially smaller than the one estimated by the limit equilibrium analysis.
Table 4 shows the consolidation periods for each stage or lift of the MWD and for the 3 crosssections evaluated. Table 3 shows the FS calculated on drained conditions and including the
buttress, which ultimately was to be enlarged due to long-term seismic stability.
 Failure surfaces obtained for each stage were of a translational or compound nature, with the
results very similar to those obtained in the limit equilibrium analysis by the “simulated
annealing” algorithm of SLIDE.
 In general, as phase 2 of the MWD was finished, most clayey soils exhibited consolidation
degrees of over 80%, and failure surfaces and their respective FS for the HLP were not
influenced by any undrained resistance of these soils. Maximum settlements due to
consolidation in the foundation of phase 2 for each section and all over the MWD area are
shown in Table 4 and in plan view in Figure 7, respectively.
 Settlements due to the consolidation of clayey soils were negligible during the final stages of
phase 2. Hence, only settlements caused by the deformation of mine waste were considered
to influence the HLP. These settlements are shown in Table 4 for each section and in plan
view in Figure 8 for the entire HLP area.
For operational reasons, some consolidation times were increased to match the ones from other
sections. The mine owner acknowledged the importance of these periods of time and made a
compromise to follow them, as the results proved to be sufficient to cover their mine waste and leached
ore production. Several vibrating wire piezometers and settlement cells were included in the design,
enabling the verification of the results of these analyses and calibration of the parameters selected in
the evaluation, particularly the ones for the clayey and silty soils. The mine owner was also aware of
the amount of settlement due to consolidation of the clayey soils and aware that, by the end of the
construction of phase 2, these would be negligible. Settlements caused by deformation of mine waste
were dealt with by introducing precambering that increased the inclination of the liner system of the
HLP from 2-3% to 8-10%. With this increase, settlements induced by placing leached ore on top of the
mine waste would only reduce the inclination of the liner system from 8-10% to 5-6%, which was
required to ensure both an adequate collection of the pregnant solution and to improve the translational
stability of the HLP.
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Table 4: 2-D factors of safety from limit equilibrium analysis
Consolidation time per lift of the phase 2
of the mine waste dump (days)

Maximum settlement (m)
Crosssection

Lift

Only due to
consolidation

Only due to
deformation
of mine waste

1

2

3

4

5

6

7

8

9

10 more

1-1′

3,0

2,8

15

15

30

30

30

30

15

15

15

15

4-4′

5,0

5,0

30

30

30

45

45

45

45

45

15

15

6-6′

5,0

4,5

15

15

15

15

15

15

15

15

15

15

Figure 7: Settlements on the foundation soils only due to consolidation

Figure 8: Settlements on the foundation soils only due to deformation of mine waste
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Conclusions
Current state of practice of the design of HLP in the Andean region poses many challenges that have
complicated its civil and geotechnical design, as well as its operation. Special considerations when
designing HLP in marginal locations require additional geotechnical investigations and detailed
analysis to support its design.
This case study presented a HLP that was designed, given the challenges of the location, on top
of a MWD that itself was built over a heterogeneous and complex deposit of alluvial and residual clayey
soils. Problems such as short-term stability assessment, settlements of the foundation soils due to
consolidation of clayey soils, and settlements of the liner system due to the mine waste deformation
induced by ore loading, were dealt with using a staged construction analysis. Advanced constitutive
models used in the finite-element analysis were based on state of the art techniques, such as parallel
gradation for the testing of large-sized mine waste and leached ore. State of practice drained and
undrained triaxial tests, as well as field tests, were carried out to characterize all other materials
involved. The geological complexity and spatial variability of the foundation demanded the use of
several cross-sections for the analyses. The results provided useful information that allowed the detailed
determination of settlements due to consolidation of clayey soils, consolidation periods, an optimized
design of a buttress, precambering of the liner system, and overall deformation of mine waste due to
ore loading.
The results of the short-term stability assessment and settlement calculations profoundly impacted
the design and overall philosophy of the future construction stages and highlighted the importance of
planning and coordination between the designers and mine operators. Construction schedules set up for
both structures were agreed between both parties. Also, it was clear that real-time geotechnical
monitoring of pore pressures and settlements through geotechnical instrumentation would validate the
findings of the analysis. The resulting monitoring can be used to validate the parameters of the advanced
constitutive models used for the characterization of mine waste, leached ore, and clayey foundation
soils.
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The dynamic evolution of leach pad
designs in Chile during the last decade
David Romo, Ausenco, Chile

Abstract
The heap leaching process is a technology that has been used for over four centuries to obtain metals
from raw ores. The development of the global industry and developing technology during the last
century has led to an accelerated-growth demand for raw materials such as precious metals, copper,
nickel, and other base metals. In this challenging scenario, during the last couple of decades, the mining
sector has been able to increase extraction, processing, and production rates with the utilization of new
technology, software, equipment, machinery, materials, knowledge, and experience. In the heap
leaching process, a series of improvements have been made during the last decade, adapting to more
challenging market scenarios, reducing environmental risks, increasing production rates, reducing costs,
increasing efficiency – and making the process feasible even in extreme geographic locations where
success would not have been possible before.
Since the 1980s Chile has been the world’s largest copper producer, producing over 30% of total
global production. Ausenco (formerly Vector Engineering) has participated in the design of nearly 70%
of the heap leach projects in Chile, witnessing and actively being part of the evolution of leach pad
designs from the early 2000s to the present.
This paper reviews the most critical aspects and elements of the construction and operation of the
most recent heap leach pad designs in the Chilean mining sector, and provides a comparison with the
old fashioned design. This paper discusses several issues such as location, earthworks, overliner
materials, liner system, leak prevention and monitoring systems, leach collection and recovery systems,
and pond covers, among other issues. In addition, operational issues are discussed, such as the evolution
of the stacking and reclaiming mechanized equipment, and solution application, as primary operational
aspects. Finally, all of these improvements are analyzed in terms of mining trends in Chile, and of the
impact of some of the new technologies on costs, timelines, and recovery.

Introduction
There is evidence that in Europe miners have used the principles of heap leaching since the sixteenth
century. However, the modern process was established in the late 1960s in the state of Nevada, USA
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(Hiskey, 1985), when heap leaching was first commercially developed. Through the 1980s and the
1990s there was a dramatic increase in the use of heap leaching for precious metals and copper due to
its simplicity, and its low capital and operational costs compared to conventional milling for treating
medium to low-grade ore bodies.

Development of heap leaching in Chile
In Chile, the leaching process in the large-scale copper industry was dominated by other techniques
such as vat leaching until 1980, when Lo Aguirre mine started its operation. It was not until the 1990s
that heap leaching technology was implemented in numerous operations – along with the development
of the plastics industry (especially geosynthetics), and improvements in crushing and agglomeration
techniques. By this time, a few mines were already processing copper sulfides through heap leaching,
thanks to advances in bioleaching knowledge and techniques. In the case of Lo Aguirre mine, in 1987
the amount of oxides decreased sufficiently to force the mine to turn bioleaching from a secondary
process into the primary and only leaching technique to process the ore (Lagos and Guzman, 2009).
During the first decade of the 21st century, the main large-scale mines in northern Chile were
already operating permanent and on-off pads with mechanized stacking equipment (overland and
mobile conveyors, and stackers or spreaders), utilizing high-density polyethylene geomembrane liners
as impervious bases, and usually utilizing corrugated polyethylene perforated pipes to collect the
leachate solution.

Challenges and design improvements during the last decade
Mining in Chile, and specifically heap leaching, has developed at a very fast pace during the last decade;
however, an increasing number of barriers and challenges had to be dealt with to respond to the
increasing demand. During the design phase of heap leach facilities a large amount of the risks related
to these challenges can be minimized by acknowledging and analyzing them, as well as taking
advantage of technological advances and engineering design innovations.
The ore grades of the main copper mining sites in Chile have been showing a continuous drop, so
that a larger amount of ore needs to be processed in order to obtain the same amount of product.
Additionally, power costs have increased dramatically over the last few years. This is part of the general
challenges that the Chilean mining industry has being facing, pushing mining companies to increase
production and reduce costs to deal with this adverse situation.
The following paragraphs present a brief analysis of the main issues projects have faced but
successfully overcome, by incorporating new materials, new technology, improved designs, and lessons
learned. All of these improvements have allowed the designer to optimize heap leach designs in terms
of lower investment costs and/or operating costs. The analysis is broken down into six main areas: site
location, ore stacking systems, liner systems, liner performance controls, overliner and solution
collection systems, and solution ponds.

150

HEAP LEACH SOLUTIONS, 2015 ● RENO, NEVADA, USA

Leach pad site location challenges in the Atacama Desert
The northern regions in Chile have a general profile characterized by a steep uphill from the coastline
sea level to the Andean mountain range, with elevations that peak at about 6,890 meters above mean
sea level (Stratovolcano Nevado Ojos del Salado). The other main characteristic of the northern regions
is a severely dry climate, making the Atacama Desert one of the driest places on earth. The high altitude
areas of Northern Chile also experience drastic temperature changes, with very high temperatures
during the day, dropping down to below freezing at night.
In this geographic situation, a significant number of Chilean large-scale mining sites are located
at high elevations, in an extremely arid climate, with challenging conditions such as limited water
supply, and great distance from populated areas.
Despite all these challenges, several mining companies have been able to develop large-scale
operations since the beginning of this century. Some of them were already heap-leaching crushed or
run-of-mine (ROM) ore; however, this was mainly feasible at a relatively low cost because the
surrounding landscape had open and relatively flat areas with “friendly” natural grades. One of the most
expensive items for leach-pad construction is the earthworks; therefore, having a large open area with
relatively smooth grades is crucial to achieve a lower investment cost and, at the end of the day, a
profitable project. Throughout this last decade, more aggressive projects have been successfully carried
out, taking advantage of the lessons learned and of successful cases of valley-fill heap leach pads from
other countries such as the USA, Mexico and Peru, along with the use of more flexible liners and more
detailed geotechnical analyses. An example of this is the ROM dump leach of Caserones, which is
located at over 4,000 m elevation in a mountainous area, and about 160 km southeast of Copiapó city.
This operation is designed to process about 300 million tons of copper ROM ore in a valley-fill leach
pad with rough and steep topography, and mean monthly temperatures that go from around –20ºC up
to 20ºC.
One of the main issues that mining companies have faced this last decade is related to the limited
water supply, which is critical in an environment such as the Atacama Desert, where water is very
limited and has to be shared with downstream agricultural communities, populated areas, and others.
Before the year 2010 most of the mining projects in northern Chile utilized fresh water from
underground or superficial sources, and only a few operations utilized sea water. Nowadays most of the
major copper mine projects have been forced to consider obtaining water from the sea, which may
require desalination plants and long pipelines from the Pacific Ocean coast to the mine sites.
This situation has caused companies to look for alternative technologies to reduce water losses in
the process, especially losses due to evaporation during the solution application on the heap active
leaching surface and off the solution ponds. The use of drippers instead of sprinklers has been shown
to significantly reduce water losses, and drippers have been used since the 1990s on copper heaps. Most
of the heap projects are currently considering drippers. In some cases, dripper lines can be installed
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below the surface of the ore, further reducing evaporation losses. Another effective solution that has
been used in arid locations is “thermofilm” liner covering the heap active surface, which can reduce
evaporation losses to a minimum, even though this type of material is primarily used for other
objectives, such as temperature control in cold climates.
In summary, in spite of the challenges the Atacama Desert creates for mining projects, new
materials and design solutions have been put in practice, allowing control of the increasing costs
associated with water shortage, rough terrain and other issues.

Changes in heap leach stacking systems
In terms of heap leach operation, the on-off pads have been improved from the classic approach, being
adapted to the local conditions and utilizing alternative stacking and reclaiming equipment. The classic
design of an on-off pad corresponds to a horse-race-track leach pad, which is operated with large
stacking and reclaiming mobile equipment, such as track-equipped bridge conveyors. This system is
based on a cyclical continuous operation with two bridges, one equipped with a stacker and the other
with a bucket-wheel reclaimer.
Throughout the last decade, a few operations have adopted a modified version of the on-off pad
utilizing a more flexible equipment assembly, consisting of mobile conveyors (also called grasshoppers)
and a radial stacker, and trucks or a bucket-wheel reclaimer feeding a line of grasshoppers, for the
reclaiming tasks. This material-handling equipment provides a more flexible operation and considerably
reduces the earthworks for ground preparation compared to a classic on-off horse-race-track system,
due to the flexibility of the pad shape, no special requirements for equipment maneuvering open areas,
and more flexibility of pad grades.
In terms of equipment for stacking and reclaiming ore on on-off leach pads, some innovations can
be highlighted, such as bridge conveyors with capabilities to operate a horse-race-track leach pad
without a need for large turning areas. This is possible with a special bridge conveyor mounted on
rotatory tracks that allows maneuvering in reduced areas to move from one pad to the other. In some
cases, the cost savings on the earthworks for this configuration can pay for the special equipment and
still result in a lower cost project.
In summary, it has been shown that during the design of an on-off leach pad, the stacking and
reclaiming systems have to be carefully selected considering all aspects of each project, in order to
avoid excessive capital costs on material handling equipment.

Liner systems
The containment system that isolates the leaching solutions and ore from the natural subgrade where a
heap is to be constructed is the denominated liner system. The liner system will depend on local
environmental regulations, local site conditions, risks involved if leakage occurs, operation
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characteristics, mobile equipment, compressive stress due to the ore loads, grain size distribution of
over and underliner, and slope stability, among others.
The history of large-scale geosynthetic lined facilities starts around the 1970s on solar ponds;
however, it wasn’t until the 1980s that geosynthetic liners were used for heap leaching facilities in Chile
(Breitenbach and Smith, 2006).
A common liner-system design in many heaps around the world includes a double containment
system comprised of a geomembrane liner laid over a compacted clay liner (CCL) or a geosynthetic
clay liner (GCL). This practice responds to regular conditions where the impact of leakage may affect
a nearby water body and thus the surrounding environment and communities. In Chile, most of the
large-scale leach pads are located in remote sites at high elevations and, in many cases, where the water
table level is far below the natural terrain. On the other hand, due to geologic characteristics, there are
very few large deposits of clay, which means that a CCL is impractical. In this scenario, the most
common liner-system design in Chilean heap leach pads consists of a single geomembrane liner system
laid over a compacted prepared surface.
Geomembranes can be made of a variety of materials such as polyvinylchloride (PVC),
polyethylene (PE), polypropylene (PP), polyurethane (PUR), polyester (PET), chlorosulfonated
polyethylene (CSPE), or bitumen (Peggs and Thiel, 1998). However, the most common geomembrane
utilized in the Chilean heap-leach industry at the beginning of this century was high-density
polyethylene (HDPE) and PVC (Smith, 1995). During the last decade, the continuous development of
geosynthetics has propelled the industry towards more flexible and durable materials, such as lowlinear-density polyethylene (LLDPE), without any compromise on the performance of the liners
(Erickson et al., 2008). Nowadays most of the leach pad designs take into consideration the different
properties of each liner material in terms of mechanical properties, installation, durability, flexibility,
performance, compatibility with the operation, costs, and other aspects that will cause the designer to
choose the most appropriate liner – even for different areas at the same facility (such as LLDPE and
HDPE).
Geomembrane manufacturers have greatly increased the types and variety of geomembrane liners,
adding different layers, resins, and compounds that add interesting new characteristics and properties
to specialty geomembranes, such as white-surface layering that reduces wrinkles and helps to visually
identify liner damage or defects, conductive liners that allow the performance of electric surveys for
perforations through the liner even on composite liner systems, reinforced liners, and extra-flexible
liners (Cornellier and Tan, 2014).
By the beginning of the century the global mining industry was comfortable and confident
designing and operating heaps with a maximum nominal height of around 100 m, but since then the
industry has been pushing to raise maximum heap heights to 150 m or even over 200 m (Thiel and
Smith, 2003). One of the main restrictions for the height is the integrity of the thin impervious
geomembranes that may suffer puncture damage due to the elevated pressure generated by the large
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columns of ore above them. The flexibility and high resistance provided by newly developed LLDPE
liners make it possible to bear these extreme conditions and remain impervious throughout the life of
the projects.
In some cases, the costs of the liner system can be as high as 30% to 35% of the total pad
construction costs (mainly when earthworks and overliner costs are a lesser issue), therefore any savings
related to this particular element will result in important savings for the project. As mentioned above,
the proper selection of the geomembrane, specific to the use, area and conditions, will lead to important
savings and risk reductions for the overall project.

Overliner and solution collection systems
Besides earthworks and geosynthetics, one item that has been historically one of the main cost drivers
of heap leach projects in Chile is the overliner material, mainly due to the very limited availability of
clean-gravel borrow sources in the Atacama. In addition issue, regulations for borrow sources
permitting are very rigorous, making it very difficult to keep control of the project’s costs and schedule.
As a result, in most cases the contractor has to screen or crush local material, or even use sterile mine
waste, to produce a material with the right grain-size distribution, maximum particle size, fines content,
and durability. In this scenario, costs for production and placement may range from 10 to 50 US$/m³,
especially if the ideal particle-size distribution range is narrow.
The particle-size distribution of a good overliner material should provide enough small particles
to fill the larger voids and to reduce the risk of damaging the geomembrane liner, but still leave enough
voids, and have limited fine material, to allow a high hydraulic conductivity. During the last decade,
the industry has seen improvements in materials, such as more flexible geomembranes with higher
puncture resistance, which may ease one of the restrictions of the overliner material and thus, reduce
the high costs of overliner production.
Different approaches have been studied and utilized in order to reduce overliner costs, including
the use of more than one type of overliner materials, and the use of geosynthetics as an alternative to
reduce the amount of overliner material. One tendency that has proved to significantly reduce overliner
costs is to use a dual overliner system, reducing the amount of a high-permeability overliner and
replacing it with a merely protective material, which has shown to be a cost-effective alternative in
terms of phreatic level control within the heap (Echeverria et al., 2014). The distribution of the materials
on a dual overliner system will depend on the design and the results of flow analysis to ensure both liner
and pipes protection, and proper control of the phreatic level.
Smith and Zhang (2004) propose another system that may reduce the drainage gravel requirement,
by utilizing geosynthetic drainage materials in combination with a reduced thickness of overliner. This
is more innovative alternative that needs to be more closely studied in Chile.
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In summary, in order to control the elevated costs for overliner production, designers have had to
go through specific and more detailed design, evaluating different approaches in terms of configuration,
use of more than one overliner material, and the use of more flexible liners.

Solution ponds
Once the solution is collected at the base of the heap, it is gravitationally conveyed through pipes from
the base of the heap to the next process stage (solution ponds or the SX/EW plant). A common practice
that was carried out on the design a decade ago was to utilize open channels to convey the solution from
the leach pads to the pond areas, and between ponds. The environmental regulation authorities in Chile
have become increasingly strict over the years, and on this specific topic, the tendency has been to
switch to HDPE pipes in a lined trench. Even though this design obviously raises the costs of the project,
it provides a safer design in terms of potential leaks into the environment, and it eliminates the risk of
birds or animals being tempted to drink from a solution channel, or falling into it.
An important part of the heap leaching process is the solution ponds that store large amounts of
solution through the operation, allowing damping peaks and shortages and handling planned partial
stops without affecting the continuity of other areas. However, the ponds also play a negative role in
terms of water balance due to evaporation, especially in the Atacama Desert, where make-up water is
scarce and expensive. The other issue that usually has to be addressed is the risk of birds or animals
looking for water in the desert.
One alternative that has been used for years to solve these issues has been to cover the ponds with
a geomembrane such as PP, HDPE or even PVC (Touze-Foltz et al., 2008), which is fixed on the pond
sides, and floats over the solution. Even though the floating covers solve the immediate evaporation
problem, several other issues are raised during operation, such as the difficulty of operating equipment
in the pond (skimmers, floating barge pumps, etc.). New products have been recently developed and
implemented in some operations in Chile with good results, such as floating loose plastic balls, which
are extremely easy and quick to install, and can cover any pond surface shape. More sophisticated
variations of this type of floating cover systems are available, such as hexagonal units that reduce the
inter-unit spacing, increasing the efficiency of coverage. Another alternative that has been developed is
floating modular covers, which may provide a better performance in terms of sealing, wind lift-up and
precipitation or snow infiltration.

Liner performance controls
The performance of the liner system throughout the life of a project and beyond is one of the most
important risks that this kind of facility faces in terms of environmental contamination and the
economics of the project due to pregnant solution losses. Throughout this decade, there has been a
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dramatic growth in the popular awareness of the environmental impacts of mining, which has been
reflected in stricter regulatory authorities at the stage of permits approval.
On the other hand, there have been important advances in leakage prevention, monitoring, and
detection with techniques that focus not only on the construction stages, but also on operation and even
after closure.
There are several techniques and controls to prevent leakage; however, besides the manufacturer’s
quality control and installation quality control system, great improvements have occurred in the
techniques, equipment, and market growth of electrical liner integrity survey services (ELIS), also
known as leak location services. Ten years ago statistical economic analyses were performed to evaluate
the cost benefits of using ELIS techniques, showing that the reduction of pregnant solution losses due
to leakage may lead to savings of about 1.5 US$/m² (Thiel et al., 2005), without considering the
potential costs of fines, remediation, rework, etc. Prota et al. (2014) shows through case studies in South
American sites that the ELIS services costs are easily paid off throughout the operation when compared
to the potential economic losses if leaks had not been detected. On the other hand, ASTM published in
2003 the first standard practices for leak location on two different methods: a water puddle system, and
for geomembranes covered with water or earth materials (ASTM D7002 and ASTM D7007
respectively). ELIS started to gain more popularity in Chile as methods for preventing leaks as they
provide operators with a robust tool to detect and repair defects or damage of the liner produced during
construction, handling, shipping and/or manufacture of the material.
Another improvement in terms of evaluating the liner integrity during construction is the use of
conductive geomembranes, which in conjunction with field electric leak location methods provide
improvements in terms of water requirements, independent of subgrade conductivity, have no issues on
wrinkles and slopes, and can be used on double-lined systems (Cornellier and Tan, 2014).
Recently developed leakage monitoring systems are able to provide a continuous real-time
assessment of the existence, location, and extent of a leak, also called permanent electronic leak
detection systems (ELDS). These systems have successfully been used since 2001 to monitor leakage
through the liners during operation. In 2008, on-line ELDS was developed and installed in a lagoon in
North America, and was able to provide continuous information to a control center (Nosko and
Razdorov, 2013). Fiber optic sensors based systems have been used in Chile, USA, Laos, and Latvia,
providing crucial structural information of strain and temperature of large earth facilities, which allows
detecting and measuring the phreatic level continuously along the instrumented line (Fahrenkrog, 2007;
Fahrenkrog and Fahrenkrog, 2012; Inaudi et al., 2013).

Challenges and opportunities for future projects in the short term
The main challenges that the industry of heap leaching design and operation should face in the next
years are strongly driven by the turbulent economy of copper, environmental issues such as stricter
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regulations and regulators, an increasing impact of the communities on permitting issues, a high cost
for energy, water availability, and lower ore grades.
New regulations for mine closure have been published, including law Nº20.551 and decree Nº41
of the Ministry of Mining in Chile, that will add more steps for companies to obtain the authorities final
approval; therefore additional costs that were not required until now will be incurred.
Consultants and designers, on the other hand, will have to search for new or improved designs for
leach pad, and look for opportunities to transfer technology from other industries, in order to provide
their clients with alternatives to balance the aforementioned higher costs, and/or increase their recovery
rates, to maintain the profitability of projects.
Opportunities to accomplish successful profitable heap leach designs are not too remote, if the
ongoing research into various fields of monitoring, instrumentation, new materials, successful operation
experiences, and new technologies are properly considered – turning the aim of leach pad designs to a
fit-for-purpose design in order to meet each client’s different needs and restrictions.
Nowadays, many Chilean large-scale copper mines are running low on copper oxides and are, or
will soon be, looking into processing large deposits of copper sulfides. This means that the main mines
should start looking towards more concentrator plants or bioleaching processes than conventional heap
leaching for copper oxides.

Conclusion
The national scenario where the mining industry and specifically the leach pad projects stood about a
decade ago has gone through important changes in terms of national economics, environmental and
social awareness, regulations, ore grades, and technological advances. These issues have driven major
changes and new approaches in the design of heap leach pads, leading to more aggressive designs within
stricter environmental and social restrictions and requirements, in order to protect project economies by
lowering costs and/or increasing recoveries.
This paper presents a large compilation of facts from different authors and from the experience of
Ausenco that clearly show the aforementioned tendencies, from the main construction items that drive
the costs of a typical leach pad project such as earthworks, liner system and overliner, to operational
aspects such as stacking/reclaiming equipment, and water saving.
The accelerated development of industries such as plastic materials and mining equipment, and
the transfer of technology from other industries, have helped the heap leach design industry to go
through a dynamic development in order to respond to adverse conditions and economics, and the
client’s needs.
The understanding of the needs of each client, the overall scenario of a particular project, the
lessons learned from successful projects recently developed, and the new advances in technology,
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materials and techniques, have been the key ingredients to overcome the challenges of this decade, with
cost reductions that have allowed the success of many heap leach projects.
One important aspect of the years to come is that due to the new mining regulations and the new
technologies, future leach pads in Chile will have to have very high standards in terms of environmental
short- and long-term issues, social acceptance, and safety.
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3-D slope stability analysis
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Abstract
The current state of the practice of geotechnical design of valley-fill heap leach pads generally involves
the use of two-dimensional limit equilibrium analysis on several cross-sections. This technique
simplifies the usually complex leach pad and heap layout located in valleys, and its over-simplifying
assumptions may lead to conservative results and an expensive design.
In order to quantify the three-dimensional effects not accounted for by the two-dimensional
approach, this paper presents four case studies of valley-fill heap leach pads located in aggressive
terrain. The results of the three-dimensional analysis showed an increment of the factor of safety of
25% to 31% when compared with two-dimensional methods. Also, the influences of the leach pad
geometry and interface strength were assessed. The results will allow practitioners better understanding
and decision making when analyzing valley-fill heap leach pads.

Introduction
In Peru, as well as other Andean countries, mining operations operate at altitudes higher than 2,500
(and often higher than 3,500) meters above sea level and deal with rugged, mountainous, and often
aggressive terrain. For this reason, when designing a heap leach pad (HLP), problems such as static and
seismic slope stability, locating a suitable site for stacking ore for leaching, and the management of
earthworks and geosynthetics are encountered. In mountainous areas, valleys are usually the only place
available for HLPs; thus, civil and geotechnical designs require additional effort and specific design
criteria that differ from those used in flatter terrain (César et. al., 2013, 2014; Garay et al., 2014).
The geotechnical design of valley-fill heap leach pads in Peru involves site investigations that
include geotechnical-geological mapping, boreholes, test pits, geophysical tests, and other in situ tests,
and an extensive laboratory program to properly characterize the geotechnical properties of the ore,
liner system, foundation soils, and borrow materials. Moreover, the increasing needs for larger and
higher heaps have encouraged geotechnical designers to evaluate the strength of both leached ore and
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liner-soil interfaces, for confining pressures up to about 3 MPa, thus highlighting the need for larger
and more powerful laboratory devices.
Currently, stability analysis of these facilities is generally performed through the use of the limit
equilibrium (LE) methods in two-dimensional (2-D) sections that should be chosen to be representative
and critical. The 2-D approach is based on plane strain conditions, assuming a non-variable crosssection perpendicular to the sliding direction (SD); therefore, three-dimensional (3-D) effects, such as
the end effects, are negligible and the 2-D analysis becomes conservative. Usually, the 2-D sections
chosen for valley-fill HLP are critical but not necessarily representative due to the complicated 3-D
effects.
Reyes and Parra (2014) showed the viability of 3-D slope stability analysis by the LE method on
mining facilities and presented a case study of a 3-D analysis of a mine waste dump. Based upon their
findings, Reyes et al. (2014) presented a 3-D analysis of a valley-fill HLP. The results showed a 20%
to 49% increase in the factor of safety (FS) over 2-D FS for translational failure. In order to quantify
the 3-D effects not accounted for by the 2-D analysis and evaluate the latter conservatism for valley-fill
HLP (and potential high associated costs), this paper presents several 3-D slope stability analyses of
these facilities. These 3-D analyses enabled improving the understanding of 3-D translational failures
(usual in HLP), 3-D effects, and the associated costs – compared to the conservatism of 2-D analysis.

Background
Reyes and Parra (2014) made an extensive review of the research of Fredlund and Krahn (1977),
Duncan (1996), Akhtar (2011), and Kalatehjari and Ali (2013) and compared most of the LE 2-D and
3-D procedures. They noted that most of the 3-D procedures were direct extensions of 2-D procedures
of slices by adding the third dimension and changing them into columns. Akthar (2011) concluded that
3-D FS is greater than 2-D FS and showed that there were serious inaccuracies involved in the studies
that indicated the opposite. Reyes and Parra (2014) recommended the use of the 3-D extensions of the
procedures of Spencer (1967), Morgenstern and Price (1965) and the General Limit Equilibrium
(Fredlund et al., 1981), since these have been successfully implemented in most of the current
commercially-available software.
Reyes et al. (2014) reviewed the influence of 3-D effects on translational failures, which are
critical for HLP. Neglecting the end effects can severely affect the FS, particularly in narrow valleys
with slope angles higher than 20 degrees (Lefebvre and Duncan, 1973). Stark and Eid (1998) and
Arellano and Stark (2000) showed that translational slides exhibit a significant difference up to 40%
between 2-D and 3-D FS. As the inclination of the sides parallel to the direction of the slide mass motion
increases, the shear surface area decreases, therefore, in translational slides, vertical sides provide the
minimum amount of 3-D shear strength, because the effective normal stress acting on these sides is
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only due to lateral earth pressure (Akhtar, 2011). However, in HLP located in narrow valleys, sides that
match the liner system along the valley may provide the minimum 3-D FS (Reyes et al., 2014).
In 2-D analyses, a number of cross-sections are selected in a manner such that they represent the
inherent 3-D problem, simplifying 3-D geometry, 3-D failure surface shape and length, soil variability
and, in the case of translational failures, side shear strength. Hence, the accuracy of the analysis depends
on the ability to select both representative and critical cross-sections, determine the SD and even assume
over-conservative simplifications (Reyes and Parra, 2014). Finally, Reyes and Parra (2015) extended
the review of 3-D LE procedures, examined the current state-of-practice of LE slope stability analysis
of mining facilities, and concluded that a 3-D analysis is viable, efficient, and truly representative of a
structure if:
 theoretical background of 3-D LE procedure is understood by the analyst;
 sufficient geotechnical, geological, and geometrical information is available to define in detail
the properties of the materials involved in the analysis as well as its geometry and spatial
variation; and
 computer software is available that can process the theoretical, geometrical and geotechnical
information described above and include both 2-D and 3-D analyses to properly define the
geometry of the critical failure mechanism.

Case studies analyses
The following sections describe four case studies of valley-fill HLP from mining projects in Peru and
Mexico. The different geometrical and project-specific considerations of each case study are also
described. For each case study, several 2-D and 3-D slope stability analysis were carried out. Given the
nature of translational failures typical in HLP (assuming competent foundations), detailed geotechnical
characterization of the geomembrane-soil interface and leached ore and geometrical information of the
leach pad and heap layout were obtained and used in the analyses. No in-depth geological information
was needed since rotational failures were not of concern for those particular cases. For all cases, the
software SVSLOPE 3D (Fredlund et al., 2011; Fredlund and Thode, 2012) was used since it includes
the latest improvements on theoretical and geometrical modeling of 3-D earth structures.
All limit equilibrium analyses were performed using Spencer’s (1967) procedure for both 2-D and
3-D evaluations. Following Akthar’s (2011) recommendations, over 90,000 columns were used in the
3-D analysis in each case. Finally, the geometry of the 3-D translational failures was determined through
the following iterative procedure:
 Several 2-D slope stability analyses on 2-D cross-sections were performed in different areas
of the HLP. Each section assumed a particular SD for the failure mechanism and did not
necessarily represent the whole structure.
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 Using the length of the failure surface through the liner system in each cross-section, an initial
layout of the plan view of the 3-D failure mechanism was obtained. Then, through an iterative
procedure that takes into account the actual 3-D geometry, and assuming a constant backscarp angle, a critical SD and modified plan view layout of the failure mechanism was
determined. The final SD of the critical failure was not necessarily the same as the SD
suggested by the cross-section that yielded the lowest 2-D FS.
 Subsequent iterative analyses were made to determine the critical back-scarp angle using the
previously determined SD and plan view layout of the failure surface. Finally, the final 3-D
geometry of the translational failure mechanism was obtained. It is important to note that
changes in the heap geometry and/or the geotechnical properties of the geomembrane-soil
interface and leached ore can affect the 3-D failure surface geometry.

Case 1
This case is a valley leach pad for a 120 m high heap located in the southern region of Peru, with a
maximum capacity of 69.4 Mt. Figure 1 shows plan views of the leach pad and heap layout, as well as
its critical 2-D cross-section. The geotechnical design phase included 2-D analysis on several crosssections under static and pseudo-static conditions. Ten to 30 m high benches on hard rock were required
on some areas of the HLP to obtain static 2-D FS above 1.5 and meet the design criteria. Pseudo-static
analysis for short- and long-term conditions (seismic coefficients of 0.15 and 0.22, respectively)
resulted in 2-D FS lower than 1.0 and, due to high constructions costs of the benches in rock, seismicinduced permanent displacements were calculated. Table 1 presents the calculated FS for the critical
cross-section, both including and not including the benches.
For this research, 3-D analyses were carried out for the same heap layout and for the two
configurations of the leach pad (with and without the benches). For both cases, the 3-D failure surfaces
obtained were the same. Figure 2 shows the 3-D model with the failure surface running through the
liner system on the base and sides of the valley. In addition, Figure 2 shows the plan view of the failure
surface; each color represents the material used to calculate the shear strength on the base of each
column: leached ore, low permeability soil (SBP)-geomembrane interface and geosynthetic clay liner
(GCL)-geomembrane interface.
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Stability benches
Leach pad
Ore heap

(a)
Leached ore

Bedrock

(b)
Figure 1: (a) Plan views of the leach pad (left) and ore heap (right) for Case 1
(b) 2-D Critical cross-section

Leached ore
SBP

GCL

Figure 2: Isometric (left) and plan view (right) of the failure surface for Case 1

As can be seen in Table 1, the static 3-D FS calculated for both cases were very similar and much
higher than the minimum value of 1.5 of the 2-D static criteria. The average 3-D and 2-D FS ratio (3D/2-D) for the static case was 1.27. For the pseudo-static cases, the 3-D FS were also higher than the
2-D FS for both cases, with 3-D/2-D ratios of 1.20 in average. The width-to-height ratio (w/h) of the 3D failure surface was 12. In addition, it is important to note that the average slope angle of the sides of
the valley was 22°, varying from 12° to 25°.
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Table 1: Factors of safety for the 2-D and 3-D analysis of Case 1
Analysis
type

Section/Model

Static
FS

Pseudostatic FS
k=0.15

Pseudostatic FS
k=0.22

Static
3-D/2-D
ratio

Pseudo-static
k=0.15 3D/2-D ratio

Pseudo-static
k=0.22 3D/2-D ratio

2-D

Without benches

1.45

0.90

0.76

–

–

–

3-D

Without benches

1.87

1.09

0.91

1.29

1.21

1.20

2-D

Including benches

1.51

0.93

0.78

–

–

–

3-D

Including benches

1.89

1.12

0.93

1.25

1.20

1.19

Case 2
Case 2 is a 70 m high heap on a valley-fill HLP, also located in the southern Peru, with a maximum
capacity of 6 Mt. Figure 3 shows plan views of the leach pad and heap layout, as well as its 2-D critical
cross-section. Case 2 geotechnical design phase included 2-D analysis on cross-sections on static and
pseudo-static conditions. A 100 m wide, 15 m high bench to be cut on hard rock was required to obtain
static and pseudo-static 2-D FS above 1.5 and 1.0, respectively. Table 2 presents 2-D FS calculated for
the critical cross-section, both including and not including the bench.
A 3-D analysis was carried out for the same heap layout and including and not including the bench
for the leach pad geometry. For both cases, the 3-D failure surfaces obtained were almost the same.
Figure 4 shows the 3-D model, as can be seen, the failure surface runs through the liner system on the
base of the valley. The sides of the failure surface are almost vertical and run through the leached ore.
In addition, Figure 4 shows the plan view of the failure surface and the materials used for the calculation
of the shear strength on the base of each column: leached ore, and SBP-geomembrane and GCLgeomembrane interfaces.
As shown in Table 2, the static 3-D FS calculated for both cases were very different but much
higher than the minimum value of 1.5 of the 2-D static criteria. The 3-D/2-D ratio for the static case
was 1.30. For the pseudo-static cases short and long-term conditions with seismic coefficients of 0.12
and 0.17, respectively, were also analyzed; the 3-D FS were also higher than the 2-D FS for both cases,
with 3-D/2-D ratios of 1.25 in average. The w/h value of the 3-D failure surface determined was 4. In
addition, it is important to note that the average slope angle of valley sides included in the failure surface
was 15°, varying from 10° to 18°.
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Leach pad
Ore heap

Stability bench

(a)
Leached ore

Bedrock

(b)
Figure 3: (a) Plan views of the leach pad (left) and heap leach (right) for Case 2
(b) 2-D Critical cross-section

Leached ore

GCL

SBP

Figure 4: Isometric (left) and plan view (right) of the failure surface for Case 2
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Table 2: Factors of safety for the 2-D and 3-D analysis of Case 2
Analysis
type

Section/Model

Static
FS

Pseudostatic FS
k=0.12

Pseudostatic FS
k=0.17

Static
3-D/2-D
ratio

Pseudo-static
k=0.12 3D/2-D ratio

Pseudo-static
k=0.17 3D/2-D ratio

2-D

Without bench

1.35

0.97

0.87

–

–

–

3-D

Without bench

1.77

1.24

1.06

1.31

1.27

1.23

2-D

Including bench

1.59

1.15

1.03

–

–

–

3-D

Including bench

2.02

1.46

1.25

1.27

1.27

1.21

Case 3
This is a 200 m high heap located in the northern region of Peru, with a valley-fill leach pad of maximum
capacity of 90 Mt. Figure 5 shows plan views of the leach pad and heap layout, as well as its 2-D critical
cross-section. The original design recommended the use of stability platforms, benches and trenches in
order to guarantee proper stability conditions with the same standards as for the previous cases;
however, they were not constructed and a later review of the as-built configuration resulted in the 2-D
FS presented in Table 3 for the critical 2-D cross-section.
In order to determine a stable configuration for the heap, several 3-D analyses were conducted and
resulted in eight different alternatives of stabilization. Each configuration was based on changes on the
overall heap slope, buttressing and/or combinations of these. Figure 6 shows the 3-D model of the asbuilt design, as can be seen, the failure surface runs through the liner system on the base and sides of
the valley. In addition, Figure 6 shows the plan view of the failure surface and the materials used for
the calculation of the shear strength on the base of each column: leached ore and SBP-geomembrane
interface.
The minimum static 3-D FS defined, in conjunction with the mine owner, to provide acceptable
short-term stability, was 1.4. This value is higher than the usual value of 1.3 assumed for 2-D analysis,
and was determined considering the detailed geotechnical and geometrical information available and
the rather high value of 3-D/2-D of the as-built configuration. As shown in Table 3, the static 3-D FS
calculated were variable and only a few were higher than the minimum 3-D FS defined. The average 3D/2-D ratio for the static cases was 1.31. For the short-term pseudo-static analysis (seismic coefficient
value of 0.07), the 3-D FS were also higher than 1.0, with 3-D/2-D ratios of 1.26 in average. The w/h
value of the 3-D failure surface determined was 8. In addition, it is important to note that the average
slope angle of the valley sides was 16°, varying from 12° to 20°. Stabilization of the HLP for long-term
conditions would require larger toe buttress and must be analyzed in a future evaluation for mine closure
purposes.
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Leach pad

Ore Heap

(a)
Leached ore

Bedrock

(b)
Figure 5: (a) Plan views of the leach pad (left) and heap leach (right) for Case 3
(b) 2-D Critical cross-section

SBP

Leached ore

Figure 6: Isometric (left) and plan views (right) of the failure surface for Case 3
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Table 3: Factors of safety for the 2-D and 3-D analysis of Case 3
Analysis
type

Section/Model

Static
FS

Pseudostatic FS
k=0.07

Pseudostatic FS
k=0.13

Static
3-D/2-D
ratio

Pseudo-static
k=0.07 3D/2-D ratio

Pseudo-static
k=0.13 3D/2-D ratio

2-D

As-built

0.97

0.77

0.65

–

–

–

3-D

As-built

1.25

0.96

0.83

1.29

1.25

1.28

2-D

Alternative I

0.99

0.79

0.66

–

–

–

3-D

Alternative I

1.36

1.07

0.89

1.37

1.35

1.35

2-D

Alternative II

1.02

0.84

0.77

–

–

–

3-D

Alternative II

1.28

1.01

0.85

1.25

1.20

1.10

2-D

Alternative III

1.04

0.85

0.77

–

–

–

3-D

Alternative III

1.39

1.08

0.86

1.34

1.27

1.12

2-D

Alternative IV

1.03

0.85

0.77

–

–

–

3-D

Alternative IV

1.37

1.07

0.90

1.33

1.26

1.17

2-D

Alternative V

1.07

0.85

0.69

–

–

–

3-D

Alternative V

1.35

1.06

0.88

1.26

1.25

1.28

2-D

Alternative VI

1.10

0.85

0.70

–

–

–

3-D

Alternative VI

1.35

1.06

0.88

1.30

1.29

1.30

2-D

Alternative VII

1.04

0.83

0.70

–

–

–

3-D

Alternative VII

1.37

1.07

0.89

1.32

1.29

1.27

2-D

Alternative VIII

1.12

0.86

0.72

–

–

–

3-D

Alternative VIII

1.45

1.12

0.94

1.29

1.30

1.31

Case 4
This is a 160 m high heap located in Mexico, with a leach pad of maximum capacity of 102 Mt and
located in a low seismicity region. Figure 7 shows a plan view of the heap layout, as well as its critical
2-D cross-sections. Note that, in contrast with the previous cases, this HLP started as valley fill but its
final phase resulted in a side-fill HLP. Case 4 original geotechnical design included 2-D analysis on
cross-sections for static and pseudo-static conditions to obtain 2-D FS above 1.3 and 1.0, respectively,
to meet the design criteria. However, the original layout of the heap was modified during the operation,
stacking larger quantities of leached ore than expected. A later review of the as-built configuration
resulted in the 2-D FS presented in Table 4 for two critical cross-sections. Due to the large size of the
HLP, the analysis was performed considering two different failure surfaces in two different regions of
this facility. These regions and the subsequent analyses will be referred as Case 4a and Case 4b.
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Ore heap

Case 4b

Case 4a

(a)
Leached ore

Leached ore

Bedrock

Bedrock

(b)
Figure 7: (a) Plan view of the heap leach for Case 3
(b) 2-D Critical cross-sections for Case 4a (left) and 4b (right)

In order to recommend stable heap configurations for both Case 4a and Case 4b regions, several
3-D analyses were carried out changing the overall slope of the as-built heap. Figure 8 shows the 3-D
model of the as-built design; as can be seen, the failure surfaces run through the liner system and the
back slope of the basin; side valleys don’t influence global stability for this particular case. In addition,
Figure 8 shows plan views of the failure surfaces and the materials used for the calculation of the shear
strength on the base of each column: leached ore and SBP-geomembrane and two different GCLgeomembrane interfaces.
Similar to Case 3, the minimum static 3-D FS defined for stabilizing the HLP was 1.4. As shown
in Table 4, only the static 3-D FS calculated for Case 4a was larger than 1.3, then for Case 4b a modified
heap layout was considered to meet the stabilization criteria. The average 3-D/2-D ratios for Case 4a
and 4b was 1.43 and 1.15, respectively. The pseudo-static 3-D/2-D ratios were 1.49 and 1.14 for Case
4a and 4b, respectively. The w/h values of the 3-D failure surfaces determined were 4 and 8. In addition,
it is important to note that for Case 4b the average slope angle of the valley sides (located only on one
side of the failure surface) was 5°, varying from 2° to 10°.
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Leached ore
GCL 2

GCL 1

(a)
GCL 2

Leached ore

SBP

(b)
Figure 8: (a) Isometric (left) and plan view (right) of the failure surface for Case 4a
(b) Isometric (left) and plan views (right) of the failure surface for Case 4b
Table 4: Factors of safety for the 2-D and 3-D analysis of Case 4
Analysis
type

Section/Model

Static
FS

Pseudostatic FS
k=0.04

Pseudostatic FS
k=0.10

Static
3-D/2-D
ratio

Pseudo-static
k=0.04 3D/2-D ratio

Pseudo-static
k=0.10 3D/2-D ratio

2-D

Case 4a

1.17

1.00

0.81

–

–

–

3-D

Case 4a

1.67

1.49

1.22

1.43

1.48

1.50

2-D

Case 4b

1.12

0.99

0.84

–

–

–

3-D

Case 4b

1.30

1.16

0.99

1.16

1.17

1.18

2-D

Modified Case 4b

1.25

1.11

0.99

–

–

–

3-D

Modified Case 4b

1.43

1.27

1.08

1.15

1.14

1.08

Discussion
2-D and 3-D factor of safety ratio
Cases 1, 2 and 3 presented were valley-fill HLPs evaluated through 2-D and 3-D analyses, each of them
with different geometrical and geotechnical details; Cases 4a and 4b were a combination of valley and
side-fill HLP but the regions analyzed corresponded to side-fills. Table 5 presents the average values
for different geometrical or strength indices. As mentioned before, the w/h ratio for the 3-D failure

172

HEAP LEACH SOLUTIONS, 2015 ● RENO, NEVADA, USA
surfaces can be considered as an index of the failure surface and HLP geometry. The side valley slope
angle average value of the leach pad can also be considered as a geometrical index for a 3-D analysis.
Finally, a strength index was proposed in order to evaluate the influence of the interface shear strength
on the 3-D analysis. This “interface index” was calculated by first normalizing the strength of all
interfaces (SBP or GCL) with the leached ore strength. This normalization took into account the
variation of the non-linear shear strength envelope with confining or normal stresses. Then, considering
the area of each material (leached ore, SBP or GCL) used on the calculation of the base shear strength
of each column for the failure surface, a weighted average value of normalized strength was calculated.
This index includes the influence of the material strength, their spatial distribution within the failure
surface and their influence in the 3-D FS. High values of the strength index indicate that the shear
strength on the base of the columns of the failure surface is closer to the strength of leached ore, thus
yielding higher FS. Since the strengths of leached ore for the evaluated cases are similar, with friction
angles between 36° an 38°, the interface index can be compared among these and other projects.
Table 5: 3-D/2-D ratios and geometrical and strength index
Model

Static
3-D/2-D ratio

Pseudo-static
3-D/2-D ratio

w/h

Side valley
slope angle (°)

Interface
index

Case 1

1.27

1.20

12

22

0.43

Case 2

1.30

1.25

4

15

0.51

Case 3

1.31

1.26

8

16

0.43

Case 4a

1.43

1.49

4

0

0.47

Case 4b

1.15

1.14

8

5

0.46

Figure 9 shows the relationship between the 3-D/2-D FS ratios (3-D/2-D ratio) and w/h values for
all cases and includes a comparison with the trend lines proposed by Akhtar (2011) for translational
failures with different slope inclinations. The slopes of HLPs evaluated for this paper are between
2.5H:1V and 3H:1V. The values obtained for all the cases confirm that the 3-D/2-D ratio decreases as
the w/h value of the failure surfaces increases. However, the 3-D/2-D ratios are higher than the trends
reported by Akhtar (2011) for all cases, most likely because these trend lines were calculated for
translational failures that did not include the influence of side valleys.
Figure 10 presents side valley slope angle values as a geometric index that, in conjunction with
the w/h ratio, attempts to explain the relationship of the 3-D/2-D ratio with the geometry failure surfaces
of valley-fill heaps. As can be seen, the 3-D/2-D ratio decreases with higher values of w/h but increases
with steeper side valley slopes. The trend lines presented for 5, 10 and 20° in Figure 10 are only
referential and also include the influence of the interface strength, which is further explained in Figure
11. Further research is required in order to update those trends.
Figure 11 shows the decrease of the 3-D/2-D ratio when the interface index and w/h ratio
increases. Given these results, it can be concluded that 3-D/2-D ratios for translational failures on HLP
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are a function of the both the geometry of the failure surface and the interface strength. The w/h ratio
and side valley slope angles are two approaches to measure the influence of the geometry on the 3-D/2D ratio. Similarly, the proposed interface index explains the decrease of the 3-D/2-D ratio for higher
values of the index. For the valley-fill failure explored in this research, the static 3-D/2-D ratios are
somewhat similar and vary between 1.25 and 1.30. However, the trend of increasing 3-D/2-D ratios
with higher values of side valley slope angles may indicate more important differences between the 2D and 3-D FS. This so-called “3-D effects” suggests that the 2-D analyses are usually conservative and
sometimes unrealistically so. The lack of a standard design criterion for 3-D analysis could be leading
to over-conservative and even over-priced designs.

Figure 9: Trends from Akhtar’s (2011) and those obtained
is this paper for 3-D/2-D and width/height ratios

Figure 10: 3-D/2-D ratio and its relationship between
width/height and side valley slope angles

174

HEAP LEACH SOLUTIONS, 2015 ● RENO, NEVADA, USA

Figure 11: 3-D/2-D ratio and its relationship between
the interface index and width/height ratio

Although the pseudo-static 3-D/2-D ratios follow similar trends as the static ones, these were not
included. The main reason for this is that the seismic coefficients for all cases were selected based on
2-D considerations, as usual, same that maximum 2-D seismic induced displacement, 2-D yield
acceleration and spectral accelerations that do not take into account 3-D geometric effects. More
research is needed to define a proper seismic coefficient for 3-D analysis. It is not clear also whether
the pseudo-static 3-D/2-D ratio increases or decreases with respect to the static ratio.

2-D and 3-D analysis influence on costs
The cases evaluated included the use of several stability countermeasures (stability platforms, benches,
trenches, etc.) in order to achieve a minimum 2-D FS as design criteria. The 3-D analyses performed
managed to capture the complex 3-D geometry of the cases evaluated and showed higher FS that would
have proved that the stability countermeasures designed were unnecessary. Furthermore, the
reconfigurations of the heaps based on 3-D analysis are smaller than when they are based on 2-D
analysis; the decrease of the storage capacity via 2-D criterion would have been larger.
Table 6 shows the cost savings of 3-D over 2-D analysis on both stability measures and changes
in the heap layout. Nevertheless, it is important to note that only for Case 3, 4a and 4b, a minimum 3D FS as stabilization criteria was defined and the actual cost was saved in benefit of the mine owner.
For Cases 1 and 2, the 3-D evaluations were performed only for research purposes.
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Table 6: Cost savings of 3-D over 2-D analysis
3-D model

Stability measure that could be
avoided with a 3-D analysis

Estimated construction
cost savings (US$)

Estimated sustainable
Capex savings (US$)

Case 1

10 to 30-m high benches cut on
hard rock in different areas

750,000

–

Case 2

100 m-width and 15 m-high
bench cut on hard rock

500,000

–

Case 3

Decrease of storage capacity of
3.5 Mm3 or 5.8 Mt

–

7,000,000

Case 4a

Decrease of storage capacity
of 0.6 Mm3 or 1.1 Mt

–

1,200,000

Case 4b

Decrease of storage capacity of
0.2 Mm3 or 0.36 Mt

–

400,000

Conclusions
Current state of practice of the design of HLPs in the mountainous regions poses many challenges which
complicate civil and geotechnical design, as well as heap operations. The stability analysis of these
facilities is usually performed through the use of the LE method in 2-D cross-sections. However, the
simplifying assumptions of this technique may be over-conservative particularly for valley-fill HLP,
where “3-D effects” related to geometry and soil-geomembrane interface strength haven been proven
to be important and because of the nature of translational failure, which are usually critical for these
kind of structures.
This paper presented four case studies of valley-fill HLP where 3-D analyses were performed in
detail, using abundant geotechnical and geometrical information and a computer software capable of
performing advanced calculations and modeling.
The results showed a general agreement with the research performed by Akhtar (2011) on
translational failures, showing 3-D/2-D ratios of 1.25 to 1.31 for the valley-fill HLP evaluated.
However, it was also found that the 3-D/2-D ratio is influenced by geometrical and strength index at
the same time. The increase on the w/h values and the strength of the interface results in a decrease of
the 3-D/2-D ratio. On the other hand, an increment on the inclination of the side valley slopes results
in an increase of the 3-D/2-D ratio. In consequence, valley-fill HLP may produce higher values of 3D/2-D ratios than other mining facility due to the high 3-D effects of the geometry. Several trends were
proposed that, with further research, could be validated and used for a future design code or criteria.
The evaluated cases also allowed the authors to point out how stability countermeasures are
usually performed to meet 2-D design criteria without realizing how conservative or effective those
measure may be. The 3-D results showed that benches or stability platforms were unnecessary,
increasing the construction costs of the facility. In addition, 3-D analyses were also used for stabilization
countermeasures, where the change of the heap layout was less than that required by a 2-D analysis.
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The costs that were or could have been saved by using a 3-D analysis for the evaluated cases are also
shown.
These results will allow practitioners to estimate how conservative valley-fill HLP designs are
when using 2-D analysis. Also, the geometrical and strength index and trends proposed can be used,
with more data, for a future design code implementation. Despite these findings, common slope design
should still be performed using 2-D analysis; only particular cases with extensive geotechnical and
geometrical information available should be subjected to 3-D evaluations that can support design
criteria changes.
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Cost analysis of block failure
stabilization in heap leach pads
Waldo Huallanca, Anddes Asociados SAC, Peru
Renzo Ayala, Anddes Asociados SAC, Peru

Abstract
In designing heap leach pads it is very common to use liners composed of a geomembrane over a low
permeability soil or soil liner. A granular overliner is used on top of the geomembrane in order to
prevent damage from the impact of the oversize ore. In general, the upper interface, geomembrane
versus overliner or ore, will usually provide higher shear strength than the clayey soil in contact with a
textured geomembrane used as a soil liner due to its granular nature. Therefore, in order to prevent any
heap leach pad instability at the interface, the shear strength of the lower interface should be improved,
or the block failure surface may be modified by cuts or fills.
The research performed by Ayala et al. (2014) is updated by including more results of large direct
shear tests of interfaces composed of textured LLDPE geomembrane and soil liner. The curves related
to the variation of the interface shear strength due to geomembrane asperity height, soil liner
classification, and normal stress are used as a way to perform a comparative analysis of the stability of
heap leach pads in design or in construction stages.
The stabilization measurements of two heap leach pads were studied and contrasted in order to
find which was the most effective action for maintaining an acceptable static factor safety for the block
failure stability analysis. This included an assessment related to the best cost-effective alternative for
stabilization between geometry modifications and interface improvements.
2-D limit equilibrium method slope stability analysis was employed in both cases for assessing
different stabilization solutions on heap leach pad block failure slope stability; a cost estimate of each
action proposed was obtained and compared to the other. The criteria for the stabilization works were
related to the following: grading geometry modifications (without including heap geometry, thus
conservation of the heap capacity); interface shear strength enhancement based on the updated
information; and the use of both options. Key design issues related to the cost benefits of stabilization
work are recommended when low factors of safety for block failure stability are encountered during a
heap leach pad project.
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Introduction
During the design of a heap leach pad in the mining industry it is very common to use liners composed
of a geomembrane over a low permeability soil or soil liner, as a way to prevent or decrease leakage of
the pregnant solution into the heap foundation, which may cause environmental damage and economical
losses.
It is usual in practice for heap leach pad projects in Peru to use mainly LLDPE textured
geomembrane over a clayey soil as a liner system. In Peruvian mining projects the construction of such
systems has followed the GRI recommendations provided on the GM12 (2014) and GM17 (2015)
specifications. Recently, however, the change to the GM17 has led to a change in the previous common
design, since the update has increased the minimum asperity height for texture LLDPE geomembrane
from 0.25 to 0.40 mm (10 to 16 mils).
During the geotechnical design and analysis of a heap leach pad, the main restriction is related to
the liner system, which usually provides an interface with low shear strength due to the relatively high
fines content of the soil liner. Hence this interface controls the stability conditions of such facilities in
the event of a block failure. Some efforts have been made to model or predict the shear strength of this
kind of liner (Reddy and Butul, 1999; Ivy, 2003; Yesiller, 2005; Blond and Elie, 2006).
As noted by Ayala and Huallanca (2014) the interface shear strength increases with the increment
of the geomembrane asperity height, normal stress increment (’N) and the increment of granular
material in the soil liner. Another important aspect is that the normalization of interface shear strength
behavior results in its decay as much more than normal stress is applied, which requires an extra effort
to predict the interface shear strength values for very high heap leach pads.
This research updates the relationship described by Ayala et al. (2014), and focuses on the
implications for block failure stability by changing the interface parameters, performing geometrical
modifications, or by doing both, for two practical cases. The first one is about to close operations at the
central southern Peruvian Andes, and the second one is an ongoing project at northern Peruvian Andes.
The costs implications of stabilization measures when dealing with low factors of safety are also
discussed.

Data preparation
The interface shear strength has a clear nonlinear behavior as discussed by Stark et al. (1996), Stark and
Choi (2004), Parra et al. (2011), Ayala et al. (2014) and Ayala and Huallanca (2014). That is why this
research has represented the shear strength as a function of the normal stress instead of using the MohrCoulomb approach. Ayala et al. (2014) reviewed a total of 190 large-scale direct shear (LSDS) tests,
and finally used 82 to derive their correlation (the discarded tests lacked soil classification or asperity
height measurement). In this revision, 18 tests have been added to update the correlation. The tests used
in this update provided the following information: type of geomembrane (LLDPE or HDPE, most of
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the data corresponds to LLDPE geomembrane), nominal geomembrane thickness (1.5 mm or 2 mm),
asperity height measured on laboratory, soil liner classification, Atterberg limits, peak shear stress
(taken as 2.5 cm of deformation), residual shear stress (taken at 7 cm of deformation) and their
corresponding normal stress.
The residual shear strength of the former (black dots) and new tests (red dots) is shown in Figure 1.
It should be noted that some tests were performed for only 3 normal stresses or other normal stresses
different from the ones shown in Figure 1 (50 kPa or 600 kPa as an example). The shear strength for
each soil sample has been separated by typical normal stress values applied during the LSDS test (100,
200, 400 and 800 kPa). No differentiation of soil classification or fines content is presented.
a)

b)

c)

d)

Figure 1: Residual shear strength behavior of
all the testing data for different normal stresses
The peak shear strength was not taken into account in this research due to the following reasons:
it is not commonly used in practice since in most high leach pads an interphase deformation larger than
2.5 cm is expected; the tendency is not as clear as in residual shear strength; and the displacement value
used to calculate the peak shear strength is not always 2.5 cm but depends on the soil and geomembrane
features.
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As shown in Figure 1, the interface residual shear strength has a clearer tendency to increase with
the increment of the asperity height. However, some scattering is observed, which may be caused by
the soil properties or fines content. The samples were separated based on their classification according
to the Unified System of Soil Classification (USSC) and fines content. For the purpose of this research
only the updated average of the soils used are summarized in Table 1.
Table 1: Soil classification summary
Gravel
content (%)

Sand content
(%)

Fines content
(%)

Liquid limit
(%)

Plastic Index
(%)

Average GC

42.2

27.1

30.7

34.3

14.0

Average SC

23.3

37.8

38.6

33.8

14.6

Average CL and CH
with fines content
below 65%

11.7

33.4

54.9

37.3

19.0

Average CL & CH with
fines content above
65%

3.5

11.9

84.7

58.7

32.2

Soil type

There were other features that may impact interface shear strength behavior, such as the type of
geomembrane (LLDPE or HDPE), thickness of the geomembrane, and geomembrane asperity
distribution. However, no clear tendency was observed when the data was classified by such parameters,
and there was not enough data that focuses on them to make a clear correlation – primarily the one
based on the asperity distribution.
There were a total of 26 samples classified as GC (clayey gravel), 30 samples as SC (clayey sand),
24 samples as CL (low compressibility clay) and CH (high compressibility clay) with fines content (FC)
below 65%, 10 samples as CL (low compressibility clay), CH (high compressibility clay) with fines
content (FC) above 65%. One sample was added for the soils ML (silt with sand) and MH (high
plasticity silt with sand (MH) with fines content below 75%, making a total of 10 samples for these
soils. However, they were not used in this research since they are not recommended to be used as soil
liner in heap leach pads.

Interphase shear strength updated correlation
Based on the new set of information, the data of shear strength based on different soil liner
classifications, geomembrane asperity heights and normal stresses, a new correlation was developed as
shown in Figure 2.
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a)

b)

c)

d)

Figure 2: Summary of the previous (black lines) and updated (red lines)
correlations for interface shear strength tendencies for (a) GC, (b) SC,
(c) CL & CH with FC ≤ 65% and (d) CL & CH with FC > 65%
The updated curves (red lines in Figure 2) show that the previous correlations obtained by Ayala
et al. (2014) have not been altered at all and are even improved by reducing the scattering, thus the
conclusions presented by Ayala et al. (2014) are supported. The updated correlations show a reliable
nonlinear tendency of shear strength increment for all kinds of soil, in which the behavior tends to be
asymptotic at asperity heights of 0.04 cm, which agrees with the conclusion provided by Blond and Elie
(2006) for low normal stresses (up to 140 kPa). These conclusions agree with the latest modification of
the GM17 (2015), in the sense that the asperity height of 0.04 cm is set as the lowest to be used, since
the interface shear strength below that value decreases dramatically, as shown by Ayala et al. (2014).

Normalized shear strength data processing based on soil classification
By using the red curves shown in Figure 2, shear strength normalization analysis performed by Ayala
and Huallanca (2014) was updated. These results are shown in Figure 3.
In Figure 3, the rate of increment of the interface shear strength based on the increment of the
normal stress is decreasing; this is related to the nonlinear behavior of the interface shear strength,
which is similar to typical granular soil behavior. Therefore, a low rate of increment of interface shear
strength at high normal stresses (above 800 kPa) is expected. Furthermore, information can be obtained
about the interface shear strength by extrapolating the normal stresses of the curves in Figure 2, by
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controlling the rate of shear and normal stress. The criteria for shear strength extrapolation is taken from
Parra et al. (2012), where a control point in function of an expected normal stress to be experienced in
heap leach pads is chosen.
Ayala and Huallanca (2014) developed a methodology to predict the interface shear strength for
high normal stresses based on a small number of large normal stress LSDS tests and the current
tendency suggested in Figure 3. An example of this prediction is shown in Figure 4, in which an
extrapolation of the shear strength has been done for two kinds of interfaces based on the criteria
explained in Parra et al. (2012) and Ayala and Huallanca (2014). Those calculations are compared to
real LSDS tests that reached a normal stress of 2,000 kPa, as a way of verifying the extrapolation
methodology used as an input for the interface shear strength in slope stability analyses. It should be
noted that more information should be gathered for LSDS tests at large normal stresses; however, from
the trends obtained in Figure 3 for normal stresses ranging from 0 to 800 kPa, these estimates could be
a reasonable approach.
a)

b)

c)

d)

Figure 3: Summary of the normalized shear strength tendency for (a) GC, (b) SC,
(c) CL & CH with FC ≤ 65% and (d) CL & CH with FC > 65%
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Figure 4: Normal and shear stress extrapolation for interfaces GC and CL soils with a 0.04 cm
geomembrane asperity height, compared to LSDS tests performed on the same interfaces

Based on the correlation and methodology above, shear versus normal stress curves were created
for typical geomembrane soil interfaces. Shear versus normal stress curves with an asperity height of
0.02 and 0.04 cm respectively are shown in Figure 5.a and Figure 5.b. A 0.02 cm asperity height is a
typical feature found in the field, since the asperity is reduced by the installation process and it ends up
being below the value recommended (0.025 cm) by the GRI on previous versions of the GM17. On the
other hand, a 0.04 cm asperity height represents the current lowest minimum asperity recommended by
the latest version of the GM17. In Table 2, the rates of shear and normal stress are shown, to prove that
the increment of shear strength at high normal stresses is decreasing, as suggested by the tendencies
shown in Figure 3.
a)

b)

Figure 5: (a) Shear versus normal stress curves for soil liners with a textured geomembrane
with a 0.02 cm asperity height (b) Shear versus normal stress curves for soil liners with a
textured geomembrane with a 0.04 cm asperity height
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Table 2: Normal stress versus rate of shear and normal stress
Normal
stress
(kPa)

Shear and normal stress rate at asperity
height of 0.02 cm (kPa)

Shear and normal stress rate at asperity height
of 0.04 cm (kPa)

Soil liner classifications

Soil liner classifications

CL&CH
with FC
> 65%

CL&CH
with FC
≤ 65%

SC

GC

CL&CH
with FC
> 65%

CL&CH
with FC
≤ 65%

SC

GC

100

0.391

0.508

0.519

0.489

0.549

0.576

0.628

0.556

200

0.337

0.458

0.511

0.451

0.467

0.550

0.598

0.551

400

0.281

0.382

0.409

0.444

0.421

0.443

0.505

0.489

800

0.227

0.313

0.362

0.409

0.3000

0.360

0.418

0.443

1,000

0.210

0.291

0.335

0.378

0.276

0.332

0.387

0.410

1,500

0.183

0.251

0.296

0.339

0.234

0.283

0.336

0.363

2,000

0.159

0.218

0.263

0.305

0.200

0.243

0.294

0.321

2,500

0.138

0.188

0.233

0.272

0.169

0.206

0.255

0.281

3,000

0.118

0.159

0.205

0.240

0.142

0.173

0.218

0.242

Case Histories 1 and 2 slope stability analyses
The main objective of this research was to determine the stabilization cost sensitivity for two heap leach
pad operational cases.
Case 1 is a small-scale operation of 8.5 Mton ore heap leach pad and is shown in Figure 6. It was
constructed in three stages. Initially, it was designed with a soil liner composed of around 30% gravel,
30% sand and 40% fines, with a textured geomembrane of 0.025 cm. However, due to the long distance
needed to bring the previous soil liner borrow area, it was changed to a borrow area with an average of
20% sand and 80% fines. Therefore, to enhance the interface shear strength, a coarse sand frictional
layer was applied. Later, during the operation of stage 2, a stability verification was performed, which
found that the geomembrane only had 0.015 cm of asperity height on average; as a result the interface
provided less shear resistance than the previous one calculated. Since the heap was already operating
the heap needed to be stabilized, so the construction of a compacted ore buttress was proposed. Finally,
the scope of stabilization for Case 1 is to offer alternatives that could have provided the best cost
effective alternative, if it had been implemented initially, compared to the original one constructed at
the end of its operation.
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Figure 6: Case 1, layout and cross section
Case 2 is a medium size operation of a 56,6 Mton ore heap leach pad, as shown in Figure 7. It was
also constructed in three stages. As the first approach for its geotechnical design, the less expensive
alternative was considered, i.e., a nearby soil liner borrow area of 10% gravel, 30% sand and 60% fines,
and a typical textured geomembrane with an asperity height of 0.025 cm. However, this first approach
provided a very low FS (see Table 4). Therefore, other alternatives were explored to find the best cost
effective stabilization solution.

Figure 7: Case 2, layout and cross section
It should be noted that all the alternatives provided a static FS ranging from 1.53 to 1.57, which
is a bit higher than the FS recommended by current state of practice (FS = 1.5). Pseudo static conditions
were not analyzed, but in high seismicity regions it would be another factor to consider when dealing
with the best cost effective stabilization solution. In addition, the shear strength of overliner versus
smooth geomembrane interface was considered to be more important than the soil liner versus textured
geomembrane interface.
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In the case of leached ore properties a Mohr-Coulomb model was implemented. For Case 1 an
effective stress friction angle of 35° and no cohesion was considered. For Case 2, an effective stress
friction angle of 37° and no cohesion was considered.
Case 1 results are shown in Table 3 and the costs for each solution are shown in Figure 8.a. It can
be concluded that if the design had considered Alternative 2 in the beginning, the operation would have
saved around US$150,000. This high additional cost is due to some “savings” during construction
(borrow area transportation and geomembrane asperity height increment) – but in the long run, these
analyses show how effective is to consider high asperity heights in initial design to raise FS, compared
to other alternatives for stabilization or post construction alternatives, such as the one shown in
Alternative 1. On the other hand, it can be observed how the FS is raised by the use of an asperity height
of 0.04 cm for the liner system, and how the cost may be impacted. As for other alternatives that imply
the use of 0.04 cm asperity height and soil liner mixture or both, their application is not as effective as
Alternative 2 in terms of cost; however, they remain much lower, even when the soil liner is mixed in
wet conditions, than both Alternative 1 and Alternative 6, which apply a geometrical modification or a
buttress construction.
Table 3: Solution of slope failure stability from Case 1

Alternative

Description

Original

FS

Solution
cost in dry
condition
(US$)

Solution cost in
dry condition
(US$)

1.27

–

–

Alternative 1

Construction of a buttress with compacted ore and
addition of a 50 m frictional layer (coarse sand)

1.53

176,800

–

Alternative 2

Additional cost of textured geomembrane (0,04 cm)
for the first 85 m in stability platform

1.53

12,700

–

Alternative 3

Additional cost of textured geomembrane (0,04 cm)
for all liner system

1.66

48,750

–

Alternative 4

Additional cost of textured geomembrane (0,04 cm)
and borrow area mixture (GC) for the first 60 m

1.53

31,000

40,500

Alternative 5

Using similar geomembrane (0,02 cm) and borrow
area mixture (GC) for the first 85 m

1.55

32,000

44,000

Alternative 6

Additional cost of textured geomembrane (0,04 cm)
and 1 stability trench

1.55

129,500

–

Case 2 results are shown in Table 4, and the costs for each solution are shown in Figure 8.b.
Alternative 2 results in the best cost effective stabilization solution, as long as the mixture of gravel
with the original soil liner is done in wet conditions. However, it should be noted that when the solutions
of asperity height increment and soil liner mixtures are compared to soil liner mixtures only, the costs
are similar. However, the first one may require less preparation time to mix than the one provided by
soil mixture only; such time costs have not been considered in the cost. It also should be noted that the
trench excavation proposed in Alternative 2 may demand more time to be developed and require more

190

HEAP LEACH SOLUTIONS, 2015 • RENO, NEVADA, USA
construction complexity; such conditions have not been accounted for either. Finally, the alternative
that provides for only the excavation of three trenches is the most expensive one, followed by
alternatives that combine soil liner mixture with one stability trench construction.
Table 4: Solution of slope failure stability from case two

Alternative

Description

Original

FS

Solution
cost in dry
condition
(US$)

Solution cost
in wet
condition
(US$)

1,28

–

–

Alternative 1

Construction of 3 stability trenches

1,54

451,000

Alternative 2

Additional cost of textured geomembrane
(0,04 mm) for all liner system and 1 stability trench

1,54

270,000

Alternative 3

Additional cost of textured geomembrane
(0,04 mm) and borrow area mixture (SC) for the
first 455 m

1,57

325,000

405,000

Alternative 4

Additional cost of textured geomembrane
(0,04 mm) and borrow area mixture (GC) for the
first 360 m

1,57

275,000

342,000

Alternative 5

Using original geomembrane (0,02 mm) and borrow
area mixture (SC) for the first 640 m

1,56

387,000

516,000

Alternative 6

Using original geomembrane (0,02 mm) and borrow
area mixture (GC) for the first 455 m

1,57

243,000

324,000

Alternative 7

Using original geomembrane (0,02 mm), borrow
area mixture (SC) for the first 360 m and 1 stability
trench

1,55

330,000

398,000

Alternative 8

Using original geomembrane (0,02 mm), borrow
area mixture (GC) for the first 270 m and 1 stability
trench

1,55

309,000

370,000

a)

b)

Figure 8: (a) Case 1 costs per stabilization alternative
(b) Case 2 costs per stabilization alternative
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Conclusions
 The current research has updated the Ayala et al. (2014) curves by adding 18 LSDS tests to
provide a data base of 100 tests to develop these curves.
 The shear strength behavior for soils used in practice as soil liner in heap leach pad projects
is quite nonlinear depending on the asperity height and the normal stress; thus it must be
considered when performing slope stability analysis and its implications for the cost must be
considered when developing stabilization solutions.
 The methodology proposed by Ayala and Huallanca (2014) to extrapolate interface shear
strength for high normal stresses has been used to develop four typical soil liner/textured
geomembrane interface shear strengths for a 0.02 cm asperity height, which is bit lower than
the minimum asperity height recommend by previous versions of the GM17, and to develop
another four soil liner/textured geomembrane interface shear strengths for a 0.04 cm asperity
height, as per the actual GM17 recommendation. The extrapolation calculations have been
verified with LSDS tests performed at high normal stresses and shear strength normal stress
ratio calculations that decrease as the normal stress increases. These interfaces were created
in order to perform a stability and cost effective sensitivity analysis.
 A stability and cost effective sensitivity analysis was developed for 2 historical cases. Case 1
is a small-scale operation where a post construction stabilization solution was applied; Case
2 provides different stabilization solutions conceived during the design stage to provide the
best cost effective alternative.
 For both cases the application of a solution that involves a high asperity height (0.04 cm)
provides the best cost effective alternative. If high factors of safety are needed, as is the norm
in high seismic regions, the alternative should add soil mixture, since trenches or buttresses
solutions require the highest costs of the solutions explored in this paper, therefore, they
should be applied as the last resorts.
 The increase of the asperity height to 0.04 cm proposed by the GM17 does not provide a high
cost for operators, and it even improves the stability of heap leach pads. However, as it did
not happen in the past, due to low interface shear strength because of the use of an asperity
height of a low value, overliner versus smooth geomembrane interface should be assessed to
ensure safe conditions for both overliner and soil liner interfaces, and to prevent failures.
 Another component to be added to the alternatives given and increase their cost efficiency
would be the application of a 3-D slope stability analysis (Reyes et al., 2014), which should
be a small investment compared to the savings when optimizing the cost of the stabilization
solution.
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Procedures for estimating seismic-induced
permanent displacements on heap leach pads
Andrés Reyes, Anddes Asociados, Peru
Keith Pérez, Anddes Asociados, Peru

Abstract
The seismic design of heap leach pads in regions with high seismic activity has usually been performed
by pseudo-static analysis. However, new methodologies have been studied that focus on determining
seismic-induced permanent displacements; the overall seismic design concept of a heap leach project
has shifted to specific allowable levels of displacement rather than a factor of safety (FOS). Heap leach
pads and their liner system are considered more sensitive to seismic-induced displacements than other
mine facilities due to the potential for tearing of the geomembrane during seismic events.
This paper presents a case study of a heap leach pad where seismic-induced displacements were
calculated through rigid block, decoupled, and coupled procedures. The authors use a large set of
geotechnical information, including state-of-the-art characterization of static and dynamic properties of
leached ore, advanced constitutive models, and other geotechnical details.
The analyses suggest that more research is needed to properly assess the dynamic parameters of
leached ore, which are critical when calculating seismic-induced permanent displacements of the heap’s
translational sliding mass. The analyses showed a good correlation between the results of Bray and
Travasarou (2007) and the finite-element methods; the latter validated an optimization of the original
design of the heap leach studied. This research suggests that the seismic design of heap leach pads
should be focused on determining seismic-induced permanent displacements, rather than focused on
pseudo-static FOS, unless a rational criterion is used to define the seismic coefficient.

Introduction
Historically, most civil engineering structures built in Peru are designed to endure the strong seismic
events expected in this region. These events are caused by the subduction zone of the Nazca plate
beneath the South American plate. Several local studies in Peru, such as Castillo and Alva (1993) and
Gamarra and Aguilar (2009), support the probability of strong earthquakes, which leads to the design
being heavily oriented towards seismic design. Those researches show isoacceleration maps for
different return periods and soil types. However, the Peruvian mining authority typically requests site
seismic hazard assessments for each mine site.
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During the last decade, most heap leach pad seismic designs were carried out through the pseudostatic approach using a seismic coefficient ranging from one-half to two-thirds of the peak ground
acceleration (PGA). Only in particular cases, typically when the pseudo-static factor of safety (FOS)
was too low, were seismic-induced permanent displacements (SIPD) calculated, usually using the
Newmark (1965) or Makdisi and Seed (1978) methods. However, modern criteria for seismic design of
earth structures defines a maximum allowable displacement those structures can sustain. As a
consequence, methods such as the Bray and Travasarou (2007) method are being used to estimate SIPD
through a simplified coupled procedure. Furthermore, the Bray and Travasarou (2009) method allows
the selection of a seismic coefficient based on maximum allowable displacements for any particular
structure, thus improving the pseudo-static approach.
Among mining structures, leach heaps, leach pads and their liner systems are considered
particularly sensitive to SIPD. In Peru, these liner systems are usually built using compacted low
permeability soils and single textured geomembranes. Seismic permanent displacements of 15 to 30 cm
(Kavazanjian et al., 2011) can tear the geomembrane and cause both environmental and economic
damage. Subsequently, a great deal of effort is put into determining an appropriate seismic coefficient
to use on a pseudo-static analysis or estimating reliable values of SIPD.
The objective of this paper is to compare different approaches employed in practice to determine
SIPD. A case study is presented in which the Houston et al. (1987), Makdisi and Seed (1978) and Bray
and Travasarou (2007) methods were used, as well as a fully-coupled dynamic analysis in PLAXIS.

Theoretical background
Kramer (1996) suggested two approaches to deal with seismic stability analysis: inertial stability and
weakening stability analysis. The first one is used for heaps and leach pads, since leached ore
liquefaction is not generally expected. However, there have been reported cases of this phenomenon
(Breitenbach and Thiel, 2005; Castillo et al., 2005), mainly because of high fines content and low
permeability of some crushed ore. Inertial stability analysis deals with displacements produced by
temporary exceedances of the material’s shear strength by dynamic stresses, assuming that this shear
strength remains relatively constant during the seismic event. A FOS calculation by a pseudo-static
analysis and SIPD calculation are methodologies used to understand inertial instability.
Following an extensive review of existing methods, Murphy (2010) defined three approaches to
estimate seismic-induced displacements: rigid-block, decoupled, and coupled analysis. For the rigidblock analysis, the Newmark (1965) method is the most recognizable. The Makdisi and Seed (1978) is
one of the most used decoupled methods, and the Bray and Travasarou (2007) method as well as
numerical dynamic analyses performed by software such as PLAXIS or FLAC are part of the coupled
methods. The following sections describe the theoretical background of these methods.
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Newmark (1965) and Houston et al. (1987)
Newmark (1965) was the first to formulate the rigid-block analogy, and his methodology has been
widely used to calculate SIPD for most geotechnical structures. The Newmark method considers a rigid
block mass sliding on an inclined plane, whose SIPD equals the double integration of the difference
between earthquake acceleration and a yield acceleration (ky), with the latter concept referring to the
overall slope resistance, which in turn depends primarily on the dynamic strength of the material along
the critical sliding surface and the structure’s geometry and weight (Bray, 2007). Several authors have
modified the original Newmark (1965) method to overcome simplifications such as the inclined plane
and the rigidity of both the sliding mass and slip surface assumptions.
Houston et al. (1987) modified the Newmark (1965) methodology by introducing a slip layer,
whose “softened” properties would prevent accelerations within the sliding mass to exceed ky.
Accelerations that surpass ky within the sliding mass would generate movements in it and then be
inconsistent with the original assumption of the rigid-bock method. Typically, the seismic record below
the slip layer is used to calculate displacements.

Makdisi and Seed (1978)
In their landmark paper, Makdisi and Seed (1978) formulated the decoupled method, which consists of
two separate steps: a dynamic response analysis and a sliding response analysis. The first one is
performed to quantify the accelerations experienced by the sliding mass. The second one is performed
to calculate SIPD through double integration of an earthquake motion. Makdisi and Seed (1978) used
average accelerations computed by the procedure of Chopra (1966) and sliding block analyses to
compute SIPD of earth dams and embankments (Kramer, 1996).
Makdisi and Seed (1978) were the first to develop a series of calculation charts based on their
simplified decoupled method by the analysis of three earthquake records with different magnitudes.
One of their charts evaluates the seismic average equivalent accelerations experienced by the sliding
mass as a function of the slip surface depth, main body height, and crest peak acceleration of a dam.
The other chart is employed to estimate SIPD with respect to the fundamental period of the embankment
(Murphy, 2010). The Makdisi and Seed (1978) method is still widely used within the geotechnical
community for a broad range of structures, primarily due to its simplicity, despite the fact that it was
only developed for dams and embankments.

Bray and Travasarou (2007)
Bray and Travasarou (2007) presented a simplified coupled semi-empirical predictive model to estimate
the SIPD based on the Newmark (1965) rigid-block method and numerical analysis, as a way to update
the method developed by Makdisi and Seed (1978). This procedure involves a block failure model
sliding over a nonlinear coupled surface (Rathje and Bray, 2000), which can represent the dynamic
behavior of structures such as: dams, natural slopes, compacted fill dykes, and municipal solid waste
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fills (MSWF). MSWF are usually designed with liner systems, similar to leach pads, which control its
failure mechanism, thus limiting the maximum allowable seismic-induced displacements.
Bray and Travasarou (2007) noted that the major uncertainty for the evaluation of an earth
structure is the seismic event. To overcome this issue, they took advantage of over 688 earthquake
records and concluded that the spectral acceleration at a degraded period of the potential sliding mass
is the most efficient and sufficient single ground motion intensity measure. The method captures the
slope seismic resistance through its ky and initial fundamental period. Using these parameters as input,
Bray and Travasarou (2007) presented formulations to estimate SIPD and to evaluate the probability of
negligible SIPD. Finally, they showed that their estimates were generally consistent with 16
documented cases of earth dams and MSWF.

Stress deformation analysis
A powerful tool to estimate both static and SIPD is the use of stress-deformation analyses that employ
2-D and/or three 3-D finite elements or finite different models. These analyses include seismicallyinduced permanent strains in each element of the finite element mesh or zone of the finite difference
model (Kramer, 1996). Conceptually, a fully-coupled nonlinear analysis should be able to calculate any
SIPD in any slope; however, such analyses are very complex (Duncan and Wright, 2005). Without
initial simplifying assumptions, the accuracy of the stress deformation analysis depends on the stressstrain or constitutive model capacity to represent the real soil behavior (Kramer, 1996). Computer
programs such as PLAXIS or FLAC are widely used to assess the seismic behavior of most geotechnical
structures.

Pseudo-static analysis
This approach consists of performing a slope stability analysis, usually by the limit equilibrium method,
where a 2-D FOS is computed in which a static horizontal inertial force is applied to the potential sliding
mass. This force, expressed as the product of a seismic coefficient (k) and the potential sliding mass
weight, represents the destabilizing effects of a design earthquake to the analyzed structure. Hence, the
validity of this approach is based on a k value representing the seismic loading.
The pseudo-static screening procedure of Hynes-Griffin and Franklin (1984) recommends, among
other things, the use of half of PGA at the site, based on their assumption that 1 m of SIPD is acceptable
for most earth dams. As a consequence, this approach should not be used for structures with lower
values of maximum allowable SIPD, such as heap leach pads. Given the need for an appropriate method
to select a seismic coefficient considering the facility-specific maximum allowable SIPD, Bray and
Travasarou (2009) presented a procedure, based on the Bray and Travasarou (2007) approach, that
permits the selection of a project-specific allowable level of SIPD, and estimates the fundamental period
of the sliding mass as well as a site-dependent seismic demand (expressed in terms of spectral
acceleration) so that a rational seismic coefficient can be calculated.
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Case study geotechnical overview and analysis
The case study is a 120 m-high heap located at a mine site in southern Peru, with a maximum capacity
of 40 Mt. The original seismic design only involved a pseudo-static analysis using a seismic coefficient
of 0.19 (50% of the PGA), and resulted in the configuration shown in Figure 1, which included a 100
m-width bench to account for seismic instabilities. The task was to reevaluate the static and dynamic
stability of the heap, focusing on updating the geotechnical parameters and accurately estimating SIPD
in order to take advantage of the existing ramp and to increase the capacity.
The following sections describe the geotechnical site investigation and laboratory tests carried out,
as well as a detailed description of the geotechnical analysis performed. These evaluations included
static stability analyses through the limit equilibrium and finite element techniques, followed by pseudostatic analyses and the calculation of SIPD using the Houston et al. (1987), Makdisi and Seed (1978),
Bray and Travasarou (2007) and finite element stress deformation methods.

Geotechnical site investigation and laboratory tests
Given the nature of translational surface failures, which are typically the main cause of failure of heaps,
the focus of the geotechnical site investigation was on characterizing both low permeability soil-single
textured geomembrane interface and leached ore. The particle size distribution (PSD) of the crushed
leached ore was determined in the field by several excavations in the heap. In each excavation, almost
1 tonne of leached ore was evaluated, first weighting the whole sample and then separating particles
with sizes smaller than 3". Using large meshes, the PSD of all material larger than 3" was determined
at the site. Complementary laboratory tests on the smaller size particles completed the global PSD curve.
Figure 2 shows the average global PSD of the leached ore. For the interface, undisturbed samples of
low permeability soil and geomembrane were taken from two locations at the heap toe.
100 m-width bench

Figure 1: Plan view of the original design of the leach pad and heap critical cross-section
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Due to the large particle size of the crushed ore and using 1” as maximum particle size, a parallel
gradation curve to the original PSD was developed (see Figure 2). By using this curve, scalping would
not be needed when testing on a 150-mm diameter triaxial consolidated-drained test. The technique
used to build the parallel gradation curve was first developed by Lowe (1964), and then extensively
used by Marachi et al. (1969), Thiers and Donovan (1981), and Varadarajan et al. (2003) in order to
perform drained triaxial tests on rockfill, crushed rock, and alluvial soils. In the last decade, many
researchers, particularly Gesche (2002), De La Hoz (2007), Dorador (2010), and Ovalle et al. (2014),
and practitioners such as Linero et al. (2007) and Palma et al. (2009), have used this technique when
testing alluvial and waste rock materials. The laboratory tests performed for this case study were used
to obtain shear strength properties for leached ore and provided representative stress-strain curves for
the numerical models.
Another parallel gradation curve was built in order to perform cyclic tests on leached ore and
obtain shear modulus degradation and damping ratio increment curves (see Figure 2). Two sets of cyclic
tests on this sample, with a maximum particle size of ¾", were performed in a resonant column and
cyclic torsional shear device (RCTS) built at the University of Texas at Austin. The RCTS device is
capable of performing on the same soil specimen both the torsional resonant column test at high loading
frequencies and in the nonlinear range, and the cyclic torsional shear test at much lower frequencies
(Liao et al., 2013). This device has been used by Darendeli (2001) and Menq (2003) to test different
kinds of fine grained, sandy and gravelly soils, producing shear modulus and damping ratio curves for
these materials. Furthermore, Liao et al. (2013) performed several tests in the RCTS device using
scalped samples of crushed gravel produced in a rock quarry. However, no previous published work is
available on dynamic properties of leached ore modeled by the use of the parallel gradation technique
on dynamic testing, thus making these tests results the first to be published.
For the current case study, three sets of large scale direct shear (LSDS) tests were performed on
the low permeability soil-textured geomembrane interface: two of them tested undisturbed and
remolded soil samples with normal pressures up to 800 kPa in a local laboratory. One extra set of tests
was carried out on remolded samples using normal pressures up to 2,000 kPa, since most of the interface
in the leach pad is subjected to normal stresses from 1,000 to 2,000 kPa. Along with the tests above
described, a detailed review of all previous field and laboratory tests was executed that allowed to
properly define both static and dynamic properties of all materials involved in the geotechnical design.
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Figure 2: Particle size distributions of the original material and two sets of scaled samples

Static analyses
Since the leach pad was located over fair to good quality rock, only translational failures were of
concern, which provided lower FOS than the rotational ones. Therefore, a lot of effort was made to
properly determine and model both shear resistance and deformational parameters of leached ore and
interface. The drained triaxial test on the leached ore provided a nonlinear shear strength envelop; this
material was considered cohesionless with a reducing friction angle as confining pressure increases.
The range of variation of the friction angle was defined from 40° to 35°. Another nonlinear envelope of
shear strength was defined for the interface. Since nonlinearity of soil-geomembrane interfaces deeply
influences its stability (Parra et al., 2012 and Ayala and Huallanca, 2014), the LSDS results at high
normal stresses confirmed the shear strength decay at high loadings. Figure 3 shows the nonlinear
resistance envelopes for both materials.
2-D slope stability analyses by the limit equilibrium method using Spencer’s (1967) procedure
were performed on all 4 cross-sections, shown in plan view in Figure 1. The resulting 2-D FOS of the
original design cross-sections, as well as the SIPD estimated, showed adequate stability conditions (see
Table 1). However, it should be noted that the nonlinear resistance envelope of the interface for high
normal stresses reduced the FOS when compared to the ones calculated in the original design, primarily
because the envelope was only defined based on tests up to 800 kPa.
To optimize the heap leach capacity, a redesign was proposed by reducing the width of the existing
ramp from 100 to 25 m. This configuration was analyzed; the resulting FOS are shown in Table 1.
Figure 4 shows the optimized design.
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Figure 3: Non-linear shear strength envelopes for leached ore and low
permeability soil-geomembrane interfaces (left) and calibrated stress strain
curves from HS model for leached ore (right)
Table 1: 2-D FOS calculated from the static analysis of the optimized design
Factor of safety
Crosssection

Method

Static

Pseudo-static
100 years return-period

475 years return-period

1–1'

Limit equilibrium

1.43

1.04

0.93

2–2'

Limit equilibrium

1.41

1.01

0.90

Finite element

1.41

0.96

0.87

3–3'

Limit equilibrium

1.43

1.03

0.92

4–4'

Limit equilibrium

1.41

1.02

0.91

Given the need of a finite element model for the dynamic analysis, the computer program PLAXIS
was used to analyze the critical cross-section (section 2-2') of the heap leach pad. The authors compared
the 2-D limit equilibrium analysis FOS to the 2-D finite element model FOS to verify the static
properties of the materials used in the latter, since no available constitutive model in PLAXIS allows
for an easy representation of nonlinear envelopes of resistance. The Hardening Soil (HS) model
(Brinkgreve et al., 2014) was employed for the numerical modeling of the deformational behavior of
the leached ore, calibrating it with the resulting stress-strain curves from the triaxial test. The HS is an
advanced model for simulating the behavior of different types of soil, both soft and stiff (Schanz, 1998).
It is based on the Duncan and Chang (1970) hyperbolic model, introducing the plastic theoretical
approach rather than elastic theory and including soil dilatancy, a yield cap and a Mohr-Coulomb failure
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envelope (Brinkgreve et al., 2014). Another feature of the HS model is the stress dependency of the
stiffness, which allowed performing a proper staged construction model of the heap. Figure 3 shows the
original triaxial stress-strain curves and the ones generated by the calibrated HS model of the leached
ore.

25 m-width bench

Figure 4: Plan view and critical cross-section of the optimized design of leach heap
To model the nonlinear resistance behavior of the interface in PLAXIS, the heap was previously
built and analyzed in the software. These preliminary results allowed the authors to discretize the
interface in PLAXIS according to the normal stresses applied to this material at the final stage of
construction. Each discretized cluster was modeled by the linear elastic and perfectly plastic Mohr
Coulomb model and assigned different shear resistance parameters based on the nonlinear resistance
envelope used in the limit equilibrium analysis. As for the deformational parameters, since the results
of the LSDS tests are usually presented in terms of displacements rather than shear strains, the authors
used the shear box length of the LSDS device to obtain pseudo shear strain curves. These curves
provided the shear modulus and shear resistance parameters that were later calibrated for a direct shear
test simulated in PLAXIS. The resulting static 2-D FOS calculated by PLAXIS using the shear strength
reduction approach for section 2-2' is presented in Table 1. As it can be seen, the FOS from the finite
element model of the section 2-2' is very close to the FOS obtained by the limit equilibrium method.
Figure 5 shows the resemblance of the 2-D translation failure surfaces obtained from both limit
equilibrium and finite element analysis.

Seismicity
The uniform hazard response spectrums for 100 and 475 return periods (operation and closure
conditions, respectively), from the site seismic hazard assessment were employed in all seismic
evaluations. Seismic records from both horizontal components used as input for site response analysis
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were obtained from published motions from Peruvian and Chilean subduction earthquakes recorded in
Peru. The earthquake motions from the 1974 Lima, 2001 Atico, 2005 Tarapacá and 2014 Iquique
earthquakes were chosen. It is important to mention that the Lima and Atico earthquake motions were
recorded near the epicenter of the event, capturing their high energy content; however, the Tarapacá
and Iquique motions employed were recorded far from their epicenters, as a consequence low values of
PGA and energy content were registered. No other earthquake motions were selected due to the limited
database available for Peru. All 8 seismic records (two horizontal components per earthquake) were
spectral matched to the 100 and 475 years return period response spectrums using the SeismoMatch
software, which is based in the pulse wave algorithm proposed by Abrahamson (1992) and Hancock et
al. (2006).

(a)
Limit equilibrium failure surface

(b)
Figure 5: 2-D failure surfaces from the (a) limit equilibrium
and (b) finite element analyses for the section 2-2’

Seismic analyses
The pseudo-static analysis carried out in the original design report considered the use of 50% of the
PGA as the seismic coefficient (0.10 and 0.19 for operation and closure conditions, respectively), which
resulted in FOS slightly above 1. The authors recalculated the seismic coefficients with the Bray and
Travasarou (2009) method, using 15 and 50 cm as maximum allowable SIPD for operation and closure
conditions, resulting in coefficient values of 0.10 and 0.14, respectively. The recalculated FOS from the
pseudo-static analysis resulted far above 1. So, as previously stated, an optimization of the design by
reducing the width of the ramp from 100 to 25 m was proposed and seismically analyzed. The coupled
Bray and Travasarou (2007) method was used as basis for the optimization, the rigid block method of
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Houston et al. (1987) and coupled finite element dynamic analysis using PLAXIS were performed to
further verify those results. The decoupled Makdisi and Seed (1978) method was used as a means of
comparison only for this paper. The following sections describe the dynamic parameters of the material
involved and the details and results of each analysis.

Dynamic properties
Shear wave velocities for the leached ore were obtained from previous geophysical surveys on top of
the heap leach pad. These shear wave velocity profiles were compared to the shear wave velocity results
of the RCTS tests, which provided a logarithmic relationship between the velocity and the mean
effective stress, both approaches showed a close fit. RCTS tests also provided two sets of shear modulus
and damping ratio curves for representative confining pressures, which are shown in Figure 6. These
curves were compared with the average sand curve from Seed and Idriss (1970), average gravel curve
from Seed et al. (1986) and the curves predicted by Menq (2003) and Liao et al. (2013).
The comparison showed a clear deviation of these results from all previous literature curves,
although it confirmed the change in the nonlinear behavior affected by confining pressure. The Menq
(2003) sand and gravel relationships effectively show the change in nonlinear behavior of coarse
grained soil due to changes in the uniformity coefficient (Cu) value and confining pressure. However,
changes in particle angularity, surface texture, and exotic material fabrics were not evaluated by Menq
(2003). The modified hyperbolic equations used by Menq (2003) can be used to calibrate the leached
ore response in the nonlinear strain range and to clearly model its behavior as a function of confining
pressure. The equation to calibrate the model should include increased angularity, surface texture, and
fabrics of the leached ore. More test data would be needed to have confidence in this material-specific
model (Stokoe, 2014). However, only for this particular project, a modification of the original Menq
(2003) formulation was made. This modification was exclusively made for this particular RCTS results
for both shear modulus and damping ratio curves, as shown in Figure 6.
On the other hand, dynamic properties of the interface were modeled based on the technique
recommended for linear equivalent analysis by Yegian et al. (1998), which considers an equivalent soil
layer of 1 m of thickness. For the finite element dynamic analyses, the HS small strain model was used
to model leached ore dynamic response. The HS small strain model in PLAXIS is based on the HS
model and uses almost entirely the same parameters, adding only two that allow hysteresis in cyclic
loading and damping. However, as its name suggests, stiffness degradation is bounded by a low limit
of strain. For this reason, one dimensional (1-D) seismic response analyses were included to determine
the maximum strains the leached ore would be subjected to. It was verified that these strains would not
surpass the strain limit of the HS small strain model in PLAXIS.
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Figure 6: Shear modulus degradation and damping
ratio curves for leached ore and comparison
The interface in PLAXIS was modeled with the Mohr-Coulomb model. Their dynamic parameters
were defined by checking the strains developed in the 1-D seismic response analysis. Using these
strains, degraded shear moduli were assigned for each discretized cluster, based on the curves suggested
by Yegian et al. (1998). After all these simplifications, response spectrums for all materials resulting
from the 1-D seismic response analysis and the PLAXIS model were compared, showing a good general
agreement of both approaches.
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Seismic analyses and results
SIPD for operation and closure conditions, associated with 100 and 475 years return period seismic
events, were calculated using the Houston et al. (1987), Bray and Travasarou (2007) and stressdeformation methods. The Makdisi and Seed (1978) method was used for this paper for comparison
purposes, by using their original charts.
The linear equivalent seismic response analyses for the Houston et al. (1987) method were
executed with the software DeepSoil (Hashash, 2014) and using all 8 seismic records. The D-MOD
(Matasovic, 1993) software was used to calculate the SIPD based upon the seismic records from the
response analysis. The average SIPD values of all records are presented in Table 2. The Makdisi and
Seed (1978) and Bray and Travasarou (2007) SIPD values are also presented in Table 2. All 8 seismic
records were used in the finite element PLAXIS analysis. Figure 7 shows the cumulative displacements
of the Houston et al. (1987) analysis and Figure 8 presents the horizontal displacements of the PLAXIS
model.
Table 2 presents the average and range of values of horizontal displacements developed along the
interface for the 100 year return-period event. The fully coupled PLAXIS analysis showed an average
displacement of 2.5 cm, ranging from 0.3 to 3.0 cm for a failure mechanism similar to the one showed
in Figure 7. Using these results as basis for comparison, the Houston et al. (1987) and Bray and
Travasarou (2007) resulted in much lower values. However, these three procedures resulted in
negligible displacements when compared to the 15 cm defined as a limit for operation conditions. On
the other hand, the Makdisi and Seed (1978) method resulted in a wider range of displacements, much
higher than the PLAXIS results and almost half of the maximum allowable displacement (15 cm). It is
important to mention that the Bray and Travasarou (2007) predicts a probability of negligible
displacements of 100%, which is confirmed by the Houston et al. (1987) results and partially by the
PLAXIS model.
Table 2: SIPD values for 100 year return-period
Seismic permanent displacements (cm)
Column
/ Crosssection

Makdisi
and Seed
(1978)

Houston et al.
(1987)

Bray and Travasarou (2007)

PLAXIS

Range

Average

Range

Probability of
negligible
displacements

Average

Range

Average

Range

1

–

0.0

0.0–0.1

–

–

–

–

–

2

–

0.1

0.1–0.2

–

–

–

–

–

3

–

0.1

0.1–0.2

–

–

–

–

–

2–2'

0.8–8.0

0.1

0.0–0.2

100%

0.3

0.2–0.6

2.5

0.3–3.0
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Table 3: SIPD values for 475 year return-period
Seismic permanent displacements (cm)
Column
/ crosssection

Makdisi
and Seed
(1978)

Houston et al.
(1987)

Bray and Travasarou (2007)

PLAXIS

Range

Average

Range

Probability of
negligible
displacements

Average

Range

Average

Range

1

–

6.6

4.2–7.5

–

–

–

–

–

2

–

6.8

4.3–7.7

–

–

–

–

–

3

–

7.4

4.7–8.8

–

–

–

–

–

2–2'

40–150

6.9

4.2–8.8

5%

9.1

4.6–18.2

7.4

2.0–12.6

Table 3 shows the average and range of values of horizontal displacements developed along the
interface for the 475-year return-period event. The PLAXIS model results in an average displacement
of 7.4 cm, ranging from 2.0 and 12.6 cm; the failure mechanism is shown in Figure 8. Stress deformation
results were compared again to the Houston et al. (1987) and Bray and Travasarou (2007), it resulted
in similar values of average displacements. However, the Bray and Travasarou (2007) average value is
slightly more conservative. Furthermore, the maximum value of displacements calculated from the
PLAXIS model is within the Bray and Travasarou (2007) range; in contrast, the Houston et al. (1987)
range of results underestimates displacement. Finally, the Makdisi and Seed (1978) method resulted in
much higher displacements than the one obtained by PLAXIS, being almost equal to three times the
maximum allowable displacement (50 cm).

Figure 7: Cumulative seismic permanent displacements of the Houston et al. (1987) method
for 100- (L) and 475-year return-period, considering the 2001 Atico earthquake
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Limit equilibrium failure surface

Figure 8: Horizontal displacements in the finite
element model after the 475-year return period analysis
These results allowed verifying the optimization design of the heap leach pad, which ultimately
resulted in a capacity increment of 4 Mm3 with no construction cost. The Bray and Travasarou (2007)
was used to further analyze other options of optimization, given that this procedure resulted in similar
average values to the ones calculated from PLAXIS with a range of displacements rationally
conservative.

Conclusions
Several procedures for estimating SIPD on heap leach pads were evaluated. The rigid-block Houston et
al. (1987), Makdisi and Seed (1978) decoupled, Bray and Travasarou (2007) coupled and finite-element
fully-coupled procedures were reviewed and compared.
A case study was presented of a dynamic analysis of a heap leach pad, in which the calculation of
SIPD was critical to optimize its design. The authors employed a large set of geotechnical information
and state of art characterization of static and dynamic properties of leached ore. The parallel gradation
technique, which was used to scale the large size particle ore to fit standard-size laboratory equipment,
was employed to test crushed leached ore on triaxial and RCTS devices. LSDS tests were performed on
low permeability soil-textured geomembrane interface with normal pressures ranging from 100 to 2,000
kPa. Non-linear shear strength envelopes were used to characterize the shear strength of both leached
ore and interface.
The 2-D limit equilibrium static method was compared to the finite-element method in terms of
FOS and failure mechanism geometry giving a good correlation. It was determined that the nonlinearity
of the interface shear strength was fundamental to the results because of its asymptotic nature for normal
stresses of 800 to 2,000 kPa, which corresponds to the normal stresses that are mainly formed at the
leach pad block failure mechanism. The HS model was used to model the leached ore and several
discretized cluster of Mohr-Coulomb materials were employed to model the nonlinear features of the
interface. Eight seismic records were used to calculate SIPD for Houston et al. (1987) for both 100- and
475-year return period earthquakes. As for the PLAXIS analyses, two seismic records (Lima, 1974;
Atico, 2001) were used that were spectral matched to the rock spectrum. In the case of the Bray and
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Travasarou (2007) coupled procedure, the spectral acceleration was calculated with the site spectral
acceleration for rock. Finally, all those results were compared to each other and also a Makdisi and Seed
(1978) SIPD was introduced as a reference.
The results showed, in general, a good agreement and were rationally conservative for the Bray
and Travasarou (2007) method when compared to the PLAXIS model. The Houston et al. (1987) results
were within the range estimated with the Bray and Travasarou (2007) procedure, but in some cases
underestimated the PLAXIS results. In contrast, the Makdisi and Seed (1978) results were generally
much larger than the other ones. Bray and Travasarou (2007) showed consistency between the results
of their method when compared to observed seismic displacements on earth dams and MSWF and
concluded that the Makdisi and Seed (1978) method can yield both conservative and unconservative
displacements. The results of this paper support their conclusions. Given these results, the Bray and
Travasarou (2007) procedure was validated for this case study and was further extensively used in this
analysis. The authors recommend the use of this method to estimate SIPD for seismic design of heap
leach pads, since it involves relatively simple calculations in comparison the numerical complexity of
Newmark (1965) type analysis or the use finite-element finite-difference models. However, it is
important to mention that SIPD are sensitive to the fundamental period of the sliding mass and
correspondent spectral acceleration, which are inputs for the Bray and Travasarou (2007) procedure.
Therefore, the determination of the dynamic characteristics of leached ore and interface, and a correct
selection of response spectra for design are critical. This research suggests that the seismic design of
heap leach pads should be focused on determining SIPD rather than focused on pseudo-static FOS
unless a rational criterion is used to define the seismic coefficient, such as the one presented by Bray
and Travasarou (2009).
Finally, the importance of testing interfaces for high normal stresses is highlighted due to the
asymptotic behaviour of its shearing strength, which is critical for the stability assessment of heaps of
over 80 m height. Similarly, more research is needed to properly define shear modulus and damping
ratio curves for leached ore and low permeability soil-textured geomembrane interface, since in the case
of the first one, a comparison of project-specific results showed disagreement with literature curves of
gravel and sand.
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Abstract
Low-permeability soils are commonly required for various facilities at a mine site including heap leach
pads, tailings facilities, potentially acid generating material stockpiles, process solution ponds, and
waste impoundments. Often this soil layer is one element of a composite lining system which consists
of the low-permeability soil overlain by geomembrane liner. The low-permeability soil component
reduces the transmission of the retained solution in the case of a liner imperfection or puncture.
Excavation of on-site, naturally occurring low-permeability soil is the most cost effective and preferred
construction material, however for some projects an acceptable low-permeability borrow source is not
readily available. In addition, due to the remote nature of many sites, suitable regional borrow sources
are not available in the vicinity of the mine and import (purchase and transport) of low-permeability
soil is cost prohibitive. Other viable alternatives for a low-permeability layer include manufactured
geosynthetic clay liner (GCL) or modification of on-site soils with a clay additive; typically
manufactured powdered bentonite. Other high plasticity natural clays may be used to amend soils,
however greater mixing percentages will likely be required due to lower swell potential. This paper
compares the engineering characteristics of both options including hydraulic conductivity, internal and
interface shear strength, and variation in properties when in contact with aggressive solutions.
Construction considerations and quality control for both options are discussed. Finally, the paper
presents and discusses a cost comparison of the options to direct hauling from an on-site or regional
borrow source. Generalized results indicate that direct haulage from an on-site or regional borrow
source is the most economical choice for short haul distances, after which the GCL or amended soil
options for the low-permeability soil layer are more attractive. Many variables play into the viability
and haulage costs for a local source, and each site will be different. If the site is forced to consider
alternatives to a local borrow source, selection between a GCL or amended soil is primarily based on
transportation costs from the manufacturer, processing and placement considerations, and required
shear strength of the liner interface.
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Introduction
Various facilities at a mine site such as heap leach pads, tailings disposal facilities, potentially acid
generating material stockpiles, and solution ponds require an engineered liner system to contain solution
and control percolation into the subgrade. The primary purpose of the liner system is to enhance the
recovery of solutions within the facility and protect the environment, and the performance of the liner
system is typically prescribed by state and federal regulations. The selection of a particular liner system
depends on the necessary performance and the materials available. The designer must demonstrate that
the liner can be constructed with a permeability that achieves the necessary requirements and that the
permeability can be maintained throughout the design life of the facility.
In the US, the requirements for liner systems are primarily regulated through the governing agency
in charge of ground water quality and vary by state and facility type. The focus of this paper is directed
at the western metal mining states of Nevada, Arizona, Colorado, Idaho, Utah and Montana. Arizona
and Nevada have developed quantifiable liner requirements for the various mining facilities, as shown
in Table 1. Idaho has similar prescribed requirements, but only for cyanide facilities. The remaining
states do not have prescriptive requirements for liner design and performance but require that a liner
design is based on the best available engineering techniques to prevent ground water contamination.
Table 1: Prescriptive liner requirements
Facility type

Nevada

Arizona

Tailings storage facility

12-inch thick soil liner with
permeability of 10-6 cm/sec

Synthetic liner with sub-base of 12inch thick soil layer with permeability
of 10-6 cm/sec

Heap leach facility or
other non-impounding
surfaces

Synthetic liner with sub-base of 12inch thick soil liner with permeability
of 10-6 cm/secNote1

Synthetic liner with sub-base of 12inch thick soil layer with permeability
of 10-6 cm/sec

Solution pond

Dual synthetic liner with a leakage
collection and recovery system

Dual synthetic liner with sub-base of
6-inch soil layer with permeability of
10-6 cm/sec

Note1: The permeability can be increased to 10-5 cm/sec if a leakage collection and recover system is installed

However, there isn’t always a source of available natural materials that are able to meet the
prescriptive permeability requirements using standard construction methods. This is where the
alternatives, geosynthetic clay liners (GCL) and amended soils, come into consideration. The
capabilities and limitations of these alternative lining methods are discussed herein.

Containment liner systems
As previously discussed, composite liners are often required for containment. Composite liner designs
include a combination of a low-permeability soil, subsequently referred to as a soil liner, with an
overlying geosynthetic liner. High or linear low density polyethylene geomembranes are the most
commonly used geosynthetic liner in the mining industry for containment. The direct contact between
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the geosynthetic and the soil liner produces a composite liner that reduces leakage from small
imperfections or punctures in the primary geosynthetic liner.
Various options are available for the soil liner. Excavation of on-site, naturally occurring lowpermeability soil is often the most cost effective and preferred construction material, however for some
projects an on-site or regional borrow source is not economically available. Consideration should also
be given to the cost associated with excavation and processing of soil from a local borrow. For example,
the economics of using natural on-site or regional clay sources that reside below the water table are
typically less favorable due to the cost of drying the material through manual manipulation. In addition,
hard clay sediment deposits such as shale and claystone may not be economically attractive due to the
cost associated with difficult excavation and working the material to allow effective moisture
conditioning and compaction. If a low-permeability natural soil is not available, other viable options
for the soil liner include amending a locally available soil that does not exhibit the required permeability
with a clay additive or the use of a GCL. The following sections describe the types of alternative soil
liners available, engineering and economic considerations in their use, and a simplified comparison cost
analysis.

Soil characterization
The initial step in the design of a soil liner is to compile and review all the information regarding the
site soils including NRCS soil maps, surface geology maps, and existing engineering reports. This
information should be used to vet potential on-site and regional borrow areas and prepare for a field
investigation. The goal of the field investigation is to identify suitable borrow sources (sufficient quality
and quantity of target soils) within a reasonable distance from the proposed facility. Test pits are the
most effective method to qualify potential borrow sources. Test pits allow the engineer to assess quality
of the target soils through sampling and subsequent laboratory testing and the areal extent and quantity
of material available.
The field investigation is most effectively completed using a two-phase approach; especially for
projects that require a higher degree of certainty. The first phase includes excavating test pits over a
large area to identify the general location of suitable materials. Samples from the initial field
investigation should be classified and tested in the laboratory for index properties, and the results used
to estimate the hydraulic characteristics. The permeability can be estimated from the gradation
characteristics of the soil (EPRI, 1990) and coupled with the Atterberg limits results can assist in the
identification of materials that could be viable. The Hazen relationship was developed for sand and
should only be used as a crude estimate for other soil types. If suitable material is identified during the
first phase investigation, a second phase is advanced that focuses on the candidate soil horizons and
locations and ultimately, the quantification of the proposed borrow area and final confirmation of
acceptable hydraulic characteristics. For smaller projects that can justify only one field investigation,
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the previously described two-phased approach is scaled back, but a single-phase field investigation adds
uncertainty to the identification and quantification of a borrow source. If a single phase investigation is
required, engineering judgment is typically used to qualify candidate borrow sources in the field, where
rough quantity and quality assessments of the low-permeability soils sources occurs. Confirmation of
the soil characteristics then has to occur in the laboratory to verify field assessments. A single phase
investigation inherently has more risk associated with definitive identification of low-permeability soil
borrow sources. Often on-site or regional soil does not meet the permeability requirements prescribed
by the regulatory agency and an alternate liner design is necessary.

Bentonite amended soil liners
If an available, economical soil is well-graded and has properties near the prescriptive permeability
requirements of a soil liner, then an amended soil liner is an option. The addition of bentonite blended
with a more pervious soil is typically sufficient to enhance the hydraulic properties to an acceptable
level. Manufactured bentonite is processed clay composed primarily of smectite minerals. Bentonite is
an effective amendment since it is fairly easy to mix with a natural soil and exhibits high swell potential
that can significantly reduce the permeability of the in-situ materials. Powdered bentonite is best for
admixture applications. Bentonite pellets, chips, or granulars are also available but are not
recommended for admixture applications because of the difficulty in generating a homogenous
amended soil liner. In our experience, well-graded soils that are within 3 orders of magnitude of the
prescriptive permeability are most successfully amended with bentonite and deserve economic
consideration, but characteristics of commercial bentonite products vary widely and necessitate project
specific testing. Other high plasticity natural clays could be used to amend a higher permeability site
soil, but greater admixture percentages are likely required and there are added expenses from extraction
and processing of the natural clay.
The design objective for an amended soil liner is to identify the percentage of bentonite necessary
to reduce the permeability to an acceptable level. Laboratory testwork is commonly performed to assess
the appropriate relative percentage of bentonite. Typically, two or three different trial admixtures are
assessed using the same base soil and varying percentages of bentonite. The trial mixtures are prepared
at equivalent relative compaction and the permeability is measured using the ASTM D5084 procedure.
The base soil for an amended soil liner often exhibits significant variability across a large borrow. In
this case the base soil selected for the amended soil laboratory assessment should typically represent
the courser soils that will be encountered in the borrow. By selecting a coarser base soil sample, an
upper bound of bentonite admixture percentage can be identified. The addition of the bentonite will
alter the compaction characteristics of the composite soil, so individual moisture-density (Proctor) tests
are necessary for each amended soil sample. Once testing is complete, the relationship between the
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relative compaction, moisture content, measured permeability and the percent bentonite is developed
to identify the necessary bentonite percentage. An example of some test results are shown in Figure 1.
1 E-04
Soil #1

Permeability (cm/sec)

Soil #2
Soil #3
Req'd Permeability

1 E-05

1 E-06

1 E-07
0%

2%

4%

6%

8%

Sodium Bentonite Addition (% by dry weight)

Figure 1: Typical laboratory results for bentonite amended soil
The amount of bentonite needed to obtain a desired permeability is dependent on the gradation
and plasticity characteristics of the natural soil. Amendment is most efficient for well-graded soil types.
Ryan (1987) combined data from approximately thirty bentonite amended soil liners, but no general
correlation between bentonite percentage and permeability was identified. Results showed that
increasing the amount of bentonite will continue to decrease the permeability, but with diminished
effectiveness. Based on our experience, typical bentonite percentages are between 2 and 5 percent by
dry weight for a silty soil and between 8 and 10 percent or possible more for a cleaner sand material or
a material with a significant gravel fraction. These ranges represent typical bentonite admixture
percentages and will vary depending on gradation of the base soil and in particular the minus 200 sieve
content of the base soil. In each instance where bentonite amended soil is a consideration a detailed
laboratory test program should be conducted to defined the required bentonite admixture percentage
required.
Mixing of the soil and bentonite in the laboratory creates a more homogenous composite material
than developed during construction, and thus specification of a bentonite percentage from lab data only
is not ideal. It is recommended to build in a safety factor by adding in slightly more bentonite than the
laboratory testwork indicates (van Zyl, 1993). Multiple methodologies are available to mix the bentonite
into the on-site soil. In-situ options involve application of the bentonite on thin layers of the natural
soil, mixing the lift to create a uniform material, and finally moisture addition and compaction. Mixing
is commonly accomplished with soil disks and/or windrow blending. A soil pulverizer (pulvimixer) is
a good option for mixing and can aid in processing a native soil comprised of hard sediments. It is best
that the native soil is fairly dry during the mixing process to prevent the formation of clods, and
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additional water needed to achieve the target moisture content for compaction should be added after the
mixing process. Mixing can also be accomplished prior to placement of the amended material using an
on-site pug mill, but this can be cost prohibitive and problematic with damp base soils that resist mixing.
Effective quality control and quality assurance programs are necessary to control both the
mixing process and the compaction of the soil liner. Commonly, visual inspection of the mixing process
is used in the field, augmented with sampling and index testwork in which the gradation and plasticity
are the specified characteristics of the amended soil. Compaction of the amended soil liner is also
required. It is well understood that the permeability of compacted clay decreases when the soil is
compacted wet of optimum, but it has also been shown for amended soils that compaction at optimum
moisture content or slightly dry of optimum has little influence on the permeability and can be beneficial
for efficient field compaction (Haug and Wong, 1992). Based on our experience, placement of amended
soil liners near optimum is best and results in acceptable permeability and also improves
constructability. Appreciably wet of optimum amended soils can clump together, stick to equipment,
and become more difficult to compact.

Geosynthetic clay liners
Alternately, a GCL can be considered as a substitute for the soil liner component of a composite liner
system. GCLs consist of dry bentonite confined between two layers of geotextile. Approximately 2 to
5 kilograms per square meter of bentonite is encapsulated between the geotextile. The reported
permeability of GCLs are typically on the order of 10-9 cm/sec or less when loaded. GCLs are
advantageous for a variety of reasons. They are relatively easy to install over flat terrain or on moderate
slopes. Steeper slopes require special considerations for anchoring and tying the GCL panels together.
They are a manufactured product with specific performance and manufacturer quality control, and the
material as a whole can act as a cushion layer and help prevent damage to the overlying geomembrane
in composite liner applications. The duties of the designer when considering GCL as a soil liner is to
assess their hydraulic characteristics in relation to the permeant, review installation considerations, and
assess the shear strength of the liner interface.

Performance considerations for alternative soil liners
Bentonite amendment can have a strong effect on both the hydraulic characteristics and the strength of
the materials, and thus both these engineering metrics should be assessed during design. Bentonite
amended soil liners and GCL can represent the weakest interface beneath a facility and offer the path
of least resistance for potential stability failures, and thus the strength of the interface must be assessed
for all loading and hydraulic conditions. In addition, decisions to use bentonite amended soils or GCL
should be made considering possible physical and chemical alteration of the soil liner due to the
permeant.
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Strength and hydraulic properties
Stability failures propagating within the composite liner are a concern since the various interfaces are
typically weaker than the overlying and underlying material. The weakest interface can be internal to
the soil liner; between the soil liner and the geomembrane, or between the geomembrane and the
overlying material (usually a drainage material or aggregate). Large scale direct shear testing is
commonly performed to assess these interfaces and identify the limiting shear strength. The influence
of compaction should also be assessed as this affects both the permeability and the shear strength of the
soil liner. This process is no different than with a natural low-permeability soil liner.
The frictional strength of a natural base soil will decrease with the addition of an appreciable
amount of bentonite. In the case of GCL, the internal strength can decrease significantly if allowed to
saturate under low confining pressure. To compensate for this effect, alternative liner designs can be
developed that consider a zone of native low-permeability soil or bentonite amended soil around the
perimeter of the facility where confining pressures are lowest and GCL in the interior of the facility.

Chemical alterations
Decisions to use GCLs or bentonite amended soils should also be made considering possible physical
and chemical alteration of the soil liner due to the permeant. Gold and silver leaching typically utilize
sodium cyanide solutions, copper leaching use sulfuric acid solutions, and some waste rock facilities
can result in acidic drainage. Brine solutions can also adversely affect the hydraulic characteristics of
soil liners due to cation exchange. Hornsey et al. (2010) discuss the negative influence of multiple types
of leach and process solutions as well as high salinity on clay mineralogy and GCLs. Since GCLs are
thin, their properties can be significantly influenced by the chemical composition of the permeant. The
role of the design engineer is to identify if the permeability will increase or decrease when considering
an aggressive mining solution, and if applicable, what is the expected change.
The acidity in a solution can affect the clay structure and the cations present can alter the clay
mineralogy. Acidic solutions can dissolve minerals and increase the pore space. Ion exchange reactions
between cations in the solution and the clay minerals can alter the thickness and composition of the
minerals. These changes can result in an increase in the permeability of the material. It is ideal to use
the actual process solution during assessment of the hydraulic characteristics of the soil liner in the
laboratory. Project specific solutions can typically be obtained from the site or synthetic solutions can
be developed based on the known chemistry.
Existing data on the influence of mining solutions on soil liners is somewhat inconclusive. Some
laboratory testwork has shown that acidic process solutions can decrease the permeability of soil liners
as clay near the wetting front is dissolved by the acidic solution and eventually precipitates deeper in
the liner as the acidity is neutralized (Peterson and Gee, 1984). Precipitation of dissolved minerals deep
in the soil liner plugs available void space and can lead to a decrease in permeability. Other testing has
shown that permeability increases with time when an acidic solution is permeated across a bentonite
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amended soil (Shackelford, 1994; Gipson, 1985), but the applicability of a constant flux across the soil
component of a composite liner is not relevant for normal operating conditions. The solution that could
contact the soil liner in tailings facilities is typically dilute and weaker than the solutions previously
mentioned, and thus fewer problems with chemical compatibility would be expected although data from
Shackleford et al. (2010) indicate otherwise.
Recently, the authors were part of a design in which a manufactured GCL product considered for
the soil liner had a reported permeability of 10-9 cm/sec. Actual laboratory testing with project specific
acidic leach solution (pH ~ 2.5) measured permeability approximately 2 orders of magnitude more when
tested under the same laboratory conditions (an effective ore height of ~ 100 feet). The result left
concerns that the product could not achieve the prescribed permeability for all potential loading
scenarios and hydraulic conditions in the field. This project specific finding is consistent with
Athanassopoulos et al. (2009) where permeability on the order of 10-6 cm/sec was measured on GCL
samples permeated with copper leach solution at low stress.
To compensate for potential chemical compatibility issues, new GCL are being manufactured with
polymer modified bentonite to provide resistance to aggressive solutions, but with a resulting increase
in material cost. A solution for bentonite amended soil liners that are used in the containment of brine
solutions is moisture conditioning with brine solution prior to compaction to reduce the potential for
chemical alteration (Haug et al., 1988).

Cost comparison
Estimating the material and construction cost of the soil liner is an important aspect of any design, and
thus it is recommended that an economic evaluation be performed to analyze the available options. The
use of on-site borrow material almost always results in the most economical design as haul distance is
commonly the primary contributing cost factor. When on-site materials do not achieve the necessary
hydraulic characteristics, the selection of an alternative soil liner can result in an expanded study that
includes additional field work, laboratory testwork, and economic considerations. Typical economic
factors include additional engineering cost to select an appropriate alternative liner, material costs,
haulage, bentonite amendment or a GCL product, and construction considerations.
A cost evaluation was completed in 2012 for a leach pad in the Western US where various regional
borrow sources of natural soil were compared to alternative soil liners, and the unit cost for each option
is listed in Table 2. The native soil considered was a silty-sand that required little construction efforts
to obtain the permeability requirements, but sufficient quantity was not available. For this study, the
haul distance affected the cost considerably. If the haul distance was doubled, the price per square yard
increased by over 50 percent. Another consideration that affected the price was the amount of bentonite
required to amend the native soils and the increased material handling. For this project, bentonite
material and delivery costs were approximately $200USD per ton. The GCL unit cost depended on both
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the type of liner required and location of the project site. The data presented is a simplification of an
actual cost comparison since these costs can vary considerably for project specific criteria.
Table 2: Example cost comparison for soil liners
Soil liner option

Approximate cost ($USD)
per square foot

Native soilnote1

$0.36

Haul distance of 5 miles

soilnote1

$0.54

Haul distance of 10 miles

Bentonite amended
soilnote1

$0.69

Bentonite addition 5-7%

GCL

$0.55

Buttress zone of native soil liner for
stability reasons

Native

Notes:

Note 1: Unit costs are for a 12-inch minimum compacted thickness

Conclusions
Low-permeability soil liners are a required component for containment at a variety of mining facilities,
and the selection of an appropriate material can be difficult when acceptable soils are not readily
available. This paper discusses two alternative soil liner options, design considerations for each of these
options, and a generic cost comparison between the options. Most soils, other than clean gravels, can
be amended with bentonite to achieve a specified permeability, and the design effort ultimately reduces
to how much bentonite is required and identifying when the option becomes cost prohibitive. However,
based on the haulage cost and increased material handling, the GCL option is often attractive compared
to bentonite amendment.
While the presented information is well understood to many designers and operators in the
industry, this paper has attempted to provide a succinct methodology to vet potential soils and assess
alternative options if the available soils are not acceptable. For those who require additional
information, more detailed discussions of the main engineering considerations for alternative soil liners
can be found in the literature.
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Abstract
Barren solution injection wells are a recent technology used in the heap leach processing to extract
additional minerals from the ore, particularly in older deeper lifts of ore in mature heap fills. Injection
wells are typically installed along linear exterior slope access benches or along the top crest surface,
which can contribute to shallow and deep open cracks in the loose ore heap fills from injection well
hydraulic loading. These conditions in turn contribute to lower post-peak ore and liner interface
strengths, if any slippage does occur along the planar base pad liner surface or at shallower depths
within the heap fill itself.
Several large geomembrane lined gold and copper ore heaps in both North and South America
have had crack movements or slope failures in recent times, which were directly related to barren
solution injection well activity. Ore lifts are placed on the heap in controlled loose lifts and leached at
low surface irrigation rates in the range of 5 to 10 liters/hour/square meter (L/hr/m2), which typically
do not result in saturated ore material issues for most heap leach fills. However, shallow or deep
injection of process solutions into the pile via injection wells several months to years after initial fully
drained leaching of these ore lifts changes the short term and long term geotechnical and hydrological
characteristics of the heap fill. As an example, the ore permeability may change at depth and laterally
from rapid injection hydraulic loads. This causes both additional vertical settlement as well as lateral
hydraulic compression movement in the loose fill by gravity or pump injection pressures. This is
evidenced by the downhole buckling deformation that can be observed in the walls of PVC well pipes.
If the induced total weight from the injection well is a significant change in load stress above any
deeper saturated loose heap fill zones, then there is a potential risk that static liquefaction may occur.
In other words, any significant and rapid hydraulic loading on loose placed and saturated fill zones can
cause excess pore pressures to temporarily develop and approach zero fill strengths. If the zones of
saturation related to the injection well activities migrate toward the exterior slope of the heap in more
pervious preferential pathways, then heap slope instability may occur either in a static saturation
condition or dynamic earthquake related liquefaction condition.
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This paper discusses the potential instability of lined copper and gold ore heaps from solution
injection well activity. The results of slope stability analyses will be evaluated and presented for several
selected case scenarios of solution injection, well-related saturation conditions within an idealized ore
heap section. The focus and stability analyses for this paper can also be applicable to solid waste
landfills.

Introduction
The wetted heap leaching of copper ore dump piles began as early as the 1600s at the Rio Tinto mine
in Spain. The practice of adding acidic water ponds on the top of heap dump surfaces for leaching of
low grade run-of-mine (ROM) ore in single or multiple lifts continued into the 1980s, before switching
to the current practice of thinner controlled ROM or crushed ore lift placement and leaching under fully
drained conditions. This was achieved by using surface sprinklers and/or drip emitters for irrigation at
low leach solution application rates. The leach solution application rates can vary with initial higher
applied rates to wet conditions and start ore leaching, followed by slower non-saturated rates for best
metallurgical ore recovery in the longer leach cycles. Typical non-saturation leach cycle rates range
from about 5 L/hr/m2 for acidic solution irrigation on copper heap fills to 10 L/hr/m2 for alkaline
solution irrigation on gold and silver heap fills. An example of excessive solution application flow
causing surface ponding is shown in Figure 1.

Figure 1: Photo of excess sprinkler and drip emitter solution
application causing surface ponding
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The change from top surface solution ponds and related saturation zones in massive ore heap lift
dumps to more efficient placement of thinner ore heap lifts for leaching under fully drained conditions
in modern metallurgical leach designs has significantly improved the stability of heap slopes and
lowered the risk of slope failures.
However, the recent development of solution injection wells in the last 10 years as a short term
saturation technique for the economic releaching of deeper ore lifts in mature heap fills has introduced
several geotechnical and hydrological concerns for both short term and long term slope stability. This
technical study focuses on the potential impact of solution injection wells on heap slope stability by
including examples of past heap slope failures related to saturation conditions, as well as the first known
solid waste landfill slope failure due to excessive deep injection well leachate solution pumping into
the interior of the landfill. Then an ideal heap study section will be analyzed and evaluated for several
selected injection well case scenarios that may impact heap slope stability.

Leach dump and landfill saturation slope failures
Leach dump failures have occurred in the past from ponding water adjacent to the loose dump fill slopes
with the most notable leach dump failure occurring at the Metcalf copper mine in Morenci, Arizona in
the early 1960s (Witkind, 1961; Breitenbach past correspondence). The Metcalf leach dump was being
constructed with ROM low grade copper ore placed by ore trains along the perimeter in high single lift
angle-of-repose loose dump slopes. The leach ponds at the top surface apparently caused a massive
slope failure from excessive leach wetting that destroyed the ore train and killed several mine workers
on the train.
The Codelco Chuquicamata copper mine in Northern Chile is an example of a modern
geomembrane lined heap leach pad with an overly wetted heap slope failure occurring in 1998
(Breitenbach, 1998). The first lift of crushed copper ore was placed in the interior by a large conveyor
at up to 20 m in loose lift thickness and ROM low grade ore was stockpiled by truck dumping along the
perimeter for exterior heap fill containment. The heap fill did not include a base drain fill layer above
the geomembrane liner surface that is typical practice in modern heap leach pad designs. Relatively
high rate leach application wetting was reported to be started in the interior with several days passing
with no observed solution return from the base of the lined pad. Wetting application rates were then
increased to “slug” the ore with excess solution, resulting in inadvertent saturation of the crushed ore
and the build-up of more than 10 m of vertical hydraulic head against the loose exterior ROM
containment piles. This in turn caused about a 100 m perimeter length of ore heap slope failure to occur
as a rapid debris-like outflow of heap fill materials with no apparent pad liner damage and no injuries
or loss of life. An example of a heap slope failure due to a likely combination of seismic earthquake
shaking, piping and ore heap saturation conditions in the exterior slope is shown in Figure 2.
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Figure 2: Photo of leach pad slope failure in South America
caused by a combination of seismic activity, piping and saturated
loose ore heap fill conditions in the downhill exterior slope

A new concept of temporary or short term injection well saturation in lined loose or compacted
solid waste landfills and mature controlled loose lift copper and gold heap leach fills at depth started in
the 1990s for various purposes. Solid waste landfills are included in this discussion as the first lined fill
facility to use injection wells and subsequently were the first to experience a massive slope failure
related to well injection activity. The injection of landfill leachate liquid solutions into large municipal
landfills was a quick and easy way to dispose of the leachate solution collected at the bottom of the
landfills. The injection well liquid wetted and consolidated the organic matter in the landfill materials
and accelerated matter decomposition and generation of methane gas as a renewable energy resource.
This in turn also created additional landfill storage capacity.
The 1997 Bogota municipal solid waste landfill slope failure in Colombia is an example of
excessive injection well pumping rates deep in the interior at a single location causing rapid exterior
slope debris flow failure (Blight and Fourie, 2004). The compacted and non-compacted lifts of
municipal waste fills are typically about 30 to 40% less dense (Breitenbach and Thiel, 2005) than
granular loose heap leach fills to where some lateral and upward heave displacement movements can
more easily occur from any excess hydraulic injection well pumping pressures. This may have caused
inadvertent hydro-fracturing and development of lateral water paths toward the exterior slope. The
800,000 m3 mixture of municipal solid waste fill and leachate liquid slide debris flowed for several
kilometers downhill into a river with some property damage. The landfill slide failure limits are shown
in Figure 3.

226

HEAP LEACH SOLUTIONS, 2015 ● RENO, NEVADA, USA

Figure 3: Photo of landfill slope failure in South America caused by excessive deep interior
injection well pumping activity into light-weight lift compacted solid waste fill materials
Deep injection wells in mature copper and gold heap fills allow releaching of barren solution into
the lower heap lifts for economic recovery of any partial or non-leached ore zones. Other metallurgical
reasons include increasing the alkalinity level in the deeper gold and silver heap lifts to improve on
pregnant solution ore recovery, as the heap is allowed to return to fully drained conditions and water
balance conditions over time. Thus, the leach wetting concept for ore heaps changed from top surface
controlled sprinkler and drip emitter low flow irrigation wetting of heap ore fills to supplemental surface
irrigation and/or internal wetting of high fill piles at various injection well depths toward the end of
mature heap operations.
Several lined copper and gold heap leach fills with injection well activity starting in the late 1990s
to present day have experienced large interior crack movements or exterior slope failures at mines in
the USA and in South America. Detailed information on the exact cause of these heap slope failures are
unknown or remain confidential as studies continue. Ore heap materials and leach solutions were
reported mostly contained within lined pad limits with no injuries or loss of life.
The lessons learned from these past wetted loose fill slope failures is that the causes of failure may
be complex for different fill materials and types of loose lift construction placement on lined or unlined
foundation topography grades. However, the primary failure mechanism is excessive wetting or
saturation conditions due to top surface ponding, excessive irrigation “slugging” of liquid solutions, or
downhole injection wells creating shallow to deep saturation zones developing near the exterior slopes
or along steep interior pad grades in the interior.
Modern day injection well activity also introduces the potential for shallow and deep slope
instability from more distant wetted zone locations in the interior due to any excessive downhole pore
pressures or increased self-weight settlements from rapid hydraulic loading conditions around each well
location. Injection well-related surface cracks can extend deep into the loose fills due to “hydro-
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fracturing” (hydraulic vertical and/or lateral compression pressures in loose or light weight fills), in
addition to self-weight differential settlement movements above steep foundation valley wall locations.

Idealized study section
General
Some potential injection fill saturation scenarios will be analyzed for discussion with the use of an
idealized study section and simplified modeling assumptions for illustration purposes to show the
relative impact of injection well activity on the stability of loose heap fills. The study section will
assume a simplified two dimensional wedge failure condition along the pad liner surface for
determining static factors of safety (FOS). Seismic earthquake FOS conditions for short and long term
saturated heap fills are an additional concern in high seismic regions, but have not been included in this
study. A prudent injection well operational practice would be to control the degree and time of saturation
for minimizing the impact to heap slope stability and allow the heap to quickly return to fully drained
stable heap fill and water balance conditions. The idealized study section assumed geometry and peak
shear strength parameters for this study are shown in Figure 4.

Figure 4: Idealized study section

Section geometry and phreatic surfaces
The idealized study section for this injection well study will assume a simplified 100 m heap height at
a 2 horizontal to 1 vertical overall exterior slope (includes benches between angle-of-repose lift slopes),
a 2% planar geomembrane liner surface grade to the downhill toe, and overall fully drained loose ore
leaching conditions outside of the injection well-related saturation zones with 0.5 m of average depth
phreatic water level above the pad liner surface.
The injection well saturation zone limits are assumed to extend from the ground surface at a 1
horizontal to 1 vertical downward hydraulic free water level slope to the 50 m injection well depth for
steady-state gravity flow, and then near vertical to the pad drain system, as typical of gravity drainage
in a moderate permeability ore placed in level lifts at more than three times the horizontal permeability
compared to the vertical permeability. The influence of some surface compaction reduction in vertical
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permeability as each ore lift is placed by trucks or conveyor traffic, as well as potential hookups at the
well head to pressurized pipelines to deliver solution flows to the injection well locations were a
consideration in this simplified phreatic model with non-saturated zones not shown extending further
away from the saturated zone limits over time.
The foundation is assumed competent and stable beneath the heap fill and liner system to where
the assumed wedge analyses failure plane for this study will extend from the top of the heap down to
the liner surface as the most critical slide surface for illustration purposes. It is important to note that
steeper interior lined pad grades or the location of the injection wells on exterior bench slopes will
reduce the FOS.

Section strengths
The study section material strength parameters assume an effective stress (zero excess pore pressure)
peak strength condition, which includes 36 degrees friction and no cohesion for the ore heap fill and 18
degrees friction and no cohesion for the geomembrane liner interface contact with the ore fill or
foundation surface (Cases 1 to 4). A post-peak shear strength of 26 degrees in the ore fill and 16.5
degrees for the liner contact with no cohesion will be assumed for any shallow or deep heap slide
movements for illustrating the effects of any potential loss in peak strength conditions (Case 5).

Stability analyses for Cases 1 to 5
General
The study section case scenarios selected for evaluating the impact of injections wells on slope stability
include the following:
 Case 1 scenario evaluates the relative location of the injection well on the top heap surface
relative to the edge of the exterior slope under simulated steady-state gravity flow;
 Case 2 scenario evaluates the change in vertical open surface cracks for the Case 1 injection
well located at 50 m away from the exterior slope, and with the failure wedge adjusted to
initiate at the bottom of the selected open crack depth downward to the relatively flat 2% pad
grade;
 Case 3 scenario evaluates Case 2 further for a change in the base pad liner grades from 2% to
4 and 6% in overall steepness with the injection well located 50 m away from the exterior
slope and with the selected surface crack extending vertically down to the 20 m depth;


Case 4 scenario evaluates pressurizing (increasing hydraulic pressures above gravity flow
conditions) for the Case 1 injection well located 50 m away from the exterior slope by
doubling the lateral extent of the saturation zone limits for illustration purposes; and

 Case 5 scenario evaluates a selected Case 1 injection well located 25 m away from the exterior
slope and subjected to post-failure movement in the heap with effective stress peak strength
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conditions before slide movement (Case 1) reduced down to selected weaker ore post-peak
strength conditions (Case 5).

Case 1 scenario
Case 1 assumes the 50 m deep injection well is located at an interior distance of 50 m, 25 m, 20 m, 15
m, 10 m, 5 m and 0 m away from the exterior slope as a saturated homogeneous fill zone, as shown in
Figures 5 through 11, respectively. The saturation zone represents a horizontal permeability at least
three times greater than the vertical permeability of about 1 × 10-3 cm/sec in steady-state gravity flow
through multiple ore lifts. The bottom of the saturation extends to the base drain system that is assumed
to be relatively free draining beyond the saturation zone limits. Non-saturated zones are not shown for
this analyses and would be increasing in lateral distance over extended injection well and drain down
time.
The wedge failure plane selected for study comparison purposes is assumed to be a simplified
straight line from the heap top surface down to the pad liner surface. Injection well locations at 25 to
50 m away from the exterior slope with the saturation zone located further in the interior from the
selected slide plane have fully drained exterior slope static factors of safety (FOS) = 1.301, as shown in
Figures 5 and 6. Note that the slide failure plane for the lowest FOS values can change in location as
well as be modified to a near vertical failure plane at the heap top surface which changes to a curved
failure surface with depth. The results from varying the injection well distance away from the top edge
of the exterior slope for the selected failure plane are shown in Figures 5 to 11 and are summarized in
Figure 12.
The Case 1 trials show that as the injection well location and its subsurface saturation zone
approaches the edge of the exterior slope, the static FOS values decrease. As the line of injection wells
are moved further into the heap interior, the FOS values increase. It can be concluded from these
simplified Case 1analyses and assumed conditions that any injection well locations on the exterior
bench slopes or any changes to steeper lined pad grades in the interior would show lower FOS values.

Figure 5: Injection well located 50 m away from exterior slope, FOS = 1.301
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Figure 6: Injection well located 25 m away from exterior slope, FOS = 1.301

Figure 7: Injection well located 20 m away from exterior slope, FOS = 1.296

Figure 8: Injection well located 15 m away from exterior slope, FOS = 1.281

Figure 9: Injection well located 10 m away from exterior slope, FOS = 1.265
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Figure 10: Injection well located 5 m away from exterior slope, FOS = 1.248

Figure 11: Injection well located at edge of exterior slope, FOS = 1.230

Figure 12: Well distance from edge of exterior slope vs selected wedge failure FOS

Case 2 scenario
Case 2 assumes a repeat of Case 1 at a well distance of 50 m away from the exterior slope for no gravity
flow hydraulic impact to the heap FOS, as shown in Figure 5. An open linear crack is assumed to occur
(assuming hydraulic fracturing occurs in loose heap fill along several linear injection well locations)
from the surface downward to 5 m, 20 m and 50 m depths below the fill surface with the wedge failure
surface adjusted to extend from each crack bottom depth downward to the lined pad grade, as shown in
Figures 14 to 16. The results of these analyses are summarized in Figure 17.

232

HEAP LEACH SOLUTIONS, 2015 ● RENO, NEVADA, USA

Figure 13: Open crack from surface to 5 m depth at 50 m from exterior slope, FOS = 1.405

Figure 14: Open crack from surface to 20 m depth at 50 m from exterior slope, FOS = 1.549

Figure 15: Open crack from surface to 50 m depth at 50 m from exterior slope, FOS= 1.654
The Case 2 trials show that a deep interior crack from gravity flow injection well activity does not
impact the heap FOS, as long as the base pad grade remains at the relatively flat 2% grade assumed in
the idealized section along with the failure plane extending each time from the bottom of the crack
down to the flat pad surface. It can be concluded that any open linear cracks located above steeper
interior pad grades or on the exterior slope and subjected to hydraulic well pressures would have lower
FOS values.

Figure 16: Surface crack depths at 50 m away from exterior slope versus FOS
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Case 3 scenario
Case 3 assumes a Case 2 wedge failure 50 m away from the exterior slope and an open crack depth 20
m deep for evaluating the change in FOS for overall steeper pad liner grades beneath the injection well
and exterior slope limits. The Case 2 analyses at a 2% pad grade is shown in Figure 16 for a FOS =
1.549. Steepening the overall pad grade from the injection well location to the downhill heap toe limits
from 2% to 4 and 6% pad liner grades reduces the FOS from 1.549 to 1.431 and 1.405, respectively, as
shown in Figures 16, 19 and 20. A summary of pad liner grade changes versus FOS with the injection
well located 50 m away from the exterior slope is shown in Figure 21.

Figure 17: Open crack to 20 m depth at 50 m from exterior slope, 4% pad slope, FOS = 1.431

Figure 18: Open crack to 20 m depth at 50 m from exterior slope, 6% pad slope, FOS = 1.405

Figure 19: Change in overall pad liner surface grade versus FOS

Case 4 scenario
Case 4 assumes a simplified wedge failure occurring deeper in the interior of the heap at 50 m from the
exterior slope, which shows a steady-state gravity flow static FOS = 1.374 on a relatively flat 2% interior
pad grade, as shown in Figure 22. However, when injection wells are pressurized from pumping or are
connected to higher pressure application pipelines in addition to gravity pressure, the saturation zone
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will increase in lateral extent over time. This pressurized condition is simulated for illustration purposes
in this analyses by doubling the lateral gravity pressure limits to represent a more extreme saturation
condition with reduced static FOS = 1.204, as shown in Figure 23. This in turn can impact the static
FOS, if the injection well location is moved closer to the exterior slope, and introduces other potential
risks of instability related to preferential flow paths towards the exterior slope surface and static
liquefaction or temporary loss of fill strength from rapid loading on any deeper saturated ore lifts.
The reason for pressurizing the well pipes on mature ore heaps appears to be related to maximizing
the extent of deep lift releaching using the minimum number of injection wells and spacing along slope
benches and across the top heap surfaces (continuous saturation impedes metallurgical leaching for less
ore recovery). The use of pressurized pipes near or on exterior heap slopes appears to be the biggest
hydraulic factor in causing slope failures. A secondary effect of steeper interior lined pad grades is the
potential for static liquefaction and differential settlement, which becomes less of a factor for relatively
flat pad grades at more distant injection well locations away from exterior slopes. If static liquefaction
conditions do occur in the hydraulically reloaded loose ore heap fills, detection of this temporary pore
pressure condition or its post-failure verification for analyses is difficult to prove.
Higher injection well pressures above gravity flow conditions can create more rapid hydraulic
loading on larger areas of the heap fill, which becomes a problem if the deeper ore lifts have previously
become saturated during normal active top surface leaching. Depending on the rapid change in stress to
a higher level not experienced in past leaching operations, the end result could be a temporary reduction
in lower lift strengths to zero strength, until excess pore pressures can be drained back to fully drained
effective stress conditions. Static liquefaction was not considered in these analyses.

Figure 20: Wedge failure at 50 m from exterior slope with no well injection, FOS = 1.374

Figure 21: Pressurized well injection at 50 m from exterior slope, FOS = 1.204

235

HEAP LEACH SOLUTIONS, 2015 ● RENO, NEVADA, USA

Case 5 scenario
Case 5 assumes a repeat of Case 1 at the selected 25 m well distance from the exterior slope, but assumes
the peak shear strength of the ore in Case 1 is reduced down to post-peak strengths representing any
post-failure slide movements initiated from hydraulic well saturation zones or excess pressures. Past
experience in laboratory large-scale direct shear box and triaxial cell testing indicates that slide plane
movements in weak ore types remain at low post-peak strength values and do not return back to peak
strength values after movement ends.
Assuming a low post-peak strength condition that can be typical for slide movements in saprolitic
and volcanic tuff type weak ores of 26 degrees friction (Case 1 at 36 degrees peak strength) and no
cohesion with the liner interface strength reduced to 16.5 degrees friction (Case 1 at 18 degrees peak
strength) and no cohesion. Case 1 shows a static FOS = 1.301 approaching Case 5 assumed post-failure
movement conditions at a static FOS = 1.004, as shown in Figure 24.

Figure 22: Post-failure lower strength from movement, FOS = 1.004

Conclusion
The recent addition of deep solution injection wells within mature gold, silver and copper ore heaps in
the last 10 years has a beneficial economic purpose of releaching deep ore lifts for improved ore
recovery. However, this deep injection wetting technique appears to have been the most significant
cause for several ore heap slope failures and at least one major solid waste landfill failure in the USA
and South America. There are several injection well-related geotechnical and hydrological factors that
can impact slope stability, as indicated by the simplified wedge static stability analyses in this technical
paper of an idealized ore heap study section subjected to several potential injection well saturation case
scenarios. Other significant slope stability factors beyond the focus of these analyses include the effect
of seismic earthquake shaking and duration on saturated exterior heap slopes, deep cracks and slide
planes related to very steep interior pad grades beneath injection well locations, loss of heap strength in
deeper ore lifts due to potential static liquefaction from injection well rapid hydraulic loading
conditions, or the potential to apply excessive solution injection pore pressures in loose variable
permeability heap fills or relatively light weight solid waste landfills to create unstable exterior slope
conditions.
Lessons learned in past heap slope failures indicate there typically are a combination of several
geotechnical and hydrologic factors coming together rather than a single isolated factor impacting slope
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stability (Breitenbach, 1997). The simplified study section and stability analyses in this technical paper
selected several injection well case scenarios that could impact heap slope stability and increase the risk
of slope failure including the following: 1) the lateral distance and related 3-dimensional linear spacing
of injection well locations relative to the exterior slope; 2) the potential for “hydro-fracturing”
movements or differential load settlements causing vertical weakened fill cracks in loose or light weight
fills; 3) changes in the pad liner grade with open vertical cracks becoming more of a factor in
combination with steeper pad liner grades; 4) increasing hydraulic pressures beyond gravity flow
conditions by simulated lateral expansion of the saturation zone in a homogeneous fill (preferential flow
paths not considered); and 5) potential solution injection slide plane movements that can reduce the
fully drained effective stress peak strengths in pre-injection ore materials to lower effective or total
stress post-peak ore strengths in subsequent heap operations to closure. Any slide plane movements in
ore heap fills are of the greatest concern in saprolite and volcanic tuff ore heap material types due to the
potential development of very low post-peak strength conditions that can remain low strength after slide
movement has ended.
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Abstract
Samples of HDPE Corrugated Pipe were collected from North America, South America, and the United
Kingdom. Each of the dozen samples was characterized by a series of resin and pipe tests. The results
were compared to the requirements found in ASTM Standard Specifications F2986, “Standard
Specification for Corrugated Polyethylene Pipe and Fittings for Mine Leachate Applications,” and
F2987, “Standard Specification for Corrugated Polyethylene Pipe and Fittings for Mine Heap Leach
Aeration Applications.”
Only two of the twelve samples met all of the requirements found in these ASTM standards.
Additionally, five samples contained significant amounts of polypropylene, which indicates the
presence of post-consumer recycled HDPE and two of these also had about 10% added filler. Of the
twelve samples, 58% failed to achieve the minimum resistance to cracking criteria of 24 hours by the
NCLS stress crack test (ASTM F2136). This paper presents all the results obtained and discusses the
potential implications for the long-term performance of the different pipe products in mining
applications, particularly in heap leach pads.

Introduction
Corrugated HDPE pipe plays an important role in heap leach pad mining applications. Since it may
experience some loads or strains from the very thick ore overburden, and exposure to harsh chemicals
like concentrated sulfuric acid, it should be made with consistent high quality to perform as intended.
In an effort to ensure quality pipe is used in mining applications, ASTM International published two
standard specifications in 2012. The first (F2986) is for “Corrugated Polyethylene Pipe and Fittings for
Mine Leachate Applications.” The second one (F2987) is for “Corrugated Polyethylene Pipe and
Fittings for Mine Heap Leach Aeration Applications.”
In an effort to determine if these specifications were being followed and to survey the quality of
pipe used in mining, one dozen samples of corrugated pipe were obtained in the spring of 2015. Pipes
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were collected from manufacturers in North America, South America, and the UK. These were all new
pipes headed to the field for installation. The purpose of this study was to compare the properties of
these production pipes to the requirements found in the new ASTM standards.
Some requirements for the two ASTM specifications are found in Table 1.
Table 1: PE Compound requirements of two ASTM standard specifications
Requirement
Property

Test method

Recycled allowed

ASTM F2986

ASTM F2987

No

No

density

ASTM D1505

>0.947 g/cm3

>0.947 g/cm3

Melt index

ASTM D1238

<0.4 g/10 min

<0.4 g/10 min

Flexural modulus

ASTM D790

>758 MPa

>758 MPa

(110,000 psi)

(110,000 psi)

Yield stress

ASTM D638

>21 MPa

>21 MPa

(3,000 psi)

(3,000 psi)

These properties are part of a Cell Classification system found in ASTM D3350. The properties have
historically been measured on the actual virgin pipe resins, but more specifications are written so the
properties are measured from samples from the pipe. These properties are similar to those found in
highway application specifications like AASHTO M294 (AASHTO, 2014). The purpose of measuring
these properties is to ensure that a consistent type of polyethylene was used when manufacturing the
pipes. The basic controlling properties for polyethylene are the melt index and the density. The
properties in Table 1 relate to these.
The pipe properties shown in Table 2 are those specifically done on finished pipe for quality
control and quality assurance.
The dimensions, stiffness, and brittleness are specified to ensure a minimum set of properties
exists when the pipe is made. The first three properties in Table 2 give some indication of how a pipe
may last over many years of service.
The carbon content should be controlled because research by Bell Labs showed that 2.5% black
was the optimal amount to effectively block UV radiation for service lifetimes of greater than forty
years (Gilroy, 1985). Therefore, most engineering applications that use black polyethylene require a
carbon black content of 2 to 3% in the compound.
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Table 2: Additional pipe requirements of two ASTM specifications
Property

Test method

Carbon content

Requirement
ASTM F2986

ASTM F2987

ASTM D4218
ASTM D1603

2–3 %

2–3 %

Stress crack
resistance (NCLS)

ASTM F2136
(50°C, 4.14 MPa,
Igepal CO–630)

>24 hours

>24 hours

Oxidative induction
time (OIT)

ASTM D3895

>20 min

> 20 min

–0 to +4.5%
of nominal

–0 to +4.5%
of nominal

Inside diameter
Wall thickness

ASTM D2122

Varies with
pipe size

Varies with
pipe size

Pipe stiffness

ASTM D2412

Varies with
pipe size

Varies with
pipe size

Pipe brittleness

ASTM D2444
(3.9°C, 2.5 kg, 1.5m)

No cracks

No cracks

The NCLS stress crack resistance test is one of several ways to evaluate the material’s ability to
withstand an environment that promotes cracking. This particular test involves a small, dumbbell
shaped specimen into which a face notch of about 20% of the specimen’s thickness is cut. The
specimens are then mounted in a lever arm device and placed in an aqueous solution of 10% Igepal CO630 at 50°C. Once the samples reach the test temperature, a load equivalent to 4.14 MPa of stress is
added to each. The time-to-failure for each of five test specimens is recorded and the average time
reported. The test is used to set a minimum value for the application and as a way to show that
appropriate HDPE resins are being used.
The oxidative induction time or OIT is a way to evaluate the additive packages found in the pipe.
The OIT test has been greatly misused over the years so it’s appropriate to state what it is and what it
is not:
 The OIT test does not, by itself, predict service lifetimes in oxidative environments.
 The OIT test cannot tell which stabilizers are present.
 A larger number in the OIT test does not necessarily mean better performance, unless the
same additive package is used in both samples.
 The OIT test indicates the presence of added stabilizers.
 Loss of OIT over time can be used to evaluate the effectiveness of different stabilizers.
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There are a number of other properties one can measure to compare different pipe samples and to
generate more information concerning the long-term performance of the corrugated pipe. The first of
these is buckling strength.
The buckling strength can be determined simply by extending the test used to determine the pipe
stiffness. The stress on the pipe is increased at a constant rate until there is a peak in the load/deflection
curve. This can be useful because a variety of things can affect this value, such as wall thickness, resin
density, and the presence of fillers or other additives.
Another useful test for corrugated HDPE pipe is the elongation-at-break. The tensile yield stress
seems to be the only tensile property required in most pipe specifications. However, there is knowledge
to be obtained from the amount a tensile bar will stretch before it breaks. During a tensile test, every
specimen will fail at the location of the largest flaw. This can be a piece of dirt, a nick in the specimen,
a large carbon agglomerate, or anything else that acts as a break initiator. Very clean virgin compounds
exceed 800% elongation while even carbon black filled materials easily exceed 400% as long as the
carbon black is of high quality. Low elongation values in tensile tests can indicate the presence of fillers,
the use of poor quality carbon black, and even the presence of recycled HDPE in the sample. A proposed
specification for use of recycled resins in pipe suggested a minimum elongation of 150% (Thomas and
Cuttino, 2011).
Since low tensile failure values can indicate the presence of recycled polyethylene and/or fillers,
two other tests are useful to glean more information about the pipe.
The first one is the ash test. Ash is considered anything that is not organic. It could be a filler such
as calcium carbonate, a processing aid such as calcium stearate, or even bits of metal or glass often
found in samples of post-consumer recycled polyethylene. This test is most convenient to do along with
the carbon black test. After the polyethylene has been pyrolysedin the tube furnace or oven, all that
remains is the sum of the carbon black and the ash. This result can be over 10% if there are fillers.
Therefore, if one then burns off the carbon black, the percent ash will be obtained.
The second test determines if post-consumer recycled HDPE is present in the pipe. This test
determines the percentage polypropylene (PP) in the sample. PP is almost always found in postconsumer recycled resins because it is largely composed of detergent bottles. Detergent bottles can
contain up to about 30% PP from the bottle closures and the spouts, both made from PP. Typical lots
of post-consumer HDPE can contain10–15% PP. The test involves a melting profile with a Differential
Scanning Calorimeter (DSC) (Thomas and Cuttino, 2011).

Methodology
Samples obtained
Twelve samples were obtained in the spring of 2015. Information about the samples is shown in Table 3.
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Table 3: Pipe samples
Pipe number

Diameter mm
(in)

Manufacturer

Country

Perforations

1

375 (15)

1

Chile

No

2

250 (10)

1

Chile

No

3

375 (15)

2

Chile

No

4

250 (10)

2

Chile

No

5

300 (12)

3

USA

No

6

250 (10)

4

USA

Yes

7

200 (8)

5

Chile

Yes

8

125 (5)

5

Chile

Yes

9

150 (6)

6

UK

Yes

10

100 (4)

6

UK

No

11

100 (4)

4

USA

Yes

12

100 (4)

7

Mexico

Yes

This group of samples represents seven manufactures and seven different sizes. Six were perforated,
while the others were not. The distribution intends to provide a fair representation of drainage pipe used
in mining applications.

Tests performed
Each of these samples was subjected to a series of more than fifteen tests. The properties evaluated
included density (ASTM D1505), melt index (ASTM D1238), tensile yield stress (ASTM D638), tensile
elongation-at-break (ASTM D638), flexural modulus (ASTM D790/D3350), carbon content (ASTM
D4218), ash content (ASTM D5603), polypropylene content (NCHRP 696), stress crack resistance
(NCLS – ASTM F2136), oxidative induction time (OIT – ASTM D3895), high pressure oxidative
induction time (HPOIT – ASTM D5885), dimensions (ID, wall –ASTM D2122/F2986), stiffness and
buckling (ASTM D2412), and impact resistance (ASTM D2244).

Results and discussion
Since there are a large number of results to be presented and discussed, they are split into three sections.
These sections: Physical Properties, Mechanical Properties, and Durability Properties.

Physical properties
The physical properties of the pipe compounds are shown in Table 4.
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Table 4: Physical properties of the twelve pipe samples
Samplepipe type

Density

Melt index

% Carbon

% Ash

% PP

1–375

0.962

0.25

2.68

0.1

0.1

2–250

0.961

0.35

1.61

0.1

0.2

3–375

0.962

0.28

0.71

1.1

2.3

4–250

0.961

0.41

0.60

0.9

3.0

5–300

0.954

0.20

1.37

2.9

2.0

6–250P

0.961

0.11

1.72

0.7

0.1

7–200P

0.950

0.31

2.41

0.1

0.5

8–125P

0.958

0.38

1.87

0.3

0.3

9–150P

0.960

0.37

4.01

13.0

6.2

10–100

1.070

0.38

4.31

9.3

5.3

11–100P

0.958

0.11

2.14

0.2

0.5

12–100P

0.963

0.45

2.04

0.2

0.7

These properties were all measured on a compression molded plaque made from the pipe. The plaques
were molded according to ASTM D4703. The density and melt index are the two main control
properties during the manufacturing of polyethylene resins. These are fundamental properties. The
density is an indication of the crystallinity of the PE while the melt index is related to the molecular
weight of the PE. Since these are independent properties, both are required to characterize PE resins.
Unfortunately, when the density is done by gradient density (ASTM D1505) or specific gravity
(D792), the results are influenced by other ingredients in the compound. For example, the density of
carbon black is 2.27 g/cm3 and the density of calcium carbonate is 2.72 g/cm3. Therefore, anytime fillers
or even are carbon black added, the density becomes more unreliable. ASTM D3350 allows for a
correction for added carbon black, but experience has shown the result is not always accurate. The value
of 1.070 g/cm3 for sample number 10 cannot be explained at this time.
The melt index measures how much melted sample flows through a standard sized orifice at a
standard temperature (190°C), and under a standard load (2.2 kg) during a period of 10 minutes. A large
majority of resins used in corrugated plaque manufacturing have a melt index of less than 0.40 g/10
min.
The ASTM standards for mining call for the percentage of carbon black fall between 2.0 and 3.0%.
Other corrugated pipe standards have had 2.0 – 4.0% and older standards had 2.0 – 5.0%. With the
requirement of 2.0 – 3.0%, only four of the twelve samples would meet the ASTM standard. This is not
an overly significant issue, but it is true that as one adds more carbon black, the pipe becomes more
brittle. Increased brittleness can lead to cracks during service and even reduce the buckling strength of
the pipe by reducing its flexibility.
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The presence of ash is more alarming than the high carbon black values. First of all, when the ash
test is performed on virgin polyethylene, the amount of ash is almost immeasurable, and will be below
0.1%. We only report the value to 0.1% because the results are not as reliable as the value gets very
small. Ash content above a couple of tenths of a percent is often a sign of the pipe having recycled PE
content. Recycled materials are not necessarily bad. Research for the National Academies through the
Transportation Research Board (TRB) and within the National Cooperative Highway Research Program
(NCHRP) demonstrated that pipe containing 100% recycled PE can be made to exceed the requirements
for highway applications and have estimated service lifetimes of more than 100 years (Thomas and
Cuttino, 2011). However, recycled resins should only be used in low-risk applications or by those that
truly understand the limits involved with using recycled PE. In a situation where there are very high
sustained loads, harsh chemicals, and high temperatures, one would want to minimize the risk by using
only virgin materials. The two samples with nearly 10% ash should be a concern because large amounts
of fillers negatively impact the mechanical properties of HDPE. Once more, the long-term cracking
resistance can be heavily affected by added inorganic fillers.
When one looks at the percent black, the percent ash, and the percent polypropylene, a clearer
picture concerning recycled PE emerges. First of all, polypropylene can come from two different
sources. The first is the carrier resin in the carbon black concentrate. Color concentrates are most often
sold as 50:50 blends of carbon black and PE. The PE used in color concentrates is most often postconsumer recycled (PCR) resin, unless virgin resin is specified. If one starts with a 50% blend and wants
to make 2.5% black in the final compound, the concentrate must be diluted 20:1. So, assuming there is
10–15% polypropylene in the PCR carrier resin, the final PP content will be between 0.5 and 0.75%.
Notice that PP was detected in all twelve samples. Three samples had just a trace (<0.2%), four samples
had between 0.3% and 0.7%, and the remaining five had from 2.0 to 6.2%. The last group shows that
PCR-HDPE was added to the final pipe formulation.

Mechanical properties
The next set of test results demonstrates the differences between the pipe samples when they are
subjected to mechanical stress. The results of different mechanical tests are shown in Table 5.
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Table 5: Mechanical properties of the twelve pipe samples
Samplepipe type

Yield
stress (MPa)

Break
strain (%)

Flexural
modulus (MPa)

5% Stiffness1
(kg/cm/cm)

1–375

24.58

139

967

2.952

2–250

27.32

120

1027

3.806

3–375

24.98

350

1008

3.057

4–250

26.85

131

899

4.073

5–300

25.96

81

1012

3.884

6–250P

25.19

251

1053

3.885

7–200P

23.42

91

925

4.017

8–125P

26.62

48

983

3.252

9–150P

23.88

12

1118

3.915

10–100

22.79

8

1109

3.979

11–100P

25.70

239

1,000

6.595

12–100P

27.63

80

1167

3.460

1: Force per displacement per unit length
2: Force per unit length

The minimum required tensile yield stress is 20.60 MPa (3,000 psi) in both ASTM pipe standards. All
of these pipes are well above the requirements. However, both standards also require a minimum base
resin density of 0.948 g/cm3. Based upon the relationship between yield stress and density found in the
Plastic Pipe Institute’s TR-43 (PPI, 2003), one can see that in order to meet the density requirement,
the tensile yield stress needs to be above 24.13 MPa (3,500 psi). Because the density measurements of
those compounds containing fillers and recycled materials are unreliable, the yield stress-density
relationship can be used to evaluate the densities of the base resins. The pipes with yield stresses below
24.13 MPa include samples 7, 9 and 10. There is nothing out of the ordinary with sample 7 but samples
9 and 10 have high concentrations of carbon, fillers, and polypropylene.
The strain (elongation) at break values are related to the “flaws” in the pipe. Six of the twelve pipe
samples had break strains of less than 100%, and only three had break strains greater than 150 %.
Samples 9 and 10 are particularly worrisome because they broke at a strain near or at the yield point.
This should not be acceptable for any pipe product, especially for one used in designed structures like
mine heap leach pads. The presence of flaws can also affect the stress crack resistance of the pipes. A
sufficiently large flaw (critical defect) can initiate a stress crack.
All the flexural modulus results indicate that each of the pipe samples met the minimum required
value of 759 MPa. And, just like tensile strength, there is a relationship between density and flexural
modulus (PPI, 2003). Therefore, with the density requirement of 0.948 g/cm3, all the flexural modulus
values should be greater than 863 MPa, which they are. These first three properties were measure on
test specimens taken from compression molded plaques. The next three properties were measured
directly on samples of pipe.
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The 5% stiffness results represents the load required to reduce the inside diameter of the pipe 5%.
The units of kg/cm/cm are unusual. The value reported is the force (kg) required to compress the pipe,
normalized to the distance traveled (cm) and the length of the pipe sample (cm). Three of the pipe
samples failed to meet the minimum requirement for stiffness.

Durability properties
In an application such as this, there are a number of factors that will affect the long-term properties of
the HDPE pipe. These include the time-dependent response to stress and strain, the resistance to
oxidizing chemicals such as sulfuric acid, and the accelerating effects of elevated temperatures.
Unfortunately, there are only a couple of tests that address these important design considerations. Three
tests were performed that can be related to the materials long-term performance. They are shown in
Table 6.
All three of these tests were performed on compression molded plaques made from the pipe. The
first test is a measure of the stress crack resistance of samples. The test is called the Notched Constant
Ligament Stress (NCLS) test and is a measurement of the time it takes for a face notch (cut about 20%
through the thickness of the specimen) to grow when the specimen is subjected to 4.137 MPa (600 psi)
of stress in a surfactant solution at 50°C. The required minimum value for this test in the two ASTM
pipe specifications is 24 hours. Seven of the twelve samples did not meet this requirement. In fact, the
average values ranged from 6 to 548 hours. This shows a very large difference in the pipes ability to
resist cracking.

Table 6: Durability properties
Sample
pipe type

Stress crack
resistance (hours)

OIT
(min)

HPOIT
(min)

1–375

11

40

246

2–250

10

18

244

3–375

16

13

88

4–250

7

6

62

5–300

71

74

326

6–250P

40

21

173

7–200P

548

60

335

8–125P

38

9

95

9–150P

13

14

78

10–100

14

6

66

11–100P

48

28

273

12–100P

6

13

139
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The next test is the Oxidative Induction Time (OIT) test. This measures how long it will take a sample
to be consumed by oxygen at a test temperature of 200°C. The onset of oxidation is delayed by added
process stabilizers and long-term antioxidants. The minimum required value is 20 minutes in the
specifications. These samples showed a large range of values which went from a low of 6 minutes to a
high of 74 minutes. It seems reasonable to assume anti-oxidants would be consumed more rapidly in
low pH environments but this was shown to not be true for HDPE geomembranes (Abdelaal et al.,
2012).
The test can also be performed at a lower temperature (150°C) under an applied oxygen pressure
of 3.448 MPa (500 psi). This High Pressure OIT (HPOIT) test is sensitive to a class of additives known
as Hindered Amine Light Stabilizers (HALS) (Thomas and Ancelet, 1993). These additives
dramatically improve the resistance of HDPE to UV exposure as well as acting as long-term
antioxidants. A pipe containing HALS and having a high number in this test should be more resistance
to the effects of exposure to sulfuric acid. This test is not required by the ASTM specifications, but one
can see that the results ranged from 62 to 335 minutes.

Summary and conclusions
The purpose of the study was to measure various properties on a selected number of pipes made around
the world for mining applications. The focus has mostly been on heap leach pads because this is where
the environment is the most severe. The overburdens can be very high, the temperatures can be
significantly above ambient, and the pipes can be exposed to concentrated sulfuric acid.
The results obtained on a dozen different samples has demonstrated that the pipe sold into this
market is variable in terms of its composition and its mechanical properties. Some of the properties that
are believed to affect the pipes performance over its service lifetime are discussed below.

Recycled polyethylene
Five of the twelve pipes (42%) contained significant amounts of recycled PE based on the percentage
polypropylene in the samples. The presence of PP is specific for post-consumer recycled HDPE. Results
of an NCHRP study (Thomas and Cuttino, 2011) demonstrated that contamination is a main concern
with the use of PCR-HDPE and this must be controlled to ensure consistent performance in corrugated
drainage pipe. Contaminants influence the strain-at-break and the stress crack resistance, and probably
play a role in the buckling strength and long-term resistance to stress. Contamination can be controlled
by specifying a minimum strain-at-break and a maximum ash and polypropylene content.

Stress crack resistance
In other buried pipe applications, the resistance to cracking under a sustained load or strain has been
identified as a service life-limiting property. Therefore, minimum stress crack resistance requirements
are placed on corrugated HDPE pipe, even if it contains recycled and is used for land drainage, where
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the overburden can be just 0.3 m. Our results show that the pipes used for mining varied from 6 to 550
hours of average failure time in the NCLS stress crack test. To put this in perspective, the worst HDPE
for stress crack resistance, 100% post-consumer recycled HDPE and HDPE homopolymer have stress
crack failure times around 6 to 8 hours. HDPE homopolymer is used to make milk jugs and is not good
enough for detergent bottles because it cracks when it is used for detergent bottles. Additionally, PCRHDPE is primarily made from detergent bottles and milk jugs. A reasonable NCLS average failure time
is 24 hours, which was the value established for corrugated pipe under highways about fifteen years
ago. Seven of the twelve pipes tested (58%) failed to meet an average failure time of 24 hours.

Oxidation resistance
Pipes used in copper mining may be exposed to hot concentrated solutions of sulfuric acid. Since this
acid initiates oxidation, the service lifetime could be partly controlled by the long-term antioxidants
present in the pipe compound. Tests that have been used to evaluate additive packages are the OIT test
and the HPOIT test. The two test methods for pipe used in mine applications have a modest OIT test
requirement of 20 minutes. This is less than the typical value of 100 minutes for HDPE geomembranes,
but the pipe has higher natural density (0.948 vs. 0.938 g/cm3), which gives it higher natural resistance
to oxidation. There really is not enough knowledge about how this pipe reacts to concentrated sulfuric
acid to establish a minimum value. However, seven of the twelve pipes (58%) failed to meet a modest
requirement of 20 minutes.

Conclusions
The corrugated HDPE piping being used in mining operations today varies greatly in composition and
properties. The differences surely contribute to variable performance in the field. It would be beneficial
to the mining industry to understand how these products perform in service and how their long-term
survivability can be improved to increase the output and profitability of the mine. However, until
product specifications with defined minimum properties are adopted, the industry will continue to deal
with variability in product performance. ASTM International has published two specifications that if
followed, could bring more continuity to the corrugated pipes used in mining applications.
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Abstract
Laterite geology presents unique challenges for geotechnical engineers, which increase when these
materials are subjected to acid leaching. In the design of nickel laterite heap leach facilities, two
byproduct materials are of key importance to the geotechnical engineer: the leached ore and the plant
residues produced from separating nickel and cobalt from iron, magnesium, and other impurities.
Lateritic ore can undergo dramatic physical and chemical changes during months of leaching and
rinsing, with weight loss of 15 to 25% and acid consumption of 150 to 500 kg per tonne of ore.
For dynamic heaps, the spent ore is disposed of in a dump, often comingled with the plant residue.
As these materials interact within the dump, physically and chemically, further changes can be
expected. Plant residues are principally composed of precipitated gypsum, iron and magnesium
compounds (sulfates and oxides) and are often filtered separately or comingled before disposal. While
the ore has been leached and rinsed and thus is generally at chemical equilibrium, the plant residues
often are undergoing active chemical reactions when discharged to the dump; if the various residues
and leached ore are discharged in a co-disposal facility then seeping pore fluids of various chemistries
can also create complex changes in the dump. The authors will present data, observations and
suggestions for further work related to these and related issues.

Introduction
Laterites are soils or weathered rock formations rich in iron, magnesium and often aluminum. These
are most commonly formed in tropical or formerly tropical climates, though there are ample examples
of deposits outside of the tropics. An essential mechanism is cyclic wetting and drying, which is why
lateritic geology is most common in the tropics (Schellmannk, n.d.; Dalvi et al., 2004). Nickel-bearing
laterites are generally sourced from ultramafic rock containing the ferromagnesian minerals amphibole,
olivine, and pyroxene. The term laterite is used for both ferruginous deposits and for soft, clay-rich
profiles with strong iron segregation (Fookes, 1997). Laterite profiles will often be capped with a
limonite layer and underlain by saprolite. Limonites are generally formed from the weathering of
amphibole, olivine, and pyroxene, with the iron occurring as FeO(OH)•nH2O. The limonite can occur
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as a distinct capping layer or as pockets and inclusions within the laterite. Saprolites are chemically
weathered rocks, which Fookes defined as “weak, friable chemically weathered material (usually
crystalline), in which the original structure and fabric are preserved because of pseudomorphic
replacement.”
The concept of heap leaching of nickel laterites was first proposed by Agnatnizi-Leaonardou and
Demaki (1978) who achieved robust recoveries from column leach testing using sulfuric acid. More
extensive research has been conducted by BHP Billiton, European Nickel, Vale, Brazilian Nickel and
others on ore deposits in the Philippines, Indonesia, New Caledonia, Brazil, Colombia, Guatemala,
Turkey, Australia and elsewhere. BHP introduced the concept of two-stage heap leaching, using a lead
and a lag heap, to reduce both acid consumption and iron residue production (Duyvestyn et al., 2001;
Steemson and Smith, 2009; Smith and Steemson, 2009). In the last decade the nickel industry has seen
increasing interest in heap leaching with advanced studies, some including pilot or demonstration
plants, being performed for Çaldağ (Turkey), Piauí (Brazil), Cerro Matoso (Colombia), Acoje
(Philippines), Jaguar (Guatemala), Nickel West (Australia), Gag Island and Pearl (Indonesia), as well
as two commercial-scale operations, Murrin Murrin in Australia and Yuanjiang in China (Smith and
Oxley, 2014).
Lateritic ores tend to be of relatively low permeability and strength as compared to gold and
copper ores, though there are ample examples gold and copper ores with lower permeability or shear
strength (Saavedra, 2014; Ulrich et al., 2003). Nickel laterite ores have very high acid demand, typically
in the range of 150 to 500 kg of sulfuric acid per dry tonne of ore, which is about ten times the typical
demand for copper. This is caused by the dissolution of 15 to 25% of the solids in the ore, which also
results in a complete degradation of the agglomerate structure. It also means that conventional multilift
heaps require interlift liners to limit acid consumption, as is common for copper oxide leaching. Unlike
other heap leach operations, nickel plants produce a considerable volume of wastes from the impurity
removal in the wet plant, which are generally called plant residues and occasionally referred to as
tailings (though they are chemical precipitants rather than ground rock). The volume of plant residues
will often equal the volume of leached ore (referred to as “ripios” in South America and that term is
adopted herein). Most commonly, the plant residues are filtered (to improve metal recovery) and dry
stacked in a residue storage facility (RSF), often referred to as a dump.

Methodology
The authors have participated in the studies of 17 nickel laterite heap leach studies. The levels of these
studies ranged from preliminary economic assessments to definitive feasibility studies and detailed
engineering. Project sites were located in North, South and Central America, central Europe, Australia,
Indonesia, New Caledonia and the Philippines. These studies provided the data presented in this paper.
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Fresh and leached ore
Nickel laterite ores are generally crushed and then agglomerated with sulfuric acid. Agglomeration is
used to improve several key operating parameters, including permeability of as-stacked ore, reducing
fines migration during irrigation, speeding early leach kinetics, and shortening the leach cycle. The
properties of the fresh laterite ores vary greatly depending upon the geology and location, as well as the
manner in which they are crushed and agglomerated. Much has been written about laterite
agglomeration (Nosrati and Addai-Mensah, 2012; Janwong, 2012). This paper will not provide much
detail on either fresh ore or agglomeration. Rather, the authors focus on the properties of the ore at the
end of the leach cycle (i.e., the ripios).
Acid dosage rates during agglomeration of 25 to 75 kg acid per dry tonne of ore are typical in the
agglomerator. Total acid consumption (agglomeration plus leaching) is almost entirely driven by
dissolution of gangue minerals (including Fe and Mg compounds). This dissolution affects the physical
and mechanical properties of both the ripios and the plant residues (since it is the subsequent
precipitation of those gangue minerals which produce the residues). These effects could be compounded
by the difference in the original contents of Fe and Mg in heaps, variations in their extraction rates, and
the acidity of the extraction process including whether reprecipitation of Fe in the heap is accomplished.

Figure 1: Sample of fresh agglomerated ore (left) and ripios from pilot heap
(Piaui mine, Brazil)

Plant residues
Iron precipitate (IP) is the outcome of the first stage of precipitation during the impurity removal process
and consists of oxidized iron at a relatively low pH of 3 to 4. IP is predominantly composed of iron
compounds (typically goethite and jarosite), gypsum, amorphous materials, and traces of quartz. The
IP can be dominated by gypsum with minor goethite or jarosite. The volume of IP produced can be over
half the total. Neutralization precipitates 1 and 2 (NP1 and NP2) are produced in the second and third
stages of impurity removal. NP1 typically contains iron hydroxide and gypsum based precipitates at a
medium pH of 6 to 8 for NP1. NP1 is predominantly composed of gypsum and calcite, with minor
amounts of amorphous materials, goethite or jarosite, and traces of quartz. NP2 is a magnesium
hydroxide and gypsum based precipitate with little to no iron and generated at a pH of 9 to 11. NP2 can
be predominantly composed of bassanite with minor amounts of amorphous materials, brucite, calcite,

253

HEAP LEACH SOLUTIONS, 2015 • RENO, NEVADA, USA
and traces of quartz. NP1 and NP2 will frequently be comingled in the plant before discharge to the
RSF.
Some plants will produce a final residue is very small quantities, from either treating bleed
water or as a final polishing step. When this is produced it will commonly be comingled in the plant
with either NP1 or NP2, and tends to be of very high pH. This group of plant residues has not been
included in any of the authors’ testing programs.

Figure 2: Sample of IP coming off of belt filter (South America)
The plant residues may be blended with each other or with ripios. Tests have been conducted to
investigate the effects of blending plant residues in various proportions. These results were used to
improve understanding of the geotechnical properties of the blends, which can be critical for predicting
long-term stability of the RSF. For instance, in one program when acidic and alkaline plant residues
were blended they produced a significant volume of carbon dioxide gas. Such off-gassing can create a
wide range of operational problems from worker safety issues (effectively creating “confined space”
hazards at the working face) to inducing excess pore pressures and aggravating liquefaction concerns
(Davies et al., 2002).

Geochemical and mineralogy characterization
One study looked in detail at the geochemical composition of the ripios and plant residues. Of particular
interest is the presence and nature of hydrated carbonate and sulfate minerals, acid-base reactivity, and
availability of constituents that may be of concern for geotechnical and geochemical stability. The
geochemical program tested for a variety of metrics, including: net acid generation, acid-base
accounting, synthetic precipitation leaching protocol, x-ray diffraction (XRD), and x-ray fluorescence.
However, a detailed discussion of these results is beyond the scope of this paper.
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Testing determined that the plant residues are altered in a standard 110o C drying oven (ASTM D2216), which renders the resulting moisture content measurements unreliable. This is consistent with
the presence of hydrous and hydrated phases in these particular samples. Therefore, the geotechnical
program considered both 110o C and 55o C oven temperatures for determining moisture contents and it
is recommended that other investigators determine, early in their program, whether their samples are
sensitive to the oven drying temperature. The crystalline structure of the plant residues is described in
general as comprised of a loose-packed crystal “mush” of well-developed bladed monoclinic crystals
forming an open framework, with a very fine-grained interstitial (inter-crystalline) matrix (identified
by XRD as calcite) within a glutinous mass of hydroxides. It is these hydrous and loose crystalline
structures surrounded by the mush that lead to some of the unique geotechnical properties described
herein.

Geotechnical characterization
A key to understanding the geotechnical properties of leached nickel laterite ores (ripios and plant
residues) is the fact that the fresh agglomerated ore undergoes a 15% to 25% loss of mass during
leaching. This drastic reduction in mass due to leaching leads to significant material degradation and
change in geochemical and geotechnical properties. In addition, degradation of the plant residues can
also be affected by comingling different plant residues with each other or with ripios. For example, the
various types of plant residue have pHs ranging from a low of about 3 (for IP) to a high of around 11
(NP2). When comingled, the resulting change in acidity may adversely affect the geotechnical
properties. Further, to the extent that there are significant quantities of MgSO 4 present along with
migrating acidic pore fluids in the RSF, continued dissolution and the resulting physical changes can
be expected. Therefore, there is value in including some sort of semi-coupled geochemical and
geotechnical modeling to accurately predict the long-term behavior of the comingled plant residueripios waste mass within the RSF.

Moisture content
Table 1 shows the range in moisture contents for plant residues samples at two oven temperatures.
Moisture content will be affected by the method of filtration (belt filter, pressure filter, disc filter, etc.),
chemical composition, and post-filtration handling. Many nickel projects are in the tropics and thus
moisture contents can increase between the filter and the RSF. An important note about the way
moisture content is reported herein: in geotechnical engineering (and in this paper) it is standard practice
to report moisture content as a percentage of the dry weight of the material. This contrasts to how
metallurgical labs tend to report moisture, which is based on the wet weight of the material.
Samples of ripios from three projects were tested for moisture content at the end of the leach cycle
(both column and pilot heap samples were tested). The results ranged from 18 to 76% with an average
of 37% and standard deviation of 15. For the project in Brazil, 17 ripios samples were tested and the
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resulting moisture content ranged from 18 to 60% with an average of 33% and standard deviation of
15. For this project, the standard Proctor (ASTM D-698) optimum moisture content ranged from 15 to
32% with an average of 23% and standard deviation of 7. For another South American project, 13
samples were tested with moisture contents ranged from 20 to 75%, an average of 44% and standard
deviation of 18. For this project, the standard Proctor optimum moisture content ranged from 18 to 34%
with an average of 25% and standard deviation of 5.
Table 1: Moisture content of plant residues
Plant residue

55oC Oven

110oC Oven

Iron precipitate

48 – 68

72 – 92

Neutralization precipitate 1

25 – 28

28 – 38

Neutralization precipitate 2

45 – 52

60 – 70

Specific gravity
Specific gravities (ASTM D-8454) ranged from 2.2 to 3.6, with the majority of the samples ranging
from 2.75 to 3.2. The specific gravity of solids is the highest for IP, ranging from 2.8 to 3.6, with NP1
and NP2 ranging from 2.6 to 2.8 and 2.2 to 2.6, respectively. The ripios ranged from 2.76 to 3.17. The
agglomerated ore ranged from 2.3 to 3.2.

Particle size distribution
The plant residues were comprised predominantly of fines (passing the #200 sieve), ranging from 91%
to 100% of the total weight, with the balance comprised of sand-sized particles. The average fines
fraction in the 22 samples tested was 98%. The material retained on the #200 sieve is comprised of, on
average, 90% silt-size and 10% clay-size particles.
The ripios samples tested were comprised of particles ranging in size from silt to gravel. The
gravel ranged from 11 to 56%, sand from 11 to 54%, and fines from 11 to 75%. The fresh agglomerated
ore ranged with gravel from 11 to 61%, sand from 12 to 30%, and fines from 14 to 75%.

Atterberg limits
Lateritic ores tend to have low content of true clay. The plant residues are chemical precipitates and as
such will be clay free. Other than a few outliers, both the plant residues and ripios clustered around the
classifications of low to high plasticity silt (ML to MH). In general, the ripios are less plastic than the
plant residues but there is larger scatter in the data for the plant residues. The IP, NP1, ripios, and the
blends classify as ML or SM. NP2 and some of the ripios classify as MH. Figure 3 below shows the
range in plasticity for both the plant residues and ripios. Especially for the plant residues, special
considerations are required in interpreting the laboratory tests and deriving design parameters since
correlations between Atterberg Limits and other properties, historically developed from natural soils,
may not be applicable to chemical precipitates.
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Figure 3: Atterberg limits for plant residues and ripios

Moisture-density relations
The maximum dry densities of plant residues obtained from the standard Proctor test ranges from 1.05
g/cm3 at optimum moisture of 50% to 1.55 g/cm3 at optimum moisture of 15%. For the modified Proctor
tests (ASTM D-1557), the maximum dry densities range from 1.3 g/cm3 at optimum moisture of 33%
to 1.8 g/cm3 with the optimum moisture of 18%. These are relatively wide ranges and demonstrate some
practical difficulties and implications in selecting or specifying the design parameters for placement
within the RSF. The expected as-deposited densities of plant residues are expected to be lower than for
wastes from gold and copper operations.
For fresh agglomerated ore, the standard Proctor test maximum dry density varied from 1.34 g/cm3
at optimum moisture of 35% to 1.81 g/cm3 at optimum moisture 15%. The standard Proctor test
maximum dry density of ripios varied from 1.35 g/cm3 at optimum moisture of 33% to 2.0 g/cm3 at
optimum moisture 18%. The plant residue-ripios blended samples had lower maximum dry densities
than the plant residues. As-stacked densities for nickel laterite ores are much lower than for gold and
copper ores, which has been verified for pilot heaps at several operations.

Permeability
To model the expected behavior of plant residue disposed of within the RSF with respect to
permeability, the samples were remolded to approximately 90% of modified Proctor and permeabilities
were measured using flexible wall, falling head (ASTM D-5084) methods. Some cases used tap water,
while one study used simulated process water. Table 2 summarizes the measured permeabilities.
Regarding the heap leach, where permeability affects the leaching process, the permeability of
column ripios generally decreased by 1 to 2 orders of magnitude over a range of simulated pile heights
of 1m to 23 m, as shown in Figure 4. For every case studied, the heap designs where either dynamic
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heaps with maximum ore depths of 6 m, or multistack heaps with liners between each lift, and lift
thickness of 4 to 7 m. Thus, for the design of the heap, permeabilities at loads simulating 4 to 7 m of
ore should be used. A permeability of 2 × 10-4 cm/sec equals an irrigation rate of 7.5 L/h/m2 assuming
full saturation and Darcy’s law. Most nickel projects use or will use irrigation rates of 5.0 to 10.0 L/h/m2.
Table 2: Range of plant residue permeabilities (cm/sec)
Plant residue

Low

High

Iron precipitate (IP)

2 × 10-8

3 × 10-7

Neutralization precipitate 1 (NP1)

1 × 10-6

3 × 10-6

Neutralization precipitate 2 (NP2)

9 × 10-6

3 × 10-5

Plant residue blends

8 × 10-8

7 × 10-7

Our database includes 218 tests, 19 reporting permeabilities equal to or less than 2 × 10-4 cm/sec
at simulated heap heights of 1 to 7 m, which is about 9% of the total. The lowest permeability results
resulted from ripios samples containing the highest content of limonites and lowest silica, with some
ores being composed almost entirely of limonite. Generally, when limonite contents were low the
laboratory permeability for simulated heap heights of 7 m were equal to or greater than 5 × 10-4 cm/sec.
Subsequent testing with better agglomeration control (generally more acid) will also improve the
permeability.
The reported permeability values are from end-of-leach-cycle ripios and in all cases the asstacked ore was more permeable. All samples were disturbed either in sampling or in the lab, and thus
the open matrix created in the heap through gentle stacking and leaching of gauge minerals (which
increases porosity) was destroyed. Thus, the values reported in Figure 4 should be the lower bound
values for good quality ores (low limonite, high silica). For any given project, the lower value results
would trigger additional testing to find ways to improve permeability, which might include: crushing
to a larger maximum particle size (to reduce the amount of fines generated), blending low and high
permeability ores, improving agglomeration methods (perhaps through optimizing acid addition),
screening or washing out some of the fines (at least three large copper projects do this to improve
permeability and thus there is precedent), and stripping some or all of the limonite off the orebody (this
was the plan at both Gag Island and Hallmark in Indonesia and the Philippines, respectively). The
stripped limonite can then either be processed in a separate circuit or shipped directly to a smelter.
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Figure 4: Ripios permeabilities

Shear strength
Mohr-Coulomb shear strength parameters were estimated by performing consolidated undrained
triaxial shear tests with pore pressure measurements. The intrinsic cohesion was found to be negligible
in the majority of samples tested. The effective friction angle varied from 32 to 45 degrees for the plant
residues, and 25 to 40 degrees for the ripios. A similar range was found for the plant residues/ripios
blends. IP appears to have the highest shear strength with effective friction angles ranging from 37 to
45 degrees. NP1 exhibited the lowest shear strength with a 35 degree effective friction angle. The
strength of IP and NP1 can be strongly influenced by the form of the iron precipitate (geothite, jarosite)
and the amount of amorphous material produced, which in turn are affected by the temperature and pH
in the plant. Of course, the ripios shear strengths will vary depending upon the fresh ore characteristics
as well as the amount of acid used during leaching. Therefore, each sample must be tested using
parameters based on the established design criteria.
The test results indicate relatively high-strength materials that should remain statically stable if
proper care is taken with the rate of loading to allow adequate pore water pressure dissipation (i.e., to
avoid triggering static liquefaction) in the RSF. Experience with natural geologic materials suggest that
long-term slope stability can be achieved with relativly low-strength materials with proper drainage and
maintenance. However, in areas of high seismicity, such as the Philippines, Indonesia, and Turkey,
additional testing and analyses will be necessary to address dynamic (or psuedo-static) stability and
seismically-induced liquefaction.

Consolidation
Figure 5 graphically presents the void ratio versus log of normal stress (e vs. log p) obtained from 1dimensional, remolded, consolidation tests on plant residue and ripios samples. Blends for specific
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projects have been tested, but not reported here, as the blending will be highly site specific based upon
material quantities and ratios for blending. These plots show that with an initial void ratio range of
approximately 2 to 2.5, consolidation under loads increasing from 10 to 2,500 kPa can produce a void
ratio reduction of approximately one, with the compression index, Cc, values ranging from 0.069 to
1.34. The stability analysis must, therefore, address both the highly compressible nature of the plant
residues and the potential to generate excess pore water pressures during loading. The coefficient of
consolidation, Cv, ranged from 0.001 to 0.023 cm2/sec. Figure 5 also indicates a lack of rebound when
the samples were unloaded, with Cr ranging from 0.012 to 0.062. The rebound lines are nearly flat,
signifying lack of elastic deformation in the range of normal load applied.
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Figure 5: Typical consolidation curves showing range in compressibility, with plant residues
on the high and low end and ripios in between
The most notable issue is the difference between primary and secondary consolidation processes.
Primary consolidation is associated with pore pressure dissipation; secondary consolidation is
associated with creep in the form of time-dependent or continued readjustment of particles, with
insignificant excess pore pressures. When does primary end and secondary begin? Typically,
consolidation is dominated by the primary stage, with secondary consolidation comprising only a small
fraction of the total process. However, in the case of these plant residues, the primary consolidation
appears to be completed quickly, whereas the secondary consolidation continues for a long time and is
significant. The relatively fast primary consolidation, implying quick dissipation of excess pore
pressure, will aid RSF stability during loading by limiting pore-water pressure build-up. The slow
secondary consolidation will require consideration for the long-term performance of the RSF. The
secondary consolidation issue is still being addressed for concerns with static liquefaction. Further
geochemical testing is needed to establish if the long secondary consolidation is associated with
chemical reactions that may induce leaching of salts and other chemicals from the plant residues.

California bearing ratio (CBR)
The results for 0.1-inch penetration on plant residue samples ranged from 0.03 to 18.5; results for 0.2inch penetration range from 0.03 to 15. The variation seems to be random; the authors found no trend
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based on plant residues type, blending or amendment with cement. It is the high moisture content of the
plant residues that appear to produce low CBR values, which indicate potential difficulty in
maneuvering conveyors and other mobile equipment when disposing of the plant residues in the RSF.
Field tests on the IP produced from one pilot plant verified that moderate weight equipment was able
to maneuver on top of the plant residue. Therefore, the laboratory CBR testing may not be indicative of
actual field behavior.

Vibration
The samples were placed on a vibration table at moisture contents approximating the “as produced”
conditions from the pilot plant filters. The specimens were then subjected to vibrations with a range of
frequencies, bracketing those produce by conveyors, to determine if they liquefied. The laboratory
testing showed some variation in the extent of liquefied zone within each sample. The exact frequency
at which the individual samples liquefied was not recorded. It remains unclear at which frequencies and
moisture contents the plant residues would liquefy. The significance of this is that conveying the plant
residues may be constrained if the water content is excessive, either as produced from the filter or after
stockpiling (which can allow the plant residues to either dry further or gain water from precipitation).

Figure 6: Stockpiled IP shows stable vertical cut and vibration-induced liquefied bottom

Key observations
Ripios samples were generally well behaved with engineering properties consistent with their index
properties. It is important that the geotechnical program take into full account the large degree of
chemical alteration which occurs during leaching. Low permeability is perhaps the most often cited
limitation for heap leaching lateritic ores, but in the authors’ studies all but a few of the samples
exhibited permeabilities sufficiently high to allow leaching, which was consistent with the metallurgical
column and pilot heap testing on the same ores. For dynamic heaps, the ripios are also generally
sufficiently permeability to allow drainage within the dump. One important design consideration for
dynamic heap operations is whether the ripios should be disposed of separately or co-disposed with the
plant residues. As general guidance the following may be useful:

261

HEAP LEACH SOLUTIONS, 2015 • RENO, NEVADA, USA
 Ripios generally have substantially higher permeabilities than plant residues and thus strategic
placement of ripios in the RSF can provide internal drainage, shell armoring, and stabilizing of
the top of the dump to improve equipment support.
 Ripios are less likely to undergo further chemical degradation in the dump, and thus mixing
ripios with plant residues can improve the overall long-term physical and chemical stability.
 Comingling wastes makes testing and analysis more complex and can raise long-term stability
issues, especially as related to continued chemical degradation. On the other hand, mixing low
and high pH materials will often make sense from an environmental point of view.
 Plant residue stacking will principally be controlled by static liquefaction rather than global
stability. For high seismicity locations such as Turkey, Indonesia and the Philippines, the
dynamic behavior of the dump will also be a controlling factor and may require either (1)
stabilizing berms or (2) partial or full encasement of the plant residues inside of either the RSF
or a waste rock dump.
Unusual behavior in some of the plant residues was observed with respect to consolidation and
liquefaction, including prolonged, time-dependent strains and significant strength loss upon vibration.
These are not normally observed in low-plasticity materials. IP, for example, appears strong against
static loads but loses shear strength upon remolding or vibration, and then regains strength relatively
quickly once vibrating has stopped. These results and observed behavior must be taken into
consideration in designing the RSF, especially with respect to conveying and equipment loading during
stacking.
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Abstract
The authors present a geotechnical primer especially oriented to heap leach operators, as well as
geotechnical engineers new to heap leaching. The geotechnical behavior of leach heaps and pads can
have important impacts on a wide range of key issues, from leach kinetics to environmental and safety
risks. The failure to properly predict, incorporate, or react to changed conditions has led to a long list
of serious problems: dramatic capital and operating cost overruns, inability to achieve economically
viable extraction rates, physical instability of the heap and the related risk to the environmental and
human health or safety, excessive leakage through the liner system and the resulting environmental
risks and legacy issues, as well as regulatory violations being a few of those. Four key stages of projects
are addressed: design and construction, commissioning, operations, and closure. For each stage certain
weaknesses or gaps in the geotechnical data collection and analyses tend to reoccur from project to
project. This paper will address these deficiencies, giving real-world examples, and provide some
operational guidance for recognizing these issues and best using geotechnical resources to avoid
negative consequences.

Introduction
Traditionally applied to gold and copper, heap leaching is also being applied commercially to uranium
(e.g. in Imouraren, Niger and Trekkopje, Namibia) and nickel ores (Murrin Murrin, Australia,
Yuanjiang, China and Piauí, Brasil) (Smith and Oxley, 2014). Over time, the limits on project sizes
have expanded. Leach pads as large as 2 km2 and piles as high as 140 m are becoming common, and
substantially larger projects are in operation – Escondida Sulfide pad in Chile is almost 10 km2. Along
with such advances, the geotechnical implications and the risks of failure have increased. This paper
highlights some of the geotechnical challenges that can arise at various stages of the project and offers
some examples of where integration of geotechnical and process engineering can be critical. The
authors have grouped these into four typical phases of a project: design and construction,
commissioning, operations and closure. There is, of course, considerable overlap between these.

265

HEAP LEACH SOLUTIONS, 2015 • RENO, NEVADA, USA

Design and construction
Silo effect
This term refers to a culture that induces a lack of communication and cross-departmental sharing of
information amongst people involved in the same project. In heap leaching – a metallurgical process by
nature – the geotechnical issues are often viewed as adjunct and the involvement of the geotechnical
team is limited in scope. It is not uncommon to develop an overall concept of a heap leach facility
before engaging geotechnical experts in any significant capacity, and then limit their scope to simply
working out various details. Once the operation is commissioned, the geotechnical engineers are often
involved only in connection with pad expansions or when problems arise.
Such compartmentalization is a logical result of the increasing size and complexity of projects and
emerges from the practical requirements of project delivery. In reality, heap leaching is a fully coupled
geotechnical-hydrometallurgical process and successful development requires some coupling of the
various disciplines. An uncoupled approach can preclude a full understanding of the geotechnical
issues. On the other hand, key decisions related to heap height, stacking method and sequence, and
irrigation rates remain locked in without due consideration of the interactions between hydrometallurgy
and geotechnical behavior.
A prime example of this is an existing heap leaching facility with chronic drainage problems
arising due to leachate collection header failures and reduced permeability of the leach pile. The
leachate collection header damage could have happened during construction and the reduced
permeability was the result of a combination of chemical degradation of the ore under the leaching
environment and increasing load as the pile height increased. Together, these caused excessive
hydraulic head buildup over the base liner. The result was a slope failure, extended cessation of
leaching, and extensive remediation work. From the process engineer’s perspective, reduced
permeability impacts the leaching rate and cycle, but to a geotechnical engineer it suggests pore pressure
build-up and potential structural failure. Interdisciplinary engagement and the alignment of the two
perspectives at an earlier stage might have prompted additional testing and analysis and an across-theboard improved understanding of the implications, possibly resulting in design, construction and
operational alternatives such as: larger pad with lower pile height, inter-lift liners, a dynamic heap,
reduced solution application rates (lower irrigation rate or pulse irrigation), or internal drainage
structures.

Improper ore characterization
Just as the variations in ore grade, reagent consumption, grinding or crushing indices affect productivity
factors, the natural variability of geotechnical properties also affects drainage and stability of the heap
and, therefore, production and profitability. The most common approach to geotechnical
characterization of the ore is to consider ore body average or typical properties. However, if the
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variation is significant the notion of typical becomes meaningless. In such cases a better approach is to
characterize each of the major types of ore (Caceres, 2013). If all of the ore types are well behaved from
a geotechnical perspective, then the heap can be designed using the lower-bound parameters. But if
some of the ore types are problematic, then a different approach is needed. First, the heap behavior
should be analyzed based on an accurate representation of stacking of each of those ore types. This, in
turn, requires a coupling of the heap stacking and mining plans. If this results in problematic
performance, such as a weak ore being placed in a critical slope area, then the alternative is often to
blend ore types to produce acceptable geotechnical properties.
The latter approach was used in a gold mine in South America which had five major ore types.
Three of these (e.g. types 1, 2 and 3) had excellent strength and percolation; type 4 had acceptable but
marginal strength and percolation; type 5 had moderate strength and poor percolation. Based on these
classifications, a further testing and acceptance protocol was developed which required: i) an intensified
level of control when type 4 or 5 ore was being mined; and ii) blending type 5 ore with types 1, 2 or 3
before stacking. This approach worked well and this heap has been successfully operated for 15 years.
Understandably, any such approach requires upfront mapping of the geotechnical properties of each
major ore type in the same manner as the properties relevant to production. Considering that the mining
sequence will deliver different ore types in different relative proportions over time, targeting a specific
blend will not always be practical. Nevertheless, characterizing the geotechnical and metallurgical
properties of each ore type will allow the definition of the operating window, the customization of
predictive modeling tools, and the adequate formulation of operational controls.

Ore as the overliner gravel
The purpose of the overliner is to protect the liner from puncture and other mechanical damage, provide
a free-draining layer at the base of the heap, and protect the leachate collection pipes from the loads
induced by construction traffic, the stacking equipment and the heap itself. With frequent lack of
availability of gravel onsite, and increasing cost in producing or procuring it from offsite, crushed ore
is a natural candidate. However, there are two main constraints: long-term permeability of the leached
ore (commonly called “ripios” in South America) and ore production scheduling, especially for the preproduction or first phase of construction.
Geotechnical testing of ore ranges from a cursory analysis of fresh ore, to a rigorous consideration
of how the properties may change with aging or exposure to leach solutions. Some ores are very durable
and undergo negligible degradation even under prolonged leaching. The geotechnical evaluation of
these ores is relatively simple once the overall durability has been established (there are various ways
to do this, a discussion of which is beyond the scope of this paper). However, for most ores leached in
an acidic environment, the potential for long-term degradation of the ripios is an important concern,
and the long-term permeability must be established before it can be considered as overliner gravel.
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Ripios or leached ore can be used for overliner generally in two ways: as a partial layer acting in
conjunction with a higher quality material such as gravel or a geosynthetic; or for the entire overliner
blanket. The latter is generally the goal, but is not always achievable as some ripios will continue to
degrade with continuing exposure to leach solutions. Figure 1 presents an example of unacceptable
long-term degradation, where the permeability after multiple leach cycles falls below that required for
adequate heap drainage.
The combined approach can be implemented in two ways: vertical or horizontal layering. Vertical
layering is relatively common for dynamic heaps where the overliner layer tends to be very thick (often
over 1 m); the bottom layer may be high quality gravel and the upper layer can be less reliable material
such as leached ore, which may degrade, but within predictable and acceptable limits. Horizontal
layering can be achieved by alternate strips of manufactured gravel and ripios. This approach was used
at a copper mine in Chile to reduce the gravel cost. In that case, the leachate collection system was
designed to maintain the hydraulic head over the liner at less than 1 m with negligible drainage
contribution credited to the ripios strips. In other words, engineered gravel was used for drainage and
the ripios only provided geomembrane protection.
Scheduling of ore production can be a critical issue for the first phase of the leach pad when the
entire plant is being constructed and commissioned simultaneously. In such cases the assumption of ore
availability should be tested against the mine plan and the construction schedule. For subsequent phases,
the availability tends to be less of an issue and comes down to selecting (and possibly stockpiling) the
best quality material.

Figure 1: Ripios permeability as a function of leach time (copper ore, Chile)

Overliner placement on slopes
Overliner placement on the leach pad during the first phase of construction is generally a part of the
civil construction package. For subsequent pad expansions this responsibility often falls to operations.
Other than the quality of the gravel, the key issues tend to be overliner thickness control (to ensure safe
separation between heavy equipment and the liner) and the stresses induced on the liner due to overliner
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weight and mobile equipment. The importance of these is amplified for pads with steep and especially
variable slopes. Steep slopes increase the transfer of stress to the geomembrane, creating a risk of
puncturing and tearing of the liner or seams. Variable slopes, as encountered in terrain-contouring pads
and the transition from the valley bottom to side slopes in valley leach pads, are especially problematic
because it can be difficult to know the thickness of the gravel near the working face. In spite of these
complexities, in several facilities in South America overliner placement is required everywhere
including the relatively steep slopes of terrain-contouring or valley leach pads. One argument given by
the proponents is that, in addition to protection against liner puncture, the overliner protects against
direct ultraviolet exposure and other kinds of accidental wear and tear, which can occur before the area
is covered with ore. However, it is the authors’ experience that most serious damage to geomembranes
occurs during placement of the cover layer; thus, to the extent that the cover can be either eliminated or
replaced with geosynthetics, it is wise to do so.

Temperature effects
Some of the acid and biological leaching processes involve exothermic reactions or require the preheating of irrigation solutions, while most leach pad liners and drainage pipes are thermoplastic. Thus,
an analysis of the temperature rise inside the heap and its impact on liner puncture resistance and loss
of structural integrity of the pipe can be crucial (Sinha and Smith, 2012; Smith, 2011). This fact,
although often overlooked, should be integrated into design.

First lift stability
The importance of stability of the heap is well understood, and slope stability analyses are routinely
performed by geotechnical engineers. Common sense suggests, and rightly so, that all other factors
remaining the same, the higher the pile the lower the safety factor against slope failure; thus, designs
are generally based on the stability of the ultimate height of the pile. In reality, all other factors do not
remain the same, however. The stacked ore is not compacted in order to provide for free drainage of
the leachate. In multi-lift operations, as additional lifts are stacked the first lift does get compacted due
to both self-weight and mobile equipment. Thus, its shear strength tends to increase. Furthermore, due
to benches provided between lifts, the overall slope of the heap decreases as additional lifts are placed.
These two factors – the lowest shear strength and the steepest effective slope – combined with the close
proximity of the relatively weak liner interface often result in a lower factor of safety against slope
failure for the first one or two lifts of a heap. This risk is not hypothetical; according to Breitenbach
(2013), approximately 60% of heap slope failures occur in the first few lifts.
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Commissioning
Agglomerate production
A significant number of heap leaching projects suffer because of the inability to produce quality
agglomerates, which in turn affects geotechnical behavior and leach kinetics (Caceres, 2013). This tends
to be worse at start-up because:
1. Operators lack experience with the particular ore (and sometimes more generally).
2. Ore produced at the start-up tends to be more weathered and thus most sensitive to
agglomeration methods.
3. Early production ore tends to be stacked in the more critical parts of the heap (which
affects life-of-mine (LOM) behavior), and this is even more important for valley leach
pads.
A key reason for the lack of consistent production of quality agglomerates is a lack of
understanding of the variability in the ore types mined at different times and from different locations.
Properties such as particle size distribution, clay content, moisture content, hardness or durability, and
so forth govern the agglomerate quality. If the variation in these properties is significant the common
use of average or typical ore characteristics will not work well. In which case a more sensible approach
would be to develop a geotechnical model of the ore body similar to, but less detailed than, the
metallurgical model. Agglomeration properties and the resulting ore behavior can then be predicted
based on the mine plan. The level of rigor required will depend on the degree of variation and the nature
of the least desirable ore.

Stacking direction
The importance of stacking direction on slope stability has become well recognized during the last
decade. In order to allow the leachate flow without restrictions and ponding, leach pads are designed to
have downward slopes, generally in the range of 1% to 5%. As demonstrated by Smith and Giroud
(2000), on a planer pad with a downslope gradient, the potential for failure of the advancing face of the
heap is greater for down-gradient stacking than for up-gradient. The lower shear strength of the liner
interface generally forces a failure surface through the stacked ore to continue along the top or bottom
interface (Figure 2 a), and the tangential component (along the liner interface) of the weight of the
failing block helps the down-gradient movement. The tangential component of the weight of the
stacking equipment (for a truck dump operation) supplements that of the weight of the ore and further
improves or degrades the stability for up- or down-gradient stacking, respectively.
For practical reasons, most heap leach pads are not designed to tight elevation control and local
variations within the specified range of slope are ever present. Smith and Giroud (2000) used the same
reasoning as given above to show that local variation causing a steeper gradient at the front end of the
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pile induce lower factors of safety against slope failure in case of stacking in the down-gradient direction
as compared to up-gradient stacking (Figure 2 b).
An additional factor against down-gradient stacking is a greater likelihood of the strain required
to mobilize peak strength being exceeded and thus mobilization of post-peak interface strength. Since
the interface along the bottom of the geomembrane is generally weaker than the top interface, there is
a greater tendency for the liner system to move along with the ore. This is amply demonstrated during
the overliner placement. There is a sharp increase in the size and frequency of geomembrane wrinkles
in front of the advancing face when the direction of spreading is in the down-gradient direction; this in
itself is good enough reason against both down-gradient stacking and overliner placement.

Figure 2: Up-gradient and down-gradient stacking on a) uniform slope and
b) locally varying slope

First wetting of fresh ore
Assuming the heap to be saturated and a laminar flow of solution through it, the permeability and the
irrigation rate can be related through Darcy’s Law. For example, for an irrigation rate of 7.5 L/h/m2 the
required minimum saturated permeability would be 2E-4 cm/s. For practical reasons including a lack
of complete understanding of the ore, a higher permeability would be required and designers commonly
use two to ten times that figure. However, this figure refers to the saturated permeability while heaps
do not, and should not, generally operate at full saturation. When fresh ore is stacked, the degree of
saturation will be well below 50% even for agglomerated ores, and the unsaturated permeability can be
much less than the saturated permeability. Thus, even for an ore with an acceptable but modest saturated
permeability, the heap may not be able to tolerate full-rate irrigation until the degree of saturation
increases sufficiently. In such cases the initial irrigation should be either at a reduced flow rate or for
reduced hours per day (also called “pulse” irrigation). Failure to do so can result in surface ponding and
runoff, erosion, localized slope failures, and solution channeling within the heap (Caceres, 2013).

Operations
Unorthodox operational procedures
At times during operation, some non-standard procedures are adopted with perfectly good intent and
focused on resolving an obvious issue, but without considering the ancillary negative impacts, which
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may or may not be so obvious. One example of this situation with an extreme and unfortunate
consequence is an incident at a copper mine in Chile. A 7.5 m high dynamic heap was being stacked
using a stacker with an overhead tripper car. The ore was stacked at its natural angle of repose. Safety
considerations for workers walking up and down the slope in order to install and check the sprinkler
system resulted in flattening of the slopes with excavators. This perfectly well-meaning safety act
created an exposed and unsupported vertical face at the transition between the freshly stacked ore (at
its angle of repose) and the previously flattened slopes, resulting in a slope failure, several injuries and
one fatality. The usual procedure to facilitate the traffic up and down the slope is to simply provide
portable stairs, steps or ladders.

Static liquefaction
Although liquefaction flow slides under conventional static loading conditions have occurred in the
mining world and are well documented (e.g. Davies et al., 2002), these have been invariably in reference
to tailings impoundments and coal (fly ash) waste dumps. In recent years, heap stacking with thicker
lifts, lower permeability and weaker ores, and in some cases flooding the heaps, the possibility of heap
failure due to static liquefaction has rightfully drawn some attention. Thiel and Smith (2004) have given
a list of some indicators and their threshold values for liquefaction in leach heaps. Recently at a Peruvian
mine, a slope failure was induced by the rising phreatic level in the heap, possibly aggravated by a small
excavation at the toe of the heap. Whether liquefaction actually transpired in this case is difficult to
establish, but this example is a reminder that static liquefaction for leach heaps could be a reality as
already established for tailings impoundments.

Over irrigation
The optimum irrigation rate is generally determined based on a combination of geotechnical (principally
permeability) and metallurgical (leach kinetics and reagent consumption) properties. Excessive
irrigation, however, often results from a variety of factors including: unexpected decrease in
permeability with increasing pile height and aging, initial wetting, additional flows due to heavy
precipitation (for tropical regions), and a host of other factors. Sometimes heaps are irrigated at
excessive irrigation rates intentionally, to either increase metal production or make up for down time.
Intuitively, it seems natural to think that a higher irrigation rate will improve leach kinetics, but there
are geotechnical risks involved. At a Peruvian mine, the irrigation rate being used is almost double that
of the design rate, the geotechnical risks overlooked or at least outweighed by the intended production
gain. In reality, increasing the rate of irrigation beyond the natural limit imposed by minimum
permeability (which in turn is a function of ore grain-size distribution, agglomeration, stacking
procedure, particle segregation) can do more harm than good by way of flooding, ponding, shortcircuiting and channeling through coarser material and reduced direct solution contact of finer particles.
Many heaps are designed for saturation around or a little over 50% during leaching. If the applied
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irrigation rate increases saturation to 80% or 85%, the heap starts to behave as a saturated mass with
the inherent slope instability and liquefaction susceptibility. Additionally, over-irrigation can dilute the
PLS, increase lixiviant requirements and make metal extraction less efficient.

Increasing heap size and production rate
It is nearly universal to consider expansion or other modifications of an operating heap to increase
production. Geotechnical analyses at the design stage produce a specific heap design in accordance with
the established design criteria, typically expressed in terms of details such as heap height, lift thickness,
bench width, rate-of-rise of the heap, liner system, etc. Most of these are coupled to some degree and a
subsequent change in one may require changing others. For example, a change in the heap height is
likely to affect slope stability and will require a revised stability analysis and possibly changes in the
overall slope. Higher stresses on the liner may require a more robust liner system. A change in the rateof-rise of the heap, often driven by the intent of higher production rates, may require a change in
irrigation rate and leach cycle, and the overall effect could be an increase in the potential for static
liquefaction. Increasing the area under irrigation will require re-evaluation of the drainage system
capacity and the surplus water storage capacity (i.e., the events pond).
Unfortunately, in general the geotechnical engineers do not state these intertwined relationships
clearly enough and some changes are made during operation without due consideration of the coupled
effects. It is true that some of these operational changes are foreseeable and a matter of common
experience. But more generally, robust change management is the optimal way to avoid such conflicts.

Underestimation of the significance of geotechnical issues
At times, the lack of a complete understanding of cause and effect, and their interlinking across the
traditional discipline boundaries, becomes problematic in identifying and resolving an issue. For
example, geotechnical problems often affect metal production as directly as a metallurgical problem.
Ignoring this multifaceted nature of the problem often results in partial solutions only, as demonstrated
by the example below.
In a copper bio-leach facility in South America the operators identified a problem with higher than
expected moisture content in the heap, sufficiently serious that heap stability might have been at risk.
This triggered a call for further geotechnical investigations and the formulation of a slope stabilization
program. However, high degrees of saturation also suggested a lack of airflow, which suppressed
kinetics. Slow kinetics reduced internal heat generation and resulted in a lower-than-predicted operating
temperature, which caused further suppression of the biological leaching. In other words, the
geotechnical issues were a symptom of a leaching problem. Rather than slope buttressing, the cause of
the poor drainage and suppressed kinetics became the focus of the investigation.
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Dynamic heap overliner damage
Repeated stacking and removal of ore lifts for a dynamic heap requires heavy equipment (stackers,
conveyors, dump trucks and loaders) moving directly on the overliner layer, which can cause crushing.
This results in a loss of drainage and possibly traffic support capacity. Thus, in time, the overliner
material neither provides a permeable layer for the leachate collection, nor does it adequately protect
the drainage pipes or the liner. In essence, the very purpose of providing overliner is defeated. The
operational team has to be made aware of these issues and provided guidelines for monitoring
performance and thresholds for when and how a geotechnical engineer should be engaged.

Poor irrigation
Lack of routine inspection and proper maintenance of the irrigation system often allows broken lines
and clogged emitters to go undetected. Understandably, this results in uneven distribution of solution
across the surface, with some spots remaining dry and others receiving excessive flow that causes
ponding and flooding. The situation is aggravated in the case of a multi-lift operation, resulting in fully
saturated pockets trapped inside the pile providing zones conducive to liquefaction. In other cases, the
irrigation can reduce the permeability of the surface of the ore, either by directly degrading
agglomerates (especially when sprinklers are used) or causing fines migration. Figure 3 shows a rather
unique situation for carbonate leaching of uranium ore: ponding due to plugging by algae formation in
the warm, modest pH solutions.

Figure 3: Uranium heap with algae-induced surface plugging (Namibia)
In recent years, a number of automated tools have been developed for monitoring and detecting
operational failures in the irrigation system. These have not yet received widespread acceptance, but
the technology is very promising. Some systems have been developed specifically for detecting
saturated and dry areas in heaps, and may also be capable of detecting pipe leaks, pipe breaks, plugged
sprinklers and other failures in the dripping system very rapidly.

274

HEAP LEACH SOLUTIONS, 2015 • RENO, NEVADA, USA

Particle segregation
Particle segregation occurs at every step of ore handling, from mucking benches to stockpiling to
stacking on the heap. The key is to identify when segregation is excessive; that is, when it will create
performance problems in the heap. Segregation tends to concentrate larger rocks at the base of a pile
and finer material near the top. Uncontrolled segregation can give rise to a host of both geotechnical
and process issues: preferential flow paths or solution channeling, incomplete metal recovery,
suppressed kinetics, static liquefaction, and slope instability being some of these (Smith and Thiel,
2004).

Closure
Closure planning is generally focused on early project approvals, including environmental reviews and
permitting. Many operations thereafter perform periodic updates, but it is rare that these are done in
detail. In other words, closure “designs” are generally held at the conceptual level until the last years or
even months of operations. Thus, closure issues do not provide operational feedback as many other
issues do. Some of the often-encountered closure issues listed here could certainly be alleviated through
proper characterization and integration, and treating closure as a continuum of design and operations
rather than a set of discrete acts at the end of the project’s life.

Inadequate scheduling
Any significant change from the original design calls for an assessment of the impacts on all other
project phases. The impact of a design change on closure is often seen as remote in time and this causes
it to receive less attention than would otherwise be the case. For example, if the heap height is increased
from the original design, updated slope stability analyses, construction rescheduling, and possibly some
additional stabilizing measures and adjustment in the irrigation systems may be necessary and these
needs will usually be self-evident. If the same sense of connectivity is not applied to closure, the longerterm impacts on closure issues such as rinse time and slope regarding requirements may go
unrecognized.

Water balance
During operations, the water demand is driven principally by two factors: evaporation and the water
required to increase the moisture content of the ore from as-mined to the in-leach condition. For sites
with strong net water demands the change from operations to closure brings a reduction in demand in
the form of water required to wet the fresh ore. This is generally easily accommodated. However, for
sites with near-neutral or surplus operational water balance there can be significant increases in the
quantity of surplus water as the rate of new ore feed to the heap is reduced and eventually halted. For
example, for a heap receiving 30,000 tpd of fresh ore, which requires 10% additional moisture during
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leaching, the cessation of stacking can increase surplus water by 3,000 m3/d in the short term. This
water may require storage, treatment for discharge, or forced evaporation.

Closure geometry
It goes without saying that stacking the heap consistent with the intended closure geometry will avoid
regrading and could have a significant cost impact. For the same reason (a sense of time remoteness
from the closure phase), this is not always followed through during operations. If the closure criteria
requires that the heap slopes be 2.5 horizontal to 1 vertical, then stacking the heap at 2h:1v may save a
little money during operations by reducing the leach pad area required, but disproportionately increase
the closure liability. Equally or more important is surface water control. To the extent that the toes and
crest of the heap can be stacked consistent with long-term surface water diversion, implementing and
maintaining closure will be easier.

Waste disposal
Various types of wastes are produced in many operations. Integrating these wastes to produce synergies
at and after closure may have definite advantages in terms of optimizing the disposal processes, space
and management. Such synergies could, for example, be achieved by comingling drainage from an
alkaline heap with an acidic waste dump. It must be pointed out, however, that comingling acidic and
alkaline wastes could initiate some chemical reactions with undesirable and even dangerous
characteristics. In one study for a nickel heap leach facility, the authors found that mixing of high and
low pH plant residues produced carbon dioxide gas in laboratory samples (Smith and Christie, 2015).
Under full-scale conditions, this could pose worker safety issues at the active dump face as well as
induce excess pore pressures in the dump, aggravating liquefaction risks. Additionally, predicting the
geochemically-driven long-term changes to geotechnical properties in such comingled wastes becomes
important for stability and safety considerations. This in itself is a difficult task and would require both
geochemical and geotechnical testing of samples aged under simulated waste pile condition. Long-term
predictions based on short- or intermediate-term laboratory tests could even necessitate complex
geochemical modeling and extrapolation. All these suggest the need for a thorough investigation before
opting to comingle wastes.

Valley leach pads (VLPs)
Closure issues for VLPs, especially those with internal ponds, present a special concern with respect to
the stability berm. In the absence of adequate preventive measures, the stability berm might impound
water in the heap long after closure, requiring management as an active water-retaining dam. This
becomes a long-term risk as well as an economic, environmental and regulatory issue (Breitenbach and
Smith, 2012). Another key issue is the ore depth, which is both greater and more variable than for
conventional leach pads. This affects the time to rinse the heap to the target water quality and limits the
ability to perform concurrent closure. Heaps are rinsed to recover as much as possible of the metal of
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interest trapped in the held solution as well as for environmental reasons. Effective rinsing of VLPs is
more challenging as compared to heaps on flat pads, but there are regulatory criteria for rinsing and the
practice is almost universal.

Closure costs
Since 1995 mine closure costs have been increasing at an average annual rate of 3.9% net of inflation
(Wilson, et al., 2007). Much of this escalation is due to earthworks costs. Pencock (2000) reports that
underestimating earthworks and the failure to adequately consider location-specific issues are often the
primary cause of overruns. Typical cost overruns for capital projects have been 20% to 60% since 1965,
and this has not self-corrected in the 50 years of available data (Haubrich, 2014) – and there is some
suggestion this is getting worse. Consider that the average actual closure cost for an Australian mine is
6.8 times the estimated cost, and in the USA the total mine closure liability is $12 billion more than the
bonded amount (Caldwell, 2007). Some of the geotechnical issues driving cost escalation include:
incomplete site-characterization from closure and post-closure perspectives, inadequate quantity or
quality of borrow materials, operational decisions that increase closure liability such as stacking heaps
overly steep, and failure to maximize concurrent closure.

Summary
Depleting high-grade ores and increasing demand for certain metals have made heap leaching an
attractive processing technology and there is a drive for bigger and higher heaps – heaps as high as
200 m are being considered. With this comes greater challenges for the geotechnical and the operational
teams alike, requiring: i) greater collaboration between the geotechnical and the process engineers
throughout the project; and ii) all sides having a better understanding of both operational and
geotechnical details and their interlinking. While the overall design procedures, construction
methodology and operation techniques have kept pace with the increasing complexities, intermediate
details and the connectivity of geotechnical and operational factors are often ignored or not realized.
Some of the often-forgotten considerations that must be paid heed are the importance of accounting for
variability in the geotechnical and metallurgical properties of ore throughout a well-planned integrated
test work program, the subtleties of heap stability, overliner placement on steep slopes, the implications
of high irrigation rates, the impact of design changes on closure, and the need for contingency measures
to deal with water management during closure.

References
Benson, C.H., Sawangsuriya, A., Trzebiatowski, B. and Albright, W.H. 2007. Post-construction changes in the hydraulic
properties of water balance cover soils, Desert Research Institute Alternative Cover Assessment Program (DRIACAP).

277

HEAP LEACH SOLUTIONS, 2015 • RENO, NEVADA, USA
Breitenbach, A. 2013. Good, bad and ugly lessons learned in the design and construction of heap leach pads, Heap Leach
Solutions Conference, Vancouver, Canada. Vancouver: InfoMine.
Breitenbach, A.J. and Smith, M.E. 2012. Design considerations for impounding valley leach pads, Mining Engineering
magazine, August.
Caceres, O. 2013. Lessons learned in heap leaching implementation, Heap Leach Solutions Conference, Vancouver, Canada.
Vancouver: InfoMine.
Caldwell, J. 2007. Mine closure bonds: are they adequate to pay actual costs? I Think Mining blog site, viewed at
ithinkmining.com/2007/08/29/mine-closure-bonds-are-they-adequate-to-pay-actual-closure-costs/.
Davies, M., McRoberts, E. and Martin, T. 2002. Static liquefaction of tailings – fundamentals and case histories,
Proceedings Tailings Dams, ASDSO/USCOLD, Las Vegas, Nevada, USA.
Haubrich, C. 2014. Completion risk, why building a mine on budget is so rare, presented at PDAC, 3 March.
Pencock Perspectives. 2000. Project development costs – estimates vs. reality, No. 12.
Sinha, K.P. and Smith, M.E. 2012. A holistic assessment of pipe design in heap leach operations, Second Pan-American
Geosynthetics Conference and Exhibition, GeoAmericas 2012, Lima, Peru.
Smith, M.E. 2011. Emerging trends in heap leach containment, Mining Record, November.
Smith, M.E. and Christie, M. 2015. Geotechnical properties of nickel laterite heap leach ore and plant residue, to be
presented at Heap Leach Solutions 2015 Conference, Reno, NV, USA, September. Vancouver: InfoMine.
Smith, M.E. and Giroud, J.P. 2000. Influence of the direction of ore placement on the stability of ore heaps on
geomembrane-lined pads, Slope stability in surface mining, Chapter 49, Society of Mining Engineers,
W.A. Hustrulid, M.K. McCarter and D.J.A. van Zyl (eds).
Smith, M.E. and Oxley, E.A. 2014. Why heap leach nickel laterites? Keynote presentation, Heap Leach Solutions
Conference, Lima, Peru. Vancouver: InfoMine.
Steemson, M.L. and Smith, M.E. 2009. The development of nickel laterite heap leach projects, Proceedings ALTA 2009
Nickel/Cobalt Conference, ALTA Metallurgical Services, Perth, Australia, May.
Thiel, R. and Smith, M.E. 2004. State of the practice review of heap leach pad design issues, geotextiles and geomembranes,
Elsevier Press.
Wilson, T.E., Milne, C. and Dyhr, T.M. 2003. Cost trends – mine closure, SME Annual Meeting, Cincinnati, Ohio, Preprint
03-004, 24-26 February.

278

Proceedings of Heap Leach Solutions, 2015
September 14-16, 2015, Reno, Nevada, USA
Published by InfoMine, © 2015 InfoMine, ISBN: 978-0-9917905-8-6

1-D seismic response analysis for seismic permanent
displacements estimation on a heap leach pad
Andrés Reyes, Anddes Asociados, Peru
Myzael Valdivia, Anddes Asociados, Peru
Eder Tapia, Anddes Asociados, Peru
Leonardo Salas, Anddes Asociados, Peru

Abstract
The rapid growth of mining operations in Peru has brought many new challenges to the already difficult
tasks of designing, building, and operating heap leach pads in the aggressive Andes terrain. Consultants
usually deal with delicate issues such as specific construction techniques, complex terrain geometry,
limited suitable locations, and – what may be the most important challenge – high seismic activity.
This paper presents a case study of a heap leach pad designed on top of an existing mine waste
dump, which itself was built over a heterogeneous and complex deposit of alluvial and residual soft
clayey soils. Among other geotechnical issues, it was necessary to assess the long-term stability of both
structures. Given the geological and geometrical design complexity and using a large set of geotechnical
investigations and laboratory tests, in-depth one-dimensional, non-linear seismic site response analysis
was carried out. The resulting seismic response spectrums at the base of the mine waste dump and heap
leach pad were used in the determination of seismic coefficients and in the calculation of seismic
induced permanent displacements for rotational, compound, and translational failure mechanisms. This
evaluation allowed a detailed determination of both seismic coefficients and seismic induced permanent
displacements for different foundation conditions, and highlighted its importance. Furthermore, the
need to explore the dynamic properties of both mine waste and leached ore was determined.

Introduction
Since the beginning of the 21st century, the mining industry in South America, particularly in Peru and
Chile, has experienced rapid growth. Most of the mines in Peru are located in the Andean region, above
2,500 m.a.s.l., where the geological conditions allow mining companies to extract gold, copper and
other minerals, making the Peruvian mining industry one of the top gold, silver and copper producers
in the world.
Recent development of mining operations in Peru has been closely related to the use of the heap
leaching techniques. Since 1998, when the Pierina heap leach project was constructed, major heap leach

279

HEAP LEACH SOLUTIONS, 2015 ● RENO, NEVADA, USA
pads (HLP) have been designed, constructed and operated in the Peruvian Andean region. However, in
the last five years several issues have arisen that have complicated the civil and geotechnical design, as
well as the construction work. Special construction techniques and criteria for the use of geomembranes,
geosynthetics and earthworks have been addressed by César et al. (2013), Garay et al. (2014) and César
et al. (2014). Limitations of the two-dimensional (2-D) approach and advantages of three-dimensional
(3-D) slope stability analysis due to the aggressive Andes terrain have been introduced by Reyes et al.
(2014). However, issues such as the need to design HLP on poor foundation areas given the lack of
adequate terrain or even on top of other earth structures have not been extensively analyzed. Moreover,
the increasing need for larger and higher HLP have urged geotechnical designers to evaluate the
resistance of both leach ore and liner material interface for confining pressures from 1 to 3 MPa, thus
highlighting the need for larger and more powerful laboratory devices.
Yet, given the high seismic activity in Peru, which is generated by subduction of the Nazca plate
beneath the South American plate, the assessment of the seismic stability is probably the most important
geotechnical issue for HLP design. Most of the time it determines its final configuration and
implementation of stabilization measures such as dykes, buttresses, precambering, among others.
Usually, the pseudo-static approach is employed to assess the seismic stability of earth structures;
however simplified methods such as the Bray and Travasarou’s (2007) are being used more often to
estimate seismic induced permanent displacements (SIPD) rather than a factor of safety, which has
proven to be a more rational approach to this issue. HLP and their liner system are considered
particularly sensitive to SIPD. These liner systems are usually built using compacted low permeability
soils and single textured geomembrane. SIPD of 15 to 30 cm (Kavazanjian et al., 2011) can tear the
geomembrane and cause both environmental and economic damage. In consequence, the need for a
precise assessment of the seismic demand and its correct use in the seismic design of HLP is highlighted.
This paper presents the seismic design of a case study of a HLP, which – given the lack of an
adequate location – was designed on top of a mine waste dump (MWD), which itself was built over a
heterogeneous and complex deposit of alluvial and residual soils. In order to capture the seismic,
geological and geometrical complexity of the foundation, over 20 soil columns, consisting of several
clayey, sandy and gravelly soils of alluvial and residual origins as well as mine waste, were modeled
and used in one-dimensional (1-D) seismic site response analyses. Then, the response spectrums at the
base of the MWD and HLP were used for their seismic design.

Theoretical background
Kramer (1996) suggested two approaches to deal with seismic stability analysis: inertial stability and
weakening stability analysis. The first one is used for heap leach pads, since leached ore liquefaction is
not expected; however, there have been reported cases of this phenomenon (Breitenbach and Thiel,
2005 and Castillo et al., 2005), mainly because of high fines content and low permeability of crushed
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ore. Inertial stability deals with displacements produced by temporary exceedances of the soil strength
by dynamic stresses, assuming that this shear strength remains relatively constant. A factor of safety
calculation by a pseudo-static analysis and/or SIPD calculations are ways to deal with inertial instability.
As pointed out before, the calculation of SIPD for HLP is a rational approach to assess its seismic
stability. Peruvian practitioners and recent research such as Ayala et al. (2014) and Reyes and Pérez
(2015) suggest the use of the Bray and Travasarou (2007) method to estimate SIPD. Equivalently, the
Bray and Travasarou (2009) method can be used to rationally select a seismic coefficient, related to a
specific maximum SIPD, to use in a pseudo-static analysis. Both of these methods use the same
theoretical basis. Finally, the most important input for these approaches is a response spectrum related
to the foundation conditions of the sliding mass. Hence, many times seismic response analyses are
performed to capture seismic site conditions related to the failure mechanism to be evaluated. The
following sections describe the theoretical background of these methods.

1-D and non-linear seismic site response analysis
The surface seismic response of an earthquake is greatly influenced by site soil conditions. In order to
quantify this, seismic response analyses are used to determine the dynamic soil behavior due to the
shake of the rock immediately beneath it (Kramer, 1996). To quantify the seismic response of a rock,
seismic hazard studies are performed. Dynamic behavior of rock is less influenced by the earthquake
nature due to its large stiffness. 1-D seismic response analyses are based on the hypothesis that all the
soil boundaries are horizontal and that soil response is particularly affected by seismic shear waves,
whose propagation turns vertical as it approaches the surface.
The analysis methodology depends on how the soil behavior is modelled. A linear method (LM)
analysis relies on the use of transfer functions in the frequency domain. However, the nonlinear behavior
of soils, which contrasts with the linear assumption of the LM approach, makes this methodology quiet
restricted. In order to account for such restrictions, a simple iterative process involving dynamic
equivalent linear properties of soil can be used; this methodology is called the equivalent linear method
(ELM). As mentioned, this methodology is still linear up to some extent since it focuses on searching
the elastic parameters of the soil. These parameters should be consistent with seismic induced shear
strain levels for each soil layer involved in the analysis.
A fully nonlinear analysis (NLM) is capable of modelling the hysteretic behavior of soils due to
earthquake loading. It uses a direct numerical integration in the time domain. Through this analysis, a
linear or nonlinear stress-strain relationship can be followed by a number of small incremental linear
steps. Such relationship is generally modelled by a hyperbolic model.
The load, unload and reload conditions, generally known as the extended 4 Masing (1926) rules,
of the soil under cyclic loading was observed and proved by Matasovic (1993b) using the DMOD
(Matasovic, 1993a) software. Currently, Hashash et al. (2010) has greatly improved the deficiencies
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encountered when using the NLM approach (Stewart et al., 2008) by the development of the DeepSoil
software (Hashash, 2014).

Bray and Travasarou (2007, 2009)
Bray and Travasarou (2007) presented a simplified coupled semi-empirical predictive model to estimate
the SIPD based on the Newmark (1965) rigid-block method and numerical analysis, as a way to update
the method developed by Makdisi and Seed (1978). This procedure involves a block failure model
sliding over a nonlinear coupled surface (Rathje and Bray, 2000), which can represent the dynamic
behavior of structures such as: dams, natural slopes, compacted fill dykes and municipal solid waste
fills (MSWF).
Bray and Travasarou (2007) noted that the major uncertainty for the evaluation of an earth
structure is the possibility of a seismic event. To overcome this issue, they took advantage of over 688
earthquake records and concluded that the spectral acceleration at a degraded period of the potential
sliding mass is the most efficient and sufficient single ground motion intensity measure. The method
captures the slope seismic resistance through its ky and initial fundamental period. Using these
parameters as input, Bray and Travasarou (2007) presented formulations to estimate SIPD and to
evaluate the probability of negligible SIPD. Finally, they showed that their estimates were generally
consistent with 16 documented cases of earth dams and MSWF.
Bray and Travasarou (2009) presented a procedure whereby selecting project-specific allowable
level of SIPD, estimating the fundamental period of the sliding mass, site-dependent seismic demand
(expressed in terms of spectral acceleration) and based in the original Bray and Travasarou (2007)
approach, a rational seismic coefficient can be calculated. This procedure represents a more rational
basis for selecting seismic coefficients when compared to the suggestions of Hynes-Griffin and Franklin
(1984) who recommended, among other things, the use of half of the peak ground acceleration (PGA)
at the site based on their assumption that 1 m of SIPD is acceptable for most earth dams, which were
the structures they based their investigation on. In consequence, the Hynes-Griffin and Franklin (1984)
approach should not be used for structures with lower values of maximum SIPD, such as HLP.

Case study geotechnical overview and seismic analysis
The case study presented is a HLP design project, located in northern Peru, developed for one of the
most important gold mines in the region. A new HLP with a capacity of 40 Mm3 and maximum height
of over 100 m was needed in the short term for the future development of the mine. However, limited
suitable locations able to satisfy this capacity forced the designers to place it on top of an existing MWD.
This facility was also in design stages: phase 1 was under its last stage of construction and phase 2, with
a maximum height of 140 m, was still in design. Previous geotechnical investigation showed that the
foundation of phase 2 was composed of large and heterogeneous deposits of alluvial and residuals soils
that is over 80 m deep. Clayey, silty, sandy and gravelly soils were distributed all over its area;
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consequently, settlements due to consolidation of the clayey soils, settlement caused by the deformation
of mine waste and seismic site particularities due to all these materials were expected.
The short-term stability condition of both structures, which included undrained resistance of fine
grained soils and settlement calculations due to consolidation of clayey soils and deformation of mine
waste, is dealt with by Reyes and van Zyl (2015). The long-term stability conditions included the
assessment of the static and seismic stability for operational and closure conditions, which were related
to seismic events of 100 and 475 years return period, respectively. These analyses focused on compound
and rotational failure mechanisms that crosses both leached ore of the HLP, mine waste of the MWD
and foundation soils, and translational failures on the HLP that crossed its liner system, which itself was
placed directly on top of the MWD.
Preliminary long-term stability analysis showed that the pseudo-static conditions were much more
critical that the static ones. Uniform hazard response spectrums available were calculated for soil type
B according to the 2012 version of the International Building Code. With soil strata of over 80 m deep,
it classified heterogeneously as types C and D. Hence, it was clear that seismic response analyses were
needed to determine response spectrums both on surface and on top of the MWD to use on the seismic
design. The first ones would be used to define seismic stability for failure mechanisms that cross
foundation soils, mine waste and leached ore and the second ones for translational failure mechanism
that cross the HLP liner system. Thus, complementary site investigations as well as laboratory tests
were carried out to define in detail the geotechnical properties required for the seismic response
analysis, calculation of seismic coefficient and estimation of SIPD.

Geotechnical site investigations
A large complementary geotechnical site investigation program was carried out in order to properly
determine the spatial variability and geotechnical properties of the foundation soils. Previous site
investigations and stratigraphy were described by Reyes and Parra (2014). A total of 210 test pits, 41
dynamic penetrations tests, 115 standard penetrations tests, 65 large penetrations tests and 26
geotechnical boreholes were included within an area of over 1000 Ha. Laboratory tests included a total
of 6 undrained (UU), 14 consolidated undrained (CU) and 7 consolidated drained (CD) triaxial tests, 4
resonant column and torsional shear (RCTS) tests, as well as one-dimensional consolidation and
permeability tests on most soils. 775 m of seismic refraction tests, 20 arrays of multichannel analysis
of surface waves (MASW), 6 arrays of 2-D MASW and 15 microtremor array measurements (MAM)
were also performed. All of this information allowed the authors to describe and discretize in detail all
foundation soils, mine waste and leached ore in detail.
Foundation soil stratigraphy and properties for phase 1 of the MWD were described by Reyes and
Parra (2014). However, foundation soils of the phase 2 of the MWD proved to be softer and/or looser
and more heterogeneous and required more and longer geological-geotechnical cross-sections and
additional laboratory tests to properly describe them. For the particular case of residual and alluvial
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clayey soils, laboratory tests were performed on undisturbed samples obtained from large test pits and
boreholes. Since the analyses on this paper do not directly include all geotechnical properties of most
of these materials, only field and dynamic laboratory tests on some materials are presented. A detailed
review of the other properties is presented by Reyes and van Zyl (2015).
The particle size distribution (PSD) of mine waste and leached ore was determined in the field by
several excavations in both the existing MWD and HLP, respectively, determining maximum sizes of
over 12 inches for both materials. In each excavation, almost 1 ton of mine waste or leached ore was
evaluated, first weighting the whole sample and then separating particles with sizes smaller than 3
inches. Using large sieves, as presented on Figure 1, the PSD of all material larger than 3 inches was
determined in situ. Complementary laboratory tests on the smaller size particles completed the global
PSD curve. Figure 2 shows the average global PSD of both mine waste and leached ore.
Due to the large size of mine waste and run-of-mine (ROM) leached ore particles, two parallel
gradation curves to the originals PSD curves were built for each material, which are shown in Figure 2,
using a maximum particle size of 3/4 inches so that no scalping would be needed when tested on the
RCTS device built in the University of Texas at Austin. The technique used to develop the curves was
first developed by Lowe (1964), and then extensively used by Marachi et al. (1969), Thiers and
Donovan (1981) and Varadarajan et al. (2003) to perform drained triaxial tests on rockfill, crushed rock
and alluvial soils. In the last decade, many researchers, particularly Gesche (2002), De La Hoz (2007),
Dorador (2010) and Ovalle et al. (2014), and practitioners such as Linero et al. (2007) and Palma et al.
(2009) have used this technique to test alluvial and waste rock materials. Based upon this background,
the tests performed for this case study test would verify the shear resistance properties defined for phase
1 and provide representative stress-strain and dynamic curves for geotechnical models.

Figure 1: In situ determination of the global
particle size distribution of coarse granular materials
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Figure 2: Global and parallel particle size distributions of the mine waste and leached ore
The RCTS device is capable of performing on the same soil specimen both the torsional resonant
column test at high loading frequencies and in the nonlinear range, and the cyclic torsional shear test at
much lower frequencies (Liao et al., 2013). This device has been used by Darendeli (2001) and Menq
(2003) to test different kinds of fine grained, sandy and gravelly soils, producing shear modulus and
damping ratio curves for these materials. Furthermore, Liao et al. (2013) performed several tests in the
RCTS device using scalped samples of crushed gravel produced in a rock quarry. However, no previous
published work is available on dynamic properties of leached ore and mine waste modeled by the use
of the parallel gradation technique on dynamic testing, thus making these test results the first ones to be
published.

Geotechnical properties
Table 1 shows all materials involved in the static and seismic analysis of the HLP and their geotechnical
properties. Since the seismic design of the HLP is the focus of this paper, only the dynamic properties
are presented.

285

HEAP LEACH SOLUTIONS, 2015 ● RENO, NEVADA, USA
Table 1: Geotechnical properties for the seismic response analysis

Materials

Total
unit
weight
(kN/m3)

Saturated
unit
weight
(kN/m3)

Shear wave
velocities (m/s)

Dynamic properties curves

ROM leached ore

20

21

200 – 550

RCTS test results and
modified Menq (2003)

Low permeability soil –
geomembrane
interface

20

21

Yegian et al.
(1998)

Based upon Kavazanjian and
Matasovic (1995), Yegian et
al. (1998) and Arab (2011)

Mine waste

20

21

200 – 600

RCTS test results and
modified Menq (2003)

Gravelly

19

20

170 – 465

Menq (2003)

Sandy

18

19

280 – 310

Darendeli (2001)

Silty and
clayey

18

20

170 – 255

Darendeli (2001)

Gravelly

19

20

340 – 600

Menq (2003)

Sandy

18

19

280 – 750

Darendeli (2001)

Silty and
clayey

17

19

200 – 750

Darendeli (2001)

Sandstone residual soil

19

20

200 – 580

Darendeli (2001)

Bedrock

22

23

750 – 1000

Idriss (1991)

Alluvial
soils

Intrusive
residual
soils

Shear wave velocities for all the materials were obtained from the geophysical surveys carried out
on the foundation of phase 2, on top on the mine waste of the existing phase 1 and on top of the leached
ore of the existing HLP of the mine, which is located a different area. The resulting shear wave velocities
for the foundation soils were very heterogeneous and are presented in Table 1. The shear wave profiles
of the existing mine waste and leached ore were compared to the shear wave velocities results of the
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RCTS tests, which provided a logarithmic relationships between the shear wave velocity and the mean
effective stress; both approaches showed a close fit. Consequently, the definitions of the shear wave
velocity profiles of these two materials in the analysis were made using their respective logarithmic
relationships.
The RCTS tests also provided two sets of shear modulus and damping ratio curves for
representative confining pressures for both mine waste and leached ore, which are shown in Figures 3
and 4. These curves were compared with the average sand curve from Seed and Idriss (1970), average
gravel curve from Seed et al. (1986) and the curves predicted by Menq (2003) (using different values
for the coefficients for both materials), as done by Liao et al. (2013) and shown in Figures 3 and 4 for
the mine waste and leached ore, respectively.
The comparison showed, in general a close fit of these results with the Menq (2003) curves,
confirming the change in the nonlinear behavior when affected by confining pressure. For the case of
the shear modulus curve, a close fit is achieved when using the real uniformity coefficient (Cu) on the
Menq (2003) formulation for both materials. For the case of the damping ratio curves, a fair fit is for
the leached ore, showing a particular deviation for the minimum damping ratio. However, for the mine
waste damping ratio curve, a clear deviation is shown. The results for the ROM leached ore of this
project contrast with the ones found by Reyes and Perez (2015) on his crushed leached ore curves
comparison with literature curves including the Menq (2003) formulation, where they showed a clear
deviation of these results from the other ones, although it also confirmed the change in the nonlinear
behavior when affected by confining pressure.
Menq (2003) sand and gravel relationships effectively show the change in nonlinear behavior of
coarse grained soil due to changes in the uniformity coefficient (C u) value and confining pressure.
However, changes in particle angularity, surface texture and exotic material fabrics (such as the one of
the leached ore) were not evaluated by Menq (2003). The modified hyperbolic equations used by Menq
(2003) can be used to calibrate the leached ore response in the nonlinear strain range and to clearly
model its behavior as a function of confining pressure. The equation to calibrate the model should
include increased angularity, surface texture, and fabrics of the leached ore and/or mine waste, if
needed. More test data from RCTS and cyclic triaxial tests would be needed to have confidence in this
material-specific model (Stokoe, 2014). However, only for this particular project, a modification of the
original Menq (2003) formulation was made to fit only damping ratio results of the mine waste by
changing the parameters of the hyperbolic equations. No change was made for the leached ore. For all
the other foundation soils, the dynamic curves resulting for the original formulation of Darendeli (2001)
and Menq (2003) were used, as detailed in Table 1.
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Figure 3: Shear modulus degradation and damping ratio curves
for mine waste and comparison with published research
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Figure 4: Shear modulus degradation and damping ratio curves for
leached ore and comparison with published research
To model the non-linear seismic behavior of the interface of the HLP, project-specific parameters
of the DeepSoil’s software (Hashash, 2014) hyperbolic and non-lineal model were selected. The backbone curve for the interface was modelled based on the static shear strength of this material, according
to the conclusions and recommendations of Kavazanjian and Matasovic (1995) and Arab (2011). The
damping ratio was modelled based on the cyclic shear tests shown by Arab (2011) which showed a
relatively constant damping ratio value. The constant nature of the interface damping ratio is similar to
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the findings of Yegian et al. (1998). It is important to mention that no cyclic shear test on the interface
was developed for this paper; however, sensibility analyses were carried out to analyze the inherent
uncertainties of this model. These analyses showed similar results for all cases.

Geotechnical analysis
As mentioned before, this paper deals with the seismic stability of both HLP and MWD. The short-term
stability condition of these structures, which includes undrained resistance of fine grained soils and
deformation due to consolidation, is dealt with by Reyes and van Zyl (2015). Nine geologicalgeotechnical cross-sections were developed using the geotechnical site investigations, all needed to
capture the heterogeneous stratigraphy and the HLP and MWD layouts complexity. Figure 5 shows a
plan view of the layout of the HLP on top of the phase 2 of the MWD and its cross-sections.

Figure 5: Plan view of the heap leach pad and mine waste dump
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Seismicity
As mentioned previously, PGA values and uniform hazard response spectrums available were
calculated for soil type B according to the 2012 version of the International Building Code.
Additionally, the foundation classified heterogeneously as types C and D. It was clear, then, that seismic
response analyses were needed to properly determine the correct seismic accelerations that the potential
sliding mass would be subjected. Moreover, the translational failure of the HLP on top of the MWD
meant that accelerations for this particular case had to be assessed to account for the seismic response
of the mine waste and its influence on this failure mechanism.
The uniform hazard response spectrums for 100 and 475 year return periods (operation and closure
conditions, respectively), from the site seismic hazard assessment, were employed in all seismic
evaluations. Seismic records from both horizontal components used as input for the site response
analyses were obtained from published motions from Peruvian and Chilean subduction earthquakes
recorded in Peru. The earthquake motions from the 1974 Lima, 2001 Atico, 2005 Tarapacá and 2014
Iquique earthquakes were chosen. It is important to mention that the Lima and Atico earthquake motions
were recorded near the epicenter of the event, capturing their high energy content; however, the
Tarapacá and Iquique motions employed were recorded far from their epicenters, as a consequence low
values of PGA and energy content were registered. No other earthquake motions were selected due to
the limited database available for Peru. All 8 seismic records were spectral matched to the 100 and 475
years return period response spectrums using the SeismoMatch software, which is based in the pulse
wave algorithm proposed by Abrahamson (1992) and Hancock et al. (2006).

Soil columns
Two cases of analysis were defined. The first one, Case 1, focused on determining response spectrums
to use for rotational and compound failures that cross foundation soils. 11 columns were developed that
included only foundation soils and bedrock (without considering both MWD and HLP), which are
shown in plan view in Figure 6 along with the geology of the area. Case 2 consisted on determining
response spectrums on top of the MWD (without considering the HLP) to use for translational failures
along HLP interface. 6 columns were developed that included bedrock, foundation soils and mine waste;
these are shown in Figure 7 in plan view along with the design of only the MWD. Additionally and only
for this paper, a Case 3 was created consisting of determining response spectrums on top of the HLP. 6
columns were developed, all including bedrock, foundation soils, mine waste, low permeability
soil/geomembrane interface and leached ore.
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Figure 6: Soil columns’ location for Case 1
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D
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Figure 7: Soil columns’ location for Case 2
The locations of all columns were chosen based on stability, seismic and geological criteria in
order to capture the complexity of the case study. Cases, columns and their heights, shear wave velocity
range and natural period are presented in Table 2. Case 1 columns were built using geophysical
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information. Case 2 columns were in the same positions as their correlatives of Case 1 and were built
using both geophysical information and the resonant column results. It is important to point that in order
to estimate the increase of shear wave velocities of the foundation soils due to the loading of the mine
waste, several geophysical tests were performed on the toe, middle and crest of the existing MWD.
These tests results allow the authors to estimate the overburden effect of the mine waste weight and its
influence on the shear wave velocity profile of the foundation soils. Case 3 columns were built in a
similar way. Table shows the cases of analysis and columns denominations, heights, shear wave velocity
range and natural period.
Table 2: Geotechnical properties for the seismic response analysis
Cases

Columns

Heights (m)

Shear wave
velocities range
(m/s)

Natural period
(sec)

Case 1

A1
B1
C1
D1
E1
F1
G1
H1
I1
J1
K1
B2
C2

43
60
41
24
10
15
45
31
53
53
15
120
86

200 – 770
170 – 600
200 – 750
200 – 600
450 – 600
400 – 600
200 – 580
200 – 580
170 – 550
170 – 600
400 – 600
175 – 685
175 – 790

0.40
0.66
0.40
0.26
0.08
0.12
0.53
0.39
0.61
0.59
0.12
1.11
0.82

D2
G2
H2
K2
C3
D3
E3
F3
H3
K3

44
165
131
125
182
154
100
140
236
150

175 – 630
175 – 700
175 – 710
175 – 700
220 – 900
220 – 695
220 – 710
220 – 705
220 – 830
220 – 750

0.49
1.14
1.21
1.17
1.32
1.19
0.83
1.09
1.64
1.15

Case 2

Case 3

Results
All seismic records were used for all analyses. For each and every column, results of the seismic records
were averaged since no important variation was found. For Case 1, columns showed very different
results, consequently, these were grouped in 4 zones, called “foundation”, given the geological and
spatial variation of each of them. Table 3 shows the characteristics of these foundations types for Case
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1. Figure 8, 9 and 10 show the average results and its standard deviation of Foundation 1, 2 and 3,
respectively, for both return period seismic events. Figure 11 shows the average values for Case 1.

Table 3: Geotechnical properties for the seismic response analysis
Cases

Groups

Columns

Natural period
range (sec)

Case 1

Foundation 1

B1, I1 and J1

0.59 – 0.66

Foundation 2

A1 and C1

0.40

Foundation 3

D1, F1, G1 and H1

0.12 – 0.53

Foundation 4

E1 and K1

0.08 – 0.12

Zone 1

E1 and F1

0.08 – 0.12

Zone 2

G2, H2 and K2

1.14 – 1.21

Zone 3

B2, C2 and D2

0.49 – 1.11

Case 2

Figure 8: Response spectrums for Foundation 1 type of Case 1
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Figure 9: Response spectrums for Foundation 2 type of Case 1

Figure 10: Response spectrums for Foundation 3 type of Case 1

Figure 11: Average response spectrums for Case 1
As can be seen in Figure 8 for Foundation 1, the 100 years return period event results in
amplification up 100% around natural periods of the earthquakes and the columns. However, for the
case of the 475 years return period event, amplification from 50 to 100% is shown only around the
columns’ natural period; deamplification happened around and before the earthquake natural period.
Figure 9 presents the results for Foundation 2 and shows, for both seismic events, amplification from
50 to 100% around the earthquake natural period. A wider range of amplification resulted in the 475
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years results, as it included the column’s natural period. For Foundation 3, Figure 10 shows in average
amplification from 50 to 100% around the earthquake natural period; however, the variation of results
is high due to the different geology and configurations of the columns of this Foundation. Finally,
Foundation 4 exhibited almost non-existent amplification due its small size and period. Figure 11,
shows the average results from all Foundation types. From all the results, it can be concluded that for
the 100 years return period event, in average the amplification occurs around the natural period the
design earthquake which, in general, is similar to the ones of the columns. The amplification for the
475 years return period event is relatively lower than the other one, however, it is more pronounced
around the natural period of the columns. It can also be seen that the variation of the results for the 475
years return period is higher than the other one, even showing deamplification for some cases. This
different behavior can be attributed to the non-linear nature of soils, which is captured in the NLM
analysis, for high seismic demands and medium to high shear strain levels.
For Case 2, columns were also grouped in 4 zones due to the geological and spatial variation
related to the foundation soils that composed each of them. Table 3 shows the characteristics of these
zones. Figure 12 and 13 show the average results and its standard deviation of Zones 2 and 3,
respectively, for both return period seismic events.

Figure 12: Response spectrums for Zone 2 of Case 2

296

HEAP LEACH SOLUTIONS, 2015 ● RENO, NEVADA, USA

Figure 13: Response spectrums for Zone 3 of Case 2
Figure 14 shows the average values for Case 2. Zone 1 exhibited almost non-existent amplification
due its small size and period; it is important to mention that this zone was selected because the HLP in
some zones is placed directly on top of rock or shallow soil deposits. As can be seen in Figures 12 and
13 for Zones 2 and 3, respectively, for both seismic events the results showed amplification up 100%
around natural periods of the earthquake and columns. Figure 13 also shows how the variation of the
natural periods of the columns of Zone 3 results in a high standard deviation of the results when
compared to the average value. Figure 14 shows the average values of the columns for Case 2, where
the deviation of the results is higher for the 475 years return period for similar reasons as Case 1.

Figure 14: Average response spectrums for Case 2
Since Case 3 was not analyzed for design, only comparison for columns K and H were made for
this paper based on the overall results. Figure 15 shows results for 100 and 475 years return period
events and presents a comparison for column K of the response spectrums resulting from the uniform
hazard study, Case 2 analysis (top of the MWD without the HLP), top of HLP and an alternative case
of the top of the HLP without considering the presence of the interface. As can be seen, the interface
deamplifies the response for small periods up to 30% and a slightly amplifies for larger periods when
comparing only results of response spectrums on top of the HLP. This observation agrees with most of
the research done when comparing the effect of the interface; however, it is important to note that this
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column considers a leached ore height of 24 m. It can also be seen that the presence of the leached ore
results in deamplification up to 50% when comparing the results of Case 2 (without the leached ore of
the HLP) and the ones on top of HLP (whether is considered the interface or not). Figure 16 shows a
similar comparison for column H. Despite the results of column K, column H, with 104 m of leached
ore, shows that interface has little effect on its response spectrum. However, the deamplification effect
resulting from the presence leached ore on top of the MWD is again seen. This deamplification could
be explained given the higher damping of the leached ore relative to the mine waste and higher
degradation due to the higher shear strains developed on these granular materials.
The resulting response spectrums for Case 1 and Case 2, and their zones, were used as input for
the seismic design of the both MWD and HLP. The Bray and Travasarou (2007, 2009) methods need
response spectrums relative to the failure mechanism to be evaluated. In general, these considerations
where taken for the calculation of the seismic coefficient (Bray and Travasarou, 2009) and calculation
of SIPD (Bray and Travasarou, 2007):
 For rotational and compound failures, which are related to failure mechanisms that cross
foundation soils, mine waste and leached ore, response spectrums from Case 1 were used.
Since geological and geometrical variation were of concern and response spectrums from the
Foundations area evaluated exhibited different results, for the different cross-sections used in
the stability analyses different response spectrums were used. The response spectrums of the
Foundations areas were selected due to their influence on and for each cross-section.
 For translational failures that occur only for the HLP and cross leached ore on its back scarp
and the interface on its base, response spectrums from Case 2 were used. Similarly to the
rotational and compound failures, different response spectrums related to the different Zones
of Case 2 were employed in the analysis of each cross-section.

Figure 15: Response spectrums for column K for Case 3
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Figure 16: Response spectrums for column H for Case 3

Conclusions
Current state of practice of the design of HLP in the Andean region has many challenges that have
complicated its civil and geotechnical design, as well as its operation. The high seismic activity,
geological complexity and aggressive terrain in the region can be considered as the most important
issues for HLP geotechnical design.
A case study was presented where a HLP was designed, given the lack of an adequate location,
on top of a MWD, which itself was built over a heterogeneous and complex deposit of alluvial and
residual clayey soils. The seismic design of both structures was dealt with by determining response
spectrums for different failure mechanism to use in the calculation of seismic coefficients and SIPD. 1D non-linear site response analysis were based on state of art techniques such as parallel gradation for
the testing of large-sized mine waste and leached ore, RCTS tests and the use of accepted dynamic
properties of fine grained soils. The geological complexity and spatial variability of the foundation
demanded the use of several soil columns, each one related to a rotational and compound failures that
cross foundation soils, mine waste and leached and translational failures that cross leached ore at the
back and the HLP interface in its base. Results provided detailed information about the influence of
foundation soils, mine waste and leached ore dynamic properties and geometry on the response
spectrums and related spectral accelerations for design and for different foundation conditions.
The results highlighted the importance of site conditions on seismic design, particularly in the
calculation of SIPD. Important amplification effects were determined around the natural period of the
sliding mass, consequently deeply influencing the displacements calculation both for rotational,
compound and translational failures. Bray and Travasarou (2007, 2009) used the resulting response
spectrums in their formulation to calculate seismic coefficients and SIPD, which resulted in
significantly higher values than the ones previously calculated using response spectrums for dense or
soft soils from site seismic hazard studies. It is important to mention that SIPD are sensitive to the
fundamental period of the sliding mass and correspondent spectral acceleration. Therefore, the
determination of the dynamic characteristics of leached ore and interface, and a correct selection of

299

HEAP LEACH SOLUTIONS, 2015 ● RENO, NEVADA, USA
response spectra for design are critical. This research suggests that the seismic design of heap leach
pads should be focused on determining SIPD rather than focused on pseudo-static factors of safety
unless a rational criterion is used to define the seismic coefficient, such as the one presented by Bray
and Travasarou (2009). Finally, the importance of more research is needed to properly define shear
modulus and damping ratio curves for mine waste, leached ore and low permeability soil-textured
geomembrane interface, given their influence in the overall results.
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Abstract
High phreatic levels are uncommon in fully drained heap leach pads under active leaching for ore
processing. However, in some sulfide copper ore heaps, the acid solution used for leaching can degrade
the ore over time and create low hydraulic conductivity conditions, or in some extreme cases, relatively
high phreatic levels within the heap. This condition can compromise the stability of the heap facility,
particularly in high seismic zones, where large magnitude earthquakes could potentially induce
liquefaction of the saturated ore and then cause heap slope failure.
This paper presents the dynamic liquefaction stability analyses of a mature heap leach pad under
high solution phreatic conditions subjected to a range of seismic loads (selected earthquakes simulating
50 year, 100 year and 500 year return periods). Two different heap leach pad conditions were considered
for analyses: 1) idealized section based on the past conditions and issues in copper heap leach pads with
no remediation; and 2) expanded heap conditions with remediation. Liquefaction would most likely
occur in saturated zones of the heap leach pad without remediation, producing large displacement and
flow slide heap materials overtopping the downhill toe berm.
In order to improve the heap leach pad stability for continued operations, remedial measures were
implemented, including unloading of the upper slope and constructing a downhill toe buttress fill
support, as well as decreasing the phreatic level (by pumping system and additional drain system at the
toe). Dynamic liquefaction analyses were performed to investigate the effects of the additional ore lift
loads on top of the drained heap leach pad section and two alternatives of buttress geometries on the
expansion of the heap leach pad. The results showed that the buttress fill support that covers the entire
heap leach pad downhill toe area could reduce the seismic deformation, improve performance of the
heap leach pad by controlling the potential material flow, and provide adequate static and seismic slope
stability for heap expansion to closure.

Introduction
Heap leach pad (HLP) designs are typically based on the assumption that the heap remains fully drained
during leaching operations, with the average solution phreatic level not higher than 0.5 meter above the
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pad liner surface for a gravity drain system. The phreatic level within the heap is a function of ore
permeability (hydraulic conductivity) and is controlled mainly by the solution application rate, ore
placement method, wetting load settlement, and solution collection drain system at the base of the lined
pad.
With sulfide copper ore, the acid solution used for leaching can progressively degrade the ore to
lower permeability characteristics over time. Ore degradation or related sediment migration within the
heap can cause zones of lower permeability or “blind off” zones to develop within the heap. These low
permeability zones or layers may result in perched water levels and then saturated ores within the heap,
even when the bottom heap zones remain fully drained. These conditions can compromise the stability
of the heap facility, particularly in active seismic zones, where large magnitude earthquakes can induce
liquefaction of the saturated ore for potential heap slope failure. Heap material runout flow could
develop from a liquefaction triggered failure slide during a short duration seismic event; however heap
fill runout beyond the lined pad limits historically has not happened to date for cases where there was
no major ponding of solutions on the top heap surface.
Consolidation of the leached ore at depth in the heap can also lead to lower ore permeability,
particularly if additional mine ore reserves result in the final heap being higher than originally designed.
This study assumes ore load consolidation and rate of irrigation leaching on expansion fills placed in
the interior of the heap will not change the extent of the saturated zones considered for analyses of the
exterior slope stability. In addition, long term conditions for closure assume leaching operations have
been discontinued, and therefore the spent ore heap fill would return to fully drained conditions for
higher long term static and dynamic factors of safety.

Study section and model
This paper presents the state-of-practice dynamic liquefaction stability analysis of a copper heap leach
pad with a high internal solution phreatic level and subjected to a range of seismic loads (earthquakes
at 50 year, 100 year and 500 year return periods) for two different heap leach pad conditions: 1)
idealized section based on the past conditions and issues in copper heap leach pads, with no remediation
(see Figure 1); and 2) future heap expansion with remediation (see Figure 2). Details of these two pad
conditions are addressed later in this paper. These idealized conditions can represent characteristics
common to many of the valley fill leach pad facilities in the Andes of South America that include lined
internal solution ponds within the downhill heap toe limits.
The dynamic analyses were conducted as fully non-linear elasto-plastic two-dimensional coupled
stress-flow analyses with coupled liquefaction triggering using Fast Lagrangian Analysis of Continua
(FLAC) finite difference code (Itasca, 2008). The FLAC code solves the equations of motion in explicit
form in the time domain using very small time steps that allows non-linear inelastic stress strain soil
behavior to be incorporated.
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Figure 1: Idealized section based on past conditions at
several copper sulfide heap leach pads

Figure 2: Future expanded heap leach pad conditions including stability remediation
The saturated ores below the phreatic surface within the heap were modeled using UBCSAND, a
user defined model incorporated into FLAC. The UBCSAND model is based on the FLAC Mohr model
and was developed by Professor Peter M. Byrne and his colleagues at the University of British Columbia
(Byrne et al., 2003; Byrne, 2009). The model simulates the stress-strain behavior of soil under static or
cyclic loading for drained, un-drained, or partially drained conditions by using an elasto-plastic
formulation at all stages of loading rather than just at the failure state. In this way plastic strains, both
shear and volumetric, are predicted at all stages of loading. The plastic parameters in the model are
selected to give agreement with results from simple shear element tests, which can be considered most
closely replicate conditions in the field during earthquake loading.
Conventional state-of-practice procedures for evaluating liquefaction use separate analyses for
liquefaction triggering, displacement, and flow slides. These conventional procedures are not capable
of predicting the generation of excess pore-water pressure, dynamic response, and displacement patterns
simultaneously. The UBCSAND model, when used in FLAC in the dynamic mode with “flow on”,
becomes a fully coupled stress flow effective stress procedure enabling the dynamic response in terms
of pore pressures, accelerations and displacements caused by a specific input seismic motion. In this
manner liquefaction triggering, deformation and flow slide potential are evaluated in a single integrated
analysis.
The analysis steps described in this paper include:
 static analyses to establish the state of stress prior to earthquake loading;
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 selection of earthquake time-history records and their modification to obtain a better match to
the design spectra;
 model calibration based on cyclic tri-axial tests and field test results;
 fully coupled non-linear dynamic liquefaction and deformation analysis; and
 discussion of results.

Static analysis
 Static analyses were primarily conducted using the FLAC code to establish the state of stress
prior to earthquake loading. The HLP ore were modeled using the Mohr Coulomb model. The
material properties utilized are based on the values obtained from laboratory testing, published
literature and previous experience with similar materials. The parameters adopted for the static
analysis are given in Table 1.
The static analysis was carried out considering the initial pore pressure based on the solution
phreatic level measured in the pad. The initial state of stress was established by reaching mechanical
and seepage flow steady state equilibrium prior to applying the seismic loading. Determining the initial
static shear stress distribution is an important component of the analyses since it can have a significant
effect on liquefaction triggering.
Table 1: Material properties used for static analyses
Initial elastic properties
Material

Density
KN/m3

Ore
Berm
Structural fill
Bedrock
Stabilization buttress

Variable (1)
16.5
16.5
25.5
20.1

Bulk modulus

Shear modulus

(KPa)

(KPa)

1.79E+05
5.51E+04
1.19E+05
5.81E+04
1.59E+05
7.75E+04
3.53E+06
2.12E+06
1.19E+05
5.8E+04
Interface foundation – geomembrane
Interface ore-geomembrane

Geomembrane smooth
9.5
1.5 mm LLDPE
Geomembrane double
Interface foundation – geomembrane
texturate 1.5 mm
10.0
Interface ore-geomembrane
LLDPE
3
(1) The density ranges from 16.3 kN/m to 22.9 kN/m3.

Mohr Coulomb
Friction
Cohesion
angle
(KPa)
(o)
0
0
0
100
0
0
0

34
35
33
39
38
23
27

0

27

0

27

Dynamic analysis
The dynamic analysis was performed considering a completely non-linear method. The UBCSAND
Model was incorporated into FLAC 2D. The dynamic liquefaction analysis includes checking the
possibility of flow slide to be induced by employing a typical post-liquefaction residual strength. For
this post-liquefaction analysis, the shear strength of soil elements which underwent liquefaction was
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changed to residual strength ratio Su/σ’v = 0.19. The residual strength was calculated based on results
from post cyclic triaxial tests and then corrected by using the cyclic stress ratio in order to obtain the
liquefaction resistance of soil elements in the field. . The FLAC is run once again to verify the static
equilibrium. If a post-earthquake factor of safety is significantly less than 1.0 using the residual strength
parameters, a debris type flow slide may occur. As mentioned earlier, outflows from heap leach pads
from large seismic earthquake events has historically been contained within the lined pad limits with
no major solution ponding on the top surfaces of the heap.

Earthquake input motions
For the dynamic analysis, three different time-history seismic records were employed to take into
account variable nature of seismic events and avoid bias in the results. They were adjusted to three
spectrum scenarios 50, 100 and 500 year return periods earthquakes associated to peak ground
acceleration (PGA) of 0.20 g, 0.30 g and 0.40 g, respectively. All records were corrected by baseline
and the frequencies over 10 Hz were eliminated, to assure better transmissibility of seismic waves in
the numerical models. The acceleration time histories were modified in the frequency domain to obtain
a better match to the design spectra.
Information of the typical earthquakes seismic records in the west coast of South America used in
the analyses (before adjusted) is shown in Table 2.
Table 2: Summary of the typical earthquakes seismic records in the west coast of South
America used in the analyses
Station

Earthquake

Magnitude
(Mw)

Distance from the source
(Km)

Component

PGA (g)

ST-1A

Earthquake 1

8.4

134

TR

0.19

ST-1B

Earthquake 1

8.4

90

TR

0.31

ST-2

Earthquake 2

8.0

100

LN

0.07

Model calibration
The UBCSAND model implemented in FLAC was calibrated initially by selecting the (N1)60 value and
plastic correction factors in order to match the results of cyclic triaxial testing performed on typical ore
samples. The Cyclic Stress Ratio (CSR) applied to cyclic triaxial tests was reduced by a factor of twothird, keeping the number of cycles to liquefaction (Idriss and Boulanger, 2008) in order to make good
adjustment with the calibration of a FLAC element to simulate a cyclic simple shear stress reflecting
in-situ conditions.
The model calibration was accomplished by using a single element simulation in FLAC to model
the results from the laboratory tests. The single element was assigned elastic and plastic parameters
based on an (N1)60 value as described by Byrne et al. (2003). Based on comparison of the predicted
number of cycles to liquefaction to the measured number in the laboratory tests, the (N1)60 and the
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plastic correction factors were adjusted if necessary and the simulations were then repeated until the
predicted and measured numbers of cycles were approximately the same.
As shown in Figure 3, for (N1)60=12, the calibration curve generated by UBCSAND adjusts
appropriately to the cyclic strength average curve based on lab test results. The model was calibrated
by using the results from the cyclic triaxial tests expressed in a single cyclic resistance curve (i.e.,
corrected CSR values), as described above. The (N1)60 data calculated from SPT field values, corrected
for the content of fines in the saturated zone and field procedures, varies between 9 and 21. Based on
the analysis of statistical frequency, the (N1)60 values between 11 and 14 are representative of the
saturated mineral. This is consistent with calibration of UBCSAND model.
Figures 4 also shows a result from the UBCSAND calibration against the laboratory data on
the plot of excess pore pressure ratio vs. number of cycles to liquefaction for the ore samples with a
confining stress of 700 kPa. In general, there was a good agreement between the model and laboratory
test data.
0.26
0.24

0.22
0.2
CV-08-Comp@150 kPa

Stress Ratio

0.18

CV-08-113@350 kPa
CV-08-115@350 kPa

0.16

CV-08-Comp@350 kPa
CV-08-113@700 kPa

0.14

CV-08-Comp@700 kPa
Average Curve

0.12

UBCSAND N160=12 hfac1=1.1
Simple Shear N160=12 hfac1=0.68

0.1
0.08

0.06
1

10

100

Number of cycles

Figure 3: Predicted and measured liquefaction response for typically crushed ore

Figure 4: Calibration result for pore pressure versus number of cycles
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Cases analyzed
Two different configurations of the heap leach pads were modeled: a) Case 1: idealized section based
on the past conditions and issues in copper heap leach pads, condition with no remediation; and b) Case
2: future expanded HLP conditions with remedial measures for improved slope stability.
The HLP at Case1 conditions is 80 m high, overall exterior slope 3.3H: 1.0V and solution phreatic
level ranges from 5 m to 24 m above the base of the exterior pad slope (see Figure 1). The Case 2 future
expanded HLP conditions with remedial measures for leach pad stabilization include (see Figure 2):
removing some portions of the upper slope and constructing a downhill toe buttress for fill support, as
well as lowering the phreatic level (by pumping system and additional drain system at the toe). Dynamic
liquefaction analyses were performed to investigate the effects of the additional ore lift loads on top of
the drained heap leach pad section and two alternatives of buttress geometries on the expansion of the
heap leach pad. The total height increased from 80 m to 112 m with an overall exterior slope of 4.5H:1V.
The solution phreatic level was considered as an approximate average of the phreatic level variations
estimated in the numerical simulation of flow for leach pad and ranges from 0.5 m to 22 m above the
base of the exterior pad slope as indicated in Figure 2.
As part of the remedial measures two different buttress geometries were considered. Buttress 1
shown in Figure 5 is located on the toe area but entirely placed on the ore material. Buttress 2 presented
in Figure 6 shows a modification to Buttress 1, where the lower buttress berm width was extended from
8.3 m to 32.1 m, covering entirely the berm.

Figure 5: Buttress 1 details

Figure 6: Buttress 2 details
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Discussion of results
CASE 1: Idealized section based on the past conditions and issues in copper heap leach pads with
no remediation (see Figure 1)
The HLP seismic response at the end of the earthquake loading duration is presented in Table 3. The
results are discussed with respect to ground motion return periods of 50, 100 and 500 years. A total of
three time-history seismic records were considered: ST-1A, ST-1B and ST-2. The discussion below
focused on the seismic responses for ST-1A and ST-1B seismic records that appear to be more
representative of the seismic loads at the sites.
Table 3: Seismic response to Case 1 (HLP conditions with no remediation)
Seismic event return
period (year)

Seismic
record

50

Maximum displacement
at the heap slope (m)

Displacement at the
toe (m)

Debris type flow
slide

Hor.

Vert.

Hor.

Vert.

ST-1A
ST-1B

2.50
4.00

–0.75
–1.00

1.50
3.50

0.25
0.75

Yes
Yes

100

ST-1A
ST-1B

2.50
4.50

–1.00
–1.25

2.00
3.50

0.25
0.75

Yes
Yes

500

ST-1A
ST-1B

5.00
7.00

–2.00
–2.50

3.50
6.50

0.50
1.00

Yes
Yes

Note: Positive horizontal displacement indicates downhill direction. Negative horizontal displacement indicates
uphill direction. Positive vertical displacement indicates upward direction. Negative vertical displacement
indicates downward direction

50 and 100 years return period (PGA 0.20 g and 0.30 g, respectively)
The predicted seismic behavior of the heap for ST-1A and ST-1B indicates liquefaction of the saturated
portion of the heap. The maximum horizontal and vertical displacements of 4.0 m and 1.00 m is
predicted for 50 year return period, respectively, while the 100 year return period is observed to produce
the maximum horizontal and vertical of 4.5 m and 1.25 m, respectively. Deformed meshes at the end of
the earthquake loading duration for the 50 and 100 year return periods are depicted in Figure 7(a) and
7(b), respectively. Figure 7 shows considerably excessive deformations of soil elements overtopping
the toe berm. This indicates potential flow slide would occur under post-earthquake loading conditions.

500 year return period (PGA 0.40 g)
As expected, the predicted seismic behavior of the heap for ST-1A and ST-1B indicates liquefaction of
the saturated portion of the heap along with greater deformations. The maximum horizontal and vertical
displacements of 7.0 m and 2.5 m are estimated for the 500 year return period, respectively. Deformed
model mesh at the end of the earthquake loading duration is also shown in Figure 8 and the horizontal
and vertical displacements contours at the end of the earthquake loading duration for ST-1B 500 year
are shown in Figures 9a and 9b, respectively. The deformed geometry resulting from the earthquakeinduced displacements was used to check possibility of the flow slide. As a result, it is anticipated that
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potential flow slide would occur under post-earthquake loading conditions. Since Figure 8 indicates
considerably excessive deformations of soil elements overtopping the toe berm, considerably deformed
mesh is expected to experience numerical convergence issues in continuing the computations; thereby
it can’t provide an estimate of the ultimate run out distance under the post-earthquake loading
conditions.
These levels of deformations for 50, 100 and 500 year return periods indicate a flow slide would
occur, generating overall instability. The pad requires remediation measures to provide adequate
physical stability.

Figure 7 (a): Mesh distortion at end of earthquake load duration – ST-1B 50 year
(b): Mesh distortion at end of earthquake load duration – ST-1B 100 year

Figure 8: Mesh distortion at end of the earthquake loading duration – ST-1B 500 year

311

HEAP LEACH SOLUTIONS, 2015 ● RENO, NEVADA, USA

Figure 9 (a): Horizontal displacement contours for ST-1B 500 year
(b): Vertical displacement contours for ST-1B 500 year

CASE 2: Future Expanded HLP conditions with remedial measures for stabilization (see Figure 2)
Table 4 summarizes the seismic response to Case 2 considering two buttress geometries. Seismic record
ST-1B adjusted to the 100 and 500 year return periods was used in these analyses since this record
produced the larger seismic deformations than ST-1A as shown in Table 3. Seismic loading of 50 year
return period was not included in the analyses since lower deformation is expected when remedial
measures are applied.
Table 4: Summary of the seismic response to Case 2 (future expanded HLP conditions with
remediation implementation)
Maximum horizontal displacement (m)
Section

Return
period
(year)

Post-earthquake
(90 sec after the seismic event)

After the seismic event
Hor.

Vert.

Hor.

Vert.

Debris type flow
slide

Buttress 1

100
500

3.2
4.7

0.8
1.5

4.0
5.8

1.3
2.5

Yes
Yes

Buttress 2

100
500

2.7
4.0

0.8
1.5

3.0
Truncated run

1.3

No
No

Seismic response considering Buttress 1
As expected, under earthquake and post-earthquake loading conditions, horizontal displacements are
much greater than the vertical. For the 100-year return period, the maximum horizontal displacement is
3.2 m at the end of the earthquake loading duration and 4.0 m for the post-earthquake loading conditions
(90 seconds (sec) after the earthquake). The seismic responses indicate that the entire buttress moves to
downhill with the liquefied ore overtopping the toe berm as depicted in Figure 10(a).
For the 500-year return period, the maximum horizontal displacement is 4.7 m at the end of the
earthquake loading duration and 5.8 m for the post-earthquake (90 seconds after the earthquake).
Similar to the responses to the 100-year return period, it is observed that the entire buttress moves to
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downhill with the liquefied ore overtopping the toe berm as shown in Figure 10(b). Figure 11(a) shows
the horizontal displacement contours just at the end of the earthquake loading duration, and Figure 11(b)
shows the horizontal displacement contours at 90 sec after the earthquake. As indicated in Figure 11(b),
both heap ores and buttress near the downhill toe area are observed to experience horizontal
displacements greater than 5 m.
These results indicated that the proposed Buttress 1 geometry could not control the potential
material flow and not provide adequate performance of the heap pad expansion under the earthquake
loadings considered.

Figure 10 (a): Post earthquake mesh distortion (at 90 sec after earthquake) for 100 yea r
(b): Post earthquake mesh distortion (at 90 sec after earthquake) for 500 year

Figure 11 (a): Horizontal displacement contours at end of earthquake loading duration for
500 year. (b): Horizontal displacement contours at 90 sec after earthquake 500 year

Seismic response considering Buttress 2
For the 100-year return period, the maximum horizontal displacement is 2.7 m at the end of the
earthquake and 3.0 m under the post-earthquake loading conditions (at 90 sec after the earthquake).
Figure 12(a) shows deformed mesh at 90 sec after the earthquake. Figure 13 shows the limits of the
liquefied zones developed during the 100-year return period event, indicating these zones occurs in
lower portions of the heap below the phreatic level. It is observed that the buttress at the toe serves as
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containment to the movement of sliding mass that may be induced by development of the liquefied
zones. Therefore, it is anticipated that no potential flow slide will occur in the heap pad.
For the 500-year return period, the maximum horizontal displacement is 4.0 m at the end of the
earthquake loading duration. The post-earthquake analyses were truncated due to a large deformation
into lower portions of the saturated zones where the model mesh becomes too distorted to continue the
computations. However, the horizontal displacements just after the earthquake indicate that larger
displacements occur in mid-slope (see dark blue zone in Figure 14) and it is confined by the toe buttress
where relatively lower displacement is observed. Deformed mesh in the buttress area is considered
acceptable, as shown in Figure 12(b), and it is anticipated that the potential flow slide would not occur.

Figure 12 (a): Post earthquake mesh distortion 90 sec after earthquake for 100 year event
(b) Mesh distortion just after earthquake for 500 year event

Figure 13: Identified liquefaction zones for 100 year event
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Figure 14: Horizontal displacement contours just after earthquake for 500 year event

Conclusion
In some sulfide copper ore heap leach pads, application of the acid solution used for leaching can
progressively degrade the ores and result in lower ore permeability characteristics over time. Ore
degradation and related sediment migration within the heap during active leaching can cause zones of
lower permeability or “blind off” zones and layers to develop deep within the heap. These low
permeability zones or layers in turn may result in perched water levels and saturated ore zones within
the heap, even when the base of the ore heaps remain fully drained. These conditions can compromise
the stability of the heap facility, particularly in active seismic regions where large magnitude
earthquakes can induce liquefaction of the saturated ores. Valley heaps with internal solution ponds
within the downhill slope limits have operational drainage control and pump systems that are at a higher
risk for maintaining fully drained conditions from operations to closure.
Heap material runout debris type flow slides could occur due to liquefaction induced by short
earthquake duration, as discussed in this paper, although uncontrolled mass movement of flow slide has
not occurred in the historical cases for heap fills with no surface water ponding.
A dynamic liquefaction stability analysis of the heap leach pads under high solution phreatic level
and a range of seismic loading (earthquakes at 50 year, 100 year and 500 year return periods) was
performed for two different heap leach pad conditions: 1) idealized heap based on the past conditions
and issues in copper heap leach pads with no remediation, and 2) future heap expansion with
remediation. Rigorous UBCSAND liquefaction model incorporated in FLAC was used for these
analyses to model the dynamic response in terms of pore pressures, accelerations and displacements
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induced by a specific input motion. In this manner liquefaction triggering, deformation and flow slide
potential were evaluated in a single analysis.
The seismic response to the idealized heap configuration, based on the past conditions and issues
in copper sulfide heap leach pads (with no remediation), shows unstable conditions. The magnitudes of
the estimated earthquake-induced deformations for 50, 100 and 500 year return periods indicate a debris
type flow slide overtopping the toe berm would occur, generating overall instability. Based on the
results from the dynamic analyses, remedial measures is required to provide adequate performance of
the heap pas under design earthquake events.
In order to improve the heap leach pad stability for continued operations, remediation
measurements were implemented including removing some portions of the upper slope and constructing
a downhill toe buttress for fill support, as well as lowering the phreatic level (by pumping system and
additional drain system at the toe). Dynamic liquefaction analyses were also performed to investigate
the effects of the additional ore fills placed on top of the drained heap leach pad section and alternatives
of two different buttress geometries on the expansion of the heap leach pad.
The seismic response to the heap expansion with remediation showed that the configuration of the
buttress covering the entire heap leach pad toe area could reduce the earthquake-induced deformations
and control the potential flow slide, providing adequate seismic performance of the heap. The remedial
measures considered herein allow increasing the heap capacity with higher than 30 m of expansion ore
on the top of the idealized study section heap leach pad. In addition, long term conditions for closure
assume leaching operations have been discontinued, and therefore the spent ore heap fill would return
to fully drained conditions for higher long term static and dynamic factors of safety.
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Abstract
Agglomeration of high clay ores or ores with significant fines content can be the key step in good field
performance of gold and copper heap leach operations. The Kappes Percolation Test was developed as
a quick method of determining binder requirements for high clay ores and is employed in many
laboratories to select optimum binder levels for heap leach column testing. It is also used at many heap
leach operations for quality control evaluation of field agglomerates. However, the test is often not run
correctly or is used as a substitute for general permeability testing. This paper presents the history of
the development of the test, test procedures and techniques, equipment requirements, shortcomings,
interpretation of results and use in operating heap leach projects.

Introduction
For ores with high clay or fines content, agglomeration is often the most critical step in the ore treatment
process for achieving suitable heap permeability and ultimate metal extraction (McClelland et al., 1983;
Chamberlin, 1986). The Kappes Percolation Test is a useful method of determining the agglomeration
requirements of ores in laboratory heap leach testing as well as for quality control of field agglomeration
operations. The test involves soaking cured pellets in a percolation column for a set period of time
followed by tapping the column wall to release the wall effects. Measurement of slump and maximum
flow of water through the ore bed along with other details such as pellet collapse, bubble formation,
fines release, etc., provides a basis for a comparative assessment of pellet strength. The test presents a
graphic indication of pellet quality as well as data for comparison of laboratory and field agglomerating
conditions and tracking of field data.
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The test was developed by Dan Kappes in 1986 when preparing to commission the agglomerating/
stacking system at the Exhibition Heap Leach Project of Kia Ora Gold in Marvel Loch, Western
Australia. Preliminary testing of grab samples of ore indicated that the ore would not form adequate
pellets using the parameters determined in the Kappes, Cassiday & Associates (KCA) laboratory in
Reno, Nevada. As sometimes happens, the samples sent to KCA in Reno were nothing like the actual
ores, so a bit of panic ensued. Dan cobbled together a set of percolation columns and over a 5-day period
we agglomerated and tested multiple samples at varying conditions until we were satisfied that we could
specify the cement dose, moisture content and residence time in the agglomerating drum to produce
pellets of sufficient strength. Indeed, early data from the operation indicated gold recoveries
approaching 90% (Pyper and Pangbourne, 1988) compared to an expected 75% recovery.
While the general test technique had been employed in the KCA laboratory prior to the Marvel
Loch experience, the intensive nature of the testing and usefulness in simulating “worst case” field
conditions became apparent and the test procedure became more formalized. When KCA set up the
Kappes, Cassiday & Associates Australia (KCAA) laboratory in Australia in 1988, the procedure
became generally established in the local industry and began to be employed by other commercial
laboratories. It has become informally known as the Kappes Test, but the specific procedures and data
interpretation are not always conducted or interpreted correctly.
The test technique, while involving “worst case” treatment of pellets, is more representative of
field operations and ore treatment than other agglomerate quality evaluation techniques.

The test procedure
The general procedure for the Kappes Percolation Test is presented below. Usually a 2 to 4 kg portion
of agglomerated, cured ore is employed in the test using a 75 to 90 mm diameter Plexiglas column.
However, if the topsize of the material to be tested is larger than 25 mm, then a larger charge and larger
percolation columns are required. Note that this is not a leach test and the typical column diameter to
rock size minimum ratio of 6 does not apply.
1. Place a wad of shadecloth or suitable drainage material in the base of the column prior to adding
the pellets.
2. Place the pellets in one of the percolation columns to a height of approximately 400 mm.
3. While loading the pellets, tap the sides of the column several times with the rubber mallet to settle
the pellets and eliminate hang-up on the column walls.
4. Measure and mark the height of the ore in the column. Record this height as H1.
5. Slowly fill the column with water from the bottom inlet. Fill rate should be approximately 10 mm
or 1 cm) per second with the goal of displacing all air in the pellet interstices.
6. Fill the column to approximately 50 mm above the height of the ore in the column. Close the valve
to prevent water from draining out of the column.
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7. Record time of filling.
8. Allow the ore and water to sit in the column for a minimum of 2 hours. Do not bump or jostle the
column during the soak period.
9. After the soak period, mark and measure the height of ore. Record this level as H2.
10. Using a rubber mallet, tap the sides of the column sharply 9 to 12 times or until the ore bed height
remains stable. This breaks the surface tension between the pellets and the column wall to simulate
“worst case” field conditions.
11. Mark and measure the height of ore. Record this as H3.
12. Place a wad of shadecloth or similar mesh material above the ore.
13. While adding additional tap water to the top of the column to maintain a constant head of water in
the column, open the drain valve and collect the water in the graduated container.
14. Using a stopwatch, time a measured volume of water as it drains out of the column.
15. Record time in seconds along with other observations regarding pellet behavior during the overall
test period. These observations include fines migration during filling, breakdown of pellets during
wetting or soaking, bubbles present in the pellet bed after soaking, fines generation or total pellet
collapse during the tapping procedure, and an estimate of the quantity of fines that wash out during
the flow measurement step. Additional information collected could include drain solution pH and
turbidity.
16. Calculate the outlet flow in L/h/m2 based on column diameter. The minimum acceptable value for
high clay ores is 10,000 L/h/m2 and 1,000 L/h/m2 for high-fines (non-clay) ores.
17. Calculate slump as follows:
Auto Slump = 100 × (H1 – H2) / H1

(1)

Tapped Slump = 100 × (H1 – H3) / H1

(2)

18. Use the slump, percolation rate and other data to compare pellet performance against other
agglomerating conditions.

Variables that can be employed in a grid of agglomeration / percolation tests include binder type(s) and
doses, water or other liquid addition, water regime (2-stage addition), agglomerating time, cure time,
etc. The test has been used successfully in laboratory situations for gold, silver and uranium ores in
alkali conditions as well as copper (Efthymiou et al., 1998), nickel and uranium ores in acid conditions.
Field operations include heap leaching of gold and silver ores in alkali conditions and copper ores
employing acid leaching.
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Shortcomings
One shortcoming of the test technique is that it is subjective and operator dependent. It is possible that
duplicate tests will not yield identical results, especially if conducted by different people. The final call
on pellet quality or fines loss depends mostly on the technician’s visual assessment. The tapping step
in particular is a critical but sensitive step – it can be “under done” or the columns mercilessly bashed,
leading to unreliable results. In this regard, it should be considered a “comparative” test where a series
of tests are conducted by the same person and the results compared within the data set.
Another issue with the test relates to accurate sample splitting at coarse crush sizes. A split with a
higher proportion of fines will behave quite differently to one with a shortage of fines. One approach
employed by a uranium operator was to pre-screen a large sample into multiple fractions then further
split each fraction into the number of samples required. This was followed by recombining to ensure
each split had an identical particle size distribution (PSD).
Agglomerating residence time in a field operation is often limited; however, in a laboratory
situation using a cement mixer for agglomerating, residence times can be unlimited. In this situation, it
is recommended to get the desired pellet consistency irrespective of the time it takes to achieve it. Then
when the “final” agglomerating conditions have been determined, try to achieve the same results within
the expected timeframe of a field operation – typically 60 to 120 seconds.
For monitoring pellet quality at an operating heap leach, samples of agglomeration drum discharge
are collected on an hourly (or other) basis and used to generate shift composites. These composite
samples are then delivered to the site laboratory for percolation testing. Unfortunately, the samples have
to be allowed to cure for a minimum of 24 hours before the quality control (QC) percolation tests can
be conducted. While the results are obtained “after the fact”, the data are still useful for monitoring
overall agglomeration operation performance and for tracking trends related to operating crew, average
shift temperature, ore types, etc.

Uses
As mentioned above, the uses pertain to laboratory determination of optimum agglomerating conditions
and to assessment of the quality of field pellets. In regard to the former, it must be remembered that the
procedure was developed for assessing of high clay ores, some of which were almost pure clays – thus
the resulting high flow target of 10,000 L/h/m2 – which is 1,000 times the expected acceptance rate of
typical field operations which operate at solution application rates of 10 L/h/m2 or less. The test offers
a worst-case scenario that is highly unlikely to ever be experienced in field operations. However,
extensive KCA field experience on dozens of ores has vindicated the test technique and target
percolation value for identifying appropriate operating conditions for field leaching.
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Slumping is actually a more critical criterion, especially when evaluating field pellets. The
maximum slump target of 10% in the test relates directly to KCA experience in field operations where
heap slumpage of 10% or higher will result in a noticeable loss of gold recovery over the short term.
In field situations, the test is recommended to be employed on composite samples of shift
agglomerates after a suitable cure period. KCAA have incorporated the procedure in heap leach
operations in Australia, Kazakhstan, Philippines, Turkey, China and Mongolia involving gold, silver
and copper mines. Given the nature of operating mines, less information on detailed pellet performance
is collected and it is more of a “rough and ready” evaluation procedure of pellet quality. The procedure
is used to generate the following information on a shift basis:
 cement / binder dosage
 moisture content / addition
 % +25 mm (or other)
 tapped slump
 percolation rate
 general pellet quality.
The information is coupled with other information on ore type, crush size, etc. to form a database
for review of overall heap operations. The key information is tracked and supplied to management on
a routine basis. In one operation where the agglomeration step was the absolute key to good leaching,
the results of the Kappes Test were incorporated into the calculation of operator salary and bonuses.
Figures 1 and 2 present the range of visual results although some ores will experience complete
collapse. Figures 3 and 4 present photos of QC testing at operating heap leach projects while Figures 5
and 6 present monthly operating data at a multi-lift gold heap leach operation where the pellet
performance data are closely monitored. The information from the QC percolation tests was employed
to track the effects of changes to agglomerating condition, including cement dosage and, most
importantly, increased water addition.
The result was a much higher percentage of shift composites passing both the percolation target
(>10,000 L/h/m2) while maintaining slump below 10%. This resulted in noticeably improved gold
production in the following months.
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Figure 1: Loss of pellet definition, fines generation and excessive slumping

Figure 2: Stable pellets with minimal slumping
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Figure 3: QC pellet testing at a gold heap leach operation in Kazakhstan

Figure 4: QC pellet testing at a gold heap leach operation
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Figure 5: Production percolation data by shift at a gold operation

Figure 6: Production slump data by shift at a gold operation
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Misuses and misconceptions
Commercial laboratories employing a version of the Kappes Test sometimes do not have the complete
procedure while laboratory technicians and supervisory metallurgists do not have specific experience
in heap leach operations or agglomeration to understand the purposes of the test or to interpret the data
appropriately. Hopefully the information presented in this paper will be of use in this regard.
Also, the test targets for slump and flow have been employed for permeability analyses of crushed,
unagglomerated ore to determine whether agglomeration is required. In virtually all cases, these ores
fail to meet the percolation rate criterion – which indicates that agglomeration is required when it may
not be. This type of evaluation should rightly employ the standard falling head permeability test used
in soils analysis – or something similar.
Often, the role of water / moisture is overlooked in the evaluation. For a series of tests employing
cement agglomeration, higher cement dosages demand higher water additions to achieve similar pellet
consistencies. This is because cement requires water to hydrate and form the silicate bridging bonds;
thus higher cement dosages without compensatory water additions may result in water-starvation of the
cement, with poor performance indicated at the higher dose.
Water addition is often more critical than cement addition in field agglomeration. We have 2
guidelines in this regard:
1. An ore can be agglomerated with water and no cement – but it can’t be agglomerated with cement
and no water.
2. In most cases of field agglomeration, wetter is better.
Of course, water-only agglomeration only imparts (very) short-term pellet strength. And a high
moisture content of agglomerates can cause downstream chute blockages, build-up on conveyor idlers,
etc., so operators tend to reduce water addition. The optimum mix of water addition and cement is
critical to good leach performance, but monitoring of pellet quality is considered essential to those
operations that process ores with high clay / high fines content.

Conclusion
The Kappes Percolation Test is an experience-based procedure that has been demonstrated to be
extremely useful in determining optimum agglomeration requirements in the laboratory as well as for
monitoring field pellet quality. Although the test results are more qualitative than quantitative, they are
graphic in nature so laboratory as well as operating personnel can “see” the difference between good
and poor quality pellets.
KCA have been involved with heap leach testing, design, construction and operations since 1972,
and were instrumental in setting up the first major heap leach project in Australia at the Haveluck Mine
of Whim Creek Consolidated in 1976 where Dan actually trialled agglomeration in the laboratory. We
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have obvious interests in seeing all heap leach operations succeed, and hope that the information
presented herein will assist in this regard.
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Abstract
Heap leaching is dynamic and contains an expansive list of interdisciplinary variables. These leach
systems present unique physical and hydrodynamic questions and challenges, the effects of which on
leaching performance are confounded with the electrochemical aspects of the ore and process solutions
within the heap. Predicting, troubleshooting, and optimization of leach recovery is a significant
challenge when considering the number of variables involved and their interactions. Leach recovery
prediction is even further complicated by variables that are unknown or estimates at the industrial scale.
Due to the complexities of these leach systems, laboratory data is heavily relied upon for selecting
process variables and predicting leach recovery. When changes in the ore force one or more process
variables outside of the design criteria, initiating additional laboratory tests and waiting for results to
make an educated decision in adapting the process is often unacceptable, as 90 to 360 days are required
to obtain a complete set of data from leach column tests. This paper addresses fundamental
thermodynamic theory of leaching solutions, how the theory is applied to these dynamic leach systems,
and its use in reagent optimization and predicting leach performance for chalcocite heap leaching at the
industrial scale. The theoretical dissolution of chalcocite by ferric iron is applied to experimental leach
column data as well as chalcocite heap leaching case studies at Freeport-McMoRan properties. These
studies suggest an effective two-stage leaching cycle of chalcocite ore: 1) reagent-limited leaching and
2) diffusion-limited leaching. This paper presents insight to applying fundamental leaching
thermodynamics to operational heap leach data for the identification of process issues and opportunities.

Introduction
Heap leaching of low grade chalcocite, Cu2S, ore has enjoyed increased development over the past three
decades and has become a significant contributor to global copper production. The technology has
become a critical component of mine development by providing the economical processing of low grade
ore. The subject has seen extensive literature review, which cover aspects of dissolution chemistry
(Sullivan, 1930), biochemistry (Lizama, 2001; Meruane and Vargas, 2003; Leahy et al., 2004; Ojumu,
2006), modeling (Neuburg et al., 1991; Sidborn and Moreno, 2003; Bennett et al., 2012; McBride et
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al., 2014; Casas et al., 1998; Ogbonna, 2006; Dixon and Petersen, 2003, 2007a, 2007b), hydrology (Orr,
2002; Malmström et al., 2008), mineralogy (Miller et al., 2003), and optimization (Lancaster and Walsh,
1997; Padilla et al., 2008). Possibly, the only common statements from published works are that 1) heap
leaching is complex and dynamic and 2) industrial-scale results are difficult to predict. A review of
aspects relevant to copper sulfide heap leaching by Ghorbani et al. (2011) listed 34 variables, many of
which are inter-dependent. Additional operational variables such as raffinate distribution, equipment
compaction, variable gangue constituents, changes in mining rates, etc. add to the complexity of the
system and can reduce the accuracy and repeatability of leach recovery prediction.
Given the complexity of the system, being confident in reagent addition to leaching solutions is a
significant challenge for a heap leach operator. As a result, standard operating parameters are typically
obtained through previous operational data and results. When economic, operational or logistic issues
force a change to the standard parameters, accurately predicting the impact on leach recovery has
inherent uncertainty. Excellent, rigorous mathematical models for chalcocite leaching have been
developed that accurately predict experimental leach column results. However, solving systems of
simultaneous partial differential equations may not be a duty of the industrial professional, and the time
requirement for deploying existing modeling software may be unacceptable. For chalcocite leaching,
the reaction chemistry of the chief reagent, ferric iron, is well known and the thermodynamic stability
in process solutions is easily calculated. The purpose of this paper is to combine fundamental chemistry
and thermodynamic aspects of chalcocite leaching with operational data to explore simplified methods
to predicting leaching kinetics.

Chemistry of chalcocite leaching
Chalcocite leaching is dependent upon a redox reaction between ferric iron (Fe3+) with copper (Cu2+),
Equations 1 and 2. The oxidation of ferrous iron (Fe2+) to ferric iron within the leach stockpile is
required for efficient leaching. This can occur with a variety of oxidants, but within the sulfuric acid
leach system, sulfuric acid and oxygen are the most common, Equation 3 (Wadsworth, 1987).
𝐶𝑢2 𝑆 + 2𝐹𝑒 3+ → 𝐶𝑢𝑆 + 𝐶𝑢2+ + 2𝐹𝑒 2+

(1)

𝐶𝑢𝑆 + 2𝐹𝑒 3+ → 𝐶𝑢2+ + 2𝐹𝑒 2+ + 𝑆

(2)

𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎

4𝐹𝑒 2+ + 𝑂2 + 4𝐻 + →

4𝐹𝑒 3+ + 2𝐻2 𝑂

(3)

Chalcocite leaching will occur to some extent with acid and oxygen in the absence of iron and is
commonly referred to as direct leaching, Equation 4. However, work by Sullivan (1930) and Zeballos
et al. (2003) has shown that the direct leaching reaction is much slower than the indirect, ferric iron
reaction. Although acid has a lesser direct effect in chalcocite leaching, its role in supporting ferric iron
solubility and ferrous to ferric oxidation is critical to maximizing the value of an ore.
2𝐶𝑢2 𝑆 + 𝑂2 + 2𝐻2 𝑆𝑂4 → 2𝐶𝑢𝑆 + 2𝐶𝑢𝑆𝑂4 + 2𝐻2 𝑂
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From an operational standpoint, chalcocite leaching differs significantly from copper oxide
leaching. For copper oxide leaching, the only reagent is acid; hence, an operator can selectively add
acid to satisfy the copper and gangue mineral requirements through agglomeration, trickle down acid
curing, or raffinate addition. For chalcocite leaching, the key reagent, ferric iron, is a bi-product of the
leach system itself and targeted additions are typically not made. From Equations 1-3, it is clear that
acid, oxygen, and iron are required for chalcocite leaching, but a glaring question remains as to how
much of each of these reagents is required for efficient leaching. The key philosophy is that enough
acid and oxygen is required to oxidize ferrous iron and enough acid is required to stabilize enough ferric
iron in solution to efficiently dissociate the chalcocite mineral. From Equations 1 and 2, 1.76 kg Fe3+ is
required to oxidize 1 kg Cu as Cu2S, while 0.89 kg of sulfuric acid and 0.143 kg of oxygen is required
to oxidize 1 kg of Fe2+ to Fe3+.
As an overly simplified example, consider the leaching of chalcocite ore with the key parameters
listed in Table 1. With these parameters, to completely leach one ton of this chalcocite ore would require
6.9 g/L Fe3+ in the raffinate. Assuming a continuous system, the oxidation of ferrous iron would require
6.3 g/L sulfuric acid and 1.2 L/hr air. Are these the optimum leaching parameters for this ore? No;
obviously, this approach is not suitable for real ore where mineral particles are disseminated throughout
the host rock. Rather, it leads to the question, “What are the optimum leaching parameters for this ore?”
Table 1: Parameters for chalcocite leaching example
Total copper (%)

0.5

Raffinate application rate (L/hr/m2)

7.32

Lift height (m)

9.15

Leaching duration (days)

150

Heap volume factor (m3/ton)

0.48

Ferric iron stability in leach solutions
A critical step in reagent optimization is understanding the solubility of ferric iron in leaching process
solutions. Fundamental theory of the thermodynamics of solutions can be used to determine how much
acid is required to stabilize a given amount of ferric iron. The Gibbs equation of equilibrium, Equation
5, describes the stability of dissociated species. Sulfate leaching solutions become quickly concentrated
with gangue cations (Al, Mg, Ca, etc.) from reactions with ore host rocks. This increase in ionic strength
of solution decreases the activity of the ferric ion. This decrease in activity is adequately approximated
by the Debye-Huckel theory of concentrated electrolytes, Equations 6 and 7, for solution concentrations
up to 1-1.5 molality. Above this concentration, the cation hydration effect starts to increase ion activity,
Equations 5 through 8 (Bockris and Reddy, 1970).
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∆𝐺 ° = −𝑅𝑇𝑙𝑛(𝐾𝑒𝑞 )

(5)

log(𝛾𝑖 ) = −0.509|𝑧+ 𝑧− |√𝐼𝑆

(6)

Where:
R

=

Gas constant

T

=

Temperature

Keq

=

Equilibrium Constant

Where:
𝛾𝑖

=

Activity coefficient

z

=

Electrons transferred

𝐼𝑆

=

Ionic strength
1
2

𝐼𝑆 = ∑𝑖 𝐶𝑖 𝑍𝑖 2

(7)

Where:
𝐶𝑖

=

Molar concentration of species, i

𝑍𝑖

=

Valence charge of species, i

Now, to determine the stability of ferric iron with pH, the assumption is made that the dominant
ferrous iron species is jarosite in the stockpile system, Equation 8. The presence of jarosite has been
verified by mineralogical analysis in numerous Freeport-McMoRan leach stockpile systems. The Gibbs
free energy of reaction equation and Debye-Huckel theory of concentrated electrolytes can be used to
determine the relationship between ferric iron stability and pH, Equation 9 (Wadsworth, 1987).
𝐹𝑒3 (𝑆𝑂4 )2 (𝑂𝐻)5 ∙ 2𝐻2 𝑂 + 5𝐻 + → 3𝐹𝑒 3+ + 2(𝑆𝑂4 )2− + 7𝐻2 𝑂
𝑙𝑜𝑔[𝐹𝑒 3+ ] =

−2.7−5∙𝑝𝐻−2∙𝑙𝑜𝑔([𝛾𝑆𝑂 2− ][𝐶𝑆𝑂 2− ])
4

3

4

(8)
(9)

Figure 1 shows a graphical representation of Equation 9 for pH 0-4 compared to operating data
obtained from inter-lift solution samplers on a leach stockpile at Freeport-McMoRan’s Chino Mine.
This chart shows the amount of ferric iron in Chino solutions that is thermodynamically stable at a given
pH, given the assumptions previously stated. As can be seen in the figure, an excellent fit between
operational and theoretical data exists. This chart also demonstrates the significance of the pH range of
2.0 – 2.5; ferric iron is limited to 0.8 g/L for a pH of 2.5 versus 7.2 g/L for a pH of 2.0. As a result, what
may seem like a slight change in pH has a significant impact on ferric iron stability in solution and the
resulting leaching kinetics for chalcocite ore.
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Figure 1: Theoretical ferric iron stability versus operating data from the Chino Mine

Case study I: Published works
As previously mentioned, the modeling of chalcocite leaching has seen extensive attention from the
early 1990’s to present. Dixon and Peterson (2003) developed a mathematical model to predict the rate
of copper recovery from chalcocite ore. Their rigorous approach included aspects of chemical and
biological reactions, mineral topology, reagent and solute transport through pore diffusion, and heat
and air transport through the heap. The model was calibrated against column leach (10.2 cm × 6.1 m,
P100 -19.1 mm) tests from a mixed oxide/chalcocite ore and gave excellent predictability. Bennett et al.
(2012) developed a computational fluid dynamics (CFD) model which included unsaturated liquid
phase transport and pore diffusion, air flux through the heap, chalcocite and pyrite dissolution kinetics,
ferrous iron oxidation, and gas to liquid oxygen diffusion. The model was able to accurately predict
column recovery of a small (15.24 cm × 1.83 m) column with a P100 of -12.7 mm and a large (1.98 m ×
6.1 m) column with a P80 of -38.1 mm.
The experimental results for copper extraction from Dixon and Peterson and Bennett’s work were
compared against iron, acid, and oxygen addition in the raffinate. For Dixon’s work, it was stated that
30% of the copper contained in the ore existed as oxide mineralogy; this was taken into account for the
analysis. Figures 2 to 3 show experimental copper extraction versus days of leaching, stoichiometric
copper extraction based on raffinate total iron addition, and stoichiometric copper extraction based on
the apparent regeneration of raffinate total iron addition.
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Figure 2: Experimental copper extracted versus days under leach.
Data from Dixon and Peterson (2003)

A

B

Figure 3: Experimental copper extracted versus days under leach.
a) Small column and b) large column data from Bennett et al. (2012)
Recently, work around the optimization of the CFD model has been published (McBride et al.,
2014). The model was used to predict changes in copper recovery with variable raffinate application
rate, raffinate pH, and ore head grade. Figures 4 to 6 show modeled copper extraction versus days of
leaching and stoichiometric copper extraction based on the apparent regeneration of raffinate total iron
addition with varying raffinate application rate, pH, and ore head grade. As can be seen from Figures 2
to 6, the response of copper recovery from chalcocite ore occurs in two distinct modes: 1) reagent
limited leaching represented by the linear portion of the leach response, and 2) diffusion limited
leaching represented by the non-linear portion of the leach response curve. The reagent limited mode is
rate controlled by effective iron addition to the ore; effective iron being the product of the apparent
number of ferrous to ferric regeneration cycles of the nominal iron concentration in solution. As shown
in Equation 3, iron regeneration is dependent upon available acid and oxygen. The amount of effective
iron required to satisfy reagent limited leaching of chalcocite ore is driven by the head grade of the ore.
Table 2 compares the relevant attributes of the studies shown in Figures 2 to 6. Diffusion limited
leaching describes the point in the leaching cycle when minerals existing on the free surface have been
dissolved and ferric iron must diffuse through inter-granular pores to leach the remaining, sub-surface
copper minerals.
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For Figure 4, the rate of copper recovery was increased with increasing raffinate application
rate which increased effective iron and acid addition. The modeled effect of pH on ferric iron
regeneration is seen in Figure 5; the rate of copper recovery increases with decreasing pH due to
increased effective iron addition. The strong influence of ore head grade on the length of the reagent
limited leaching mode is seen in Figure 6. Figures 4 through 6 (McBride et al., 2014).

Figure 4: Modeled copper extracted versus days under leach for various
raffinate application rates. Each solid red line represents the stoichiometric
copper extraction based on iron addition via raffinate at 1.2× regeneration

Figure 5: Modeled copper extracted versus days under leach for various raffinate pH.
Solid red lines represent stoichiometric copper extraction based on raffinate iron addition
at Fe+2 to Fe+3 regeneration of 3× (0.5/1.0 pH), 1.3× (1.5 pH), and 1.1× (2.0 pH)
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Figure 6: Modeled copper extracted versus days under leach for various copper head grades.
The solid red line represents stoichiometric copper extraction based on iron addition via
raffinate at Fe +2 to Fe+3 regenerations of 3.4×.
Table 2: Ore and leaching parameters from Figures 2 to 6
Raffinate
Application Rate
Figure Ore Grade (%) P80 (mm)
2
1.02
12.7
3A
0.59
12.7
3B
0.59
38.1
4A
1.00
12.7
4B
1.00
12.7
4C
1.00
12.7
4D
1.00
12.7
4E
1.00
12.7
5A
1.00
12.7
5B
1.00
12.7
5C
1.00
12.7
5D
1.00
12.7
6A
0.30
12.7
6B
0.80
12.7
6C
1.00
12.7
6D
1.50
12.7
6E
2.00
12.7

(L/hr/m2)
4.9
1.3
5.7
5.0
6.0
7.0
8.0
10.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0

Fe (g/L) Acid (g/L)
2.0
7.5
4.2
15.5
3.8
15.5
1.0
4.9
1.0
4.9
1.0
4.9
1.0
4.9
1.0
4.9
1.0
62.0
1.0
19.6
1.0
6.2
1.0
2.0
1.0
4.9
1.0
4.9
1.0
4.9
1.0
4.9
1.0
4.9

pH
1.4
0.3
0.3
1.6
1.6
1.6
1.6
1.6
0.5
1.0
1.5
2.0
1.6
1.6
1.6
1.6
1.6

Air Injection
(L/hr)
15.6
0.1
2411.0
17.4
17.4
17.4
17.4
17.4
17.4
17.4
17.4
17.4
17.4
17.4
17.4
17.4
17.4

Air Injection
(m/s)
4.5E-05
8.6E-05
8.6E-05
1.0E-05
1.0E-05
1.0E-05
1.0E-05
1.0E-05
1.0E-05
1.0E-05
1.0E-05
1.0E-05
1.0E-05
1.0E-05
1.0E-05
1.0E-05
1.0E-05

Acid Available :
Acid Required
4.21
4.17
4.55
5.51
5.51
5.51
5.51
5.51
69.66
22.02
6.97
2.20
5.53
5.53
5.53
5.53
5.53

Oxygen Available :
Oxygen Required
411.0
114.0
28.6
14.4
12.0
10.3
9.0
7.2
9.0
9.0
9.0
9.0
9.0
9.0
9.0
9.0
9.0

Apparent Fe(III)
Regeneration
5.0
1.7
1.2
1.2
1.2
1.2
1.2
1.2
3.0
3.0
1.3
1.1
3.4
3.4
3.4
3.4
3.4

Reagent Limited
Fe(III) (lb/ton)
25.4
10.9
6.9
NA
13.4
13.4
13.6
12.3
10.1
9.6
12.5
13.5
4.3
10.8
13.9
19.9
25.9

Reagent Limited
Leaching (Days)
80
41
27
NA
311
266
236
171
97
92
208
305
37
94
121
173
226

Case study II: Chino Mine
Freeport-McMoRan’s Chino Mine in New Mexico operates run-of-mine (ROM) leach stockpiles and
receives chalcocite and chalcopyrite dominant mineralogy below the mill ore cut-off grade. The
material is segregated to different areas of the stockpiles by mineralogy. These ROM stockpiles are
aerated solely via natural stockpile convection. From 2012 through 2015, pregnant leach solution (PLS)
sampling points were installed under newly placed leach ore lifts. These inter-lift PLS samplers allow
the sampling of leach solutions from the new ore at horizontal lengths of 300′ to 500′ from the outer toe
of each stockpile lift; this allows insight into in-field copper recovery ate and iron and acid balances.
Figure 7 shows an example of an inter-lift PLS sampler being installed at Chino.
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Figure 7: Installed inter-lift PLS samplers on the Chino Lamp Bright stockpile

A significant change in raffinate chemistry was seen at Chino from 2011-2015. Deteriorating leach
solution chemistry and issues with leach recovery on chalcocite ore in 2011-2012 spurred an increase
in acid addition which increased acid and iron in solution. Table 3 lists the average raffinate chemistry
for each sampler in the study. Figure 8 shows copper extracted versus days of leaching for Samplers 27; stoichiometric copper extraction based on total iron addition is also shown with no assumed
regeneration. The two modes of chalcocite leaching previously mentioned are clearly seen in Figure 9.
Table 4 shows relevant ore and leaching data for comparison to the experimental and theoretical work
by Dixon, Peterson, and McBride. Again, it was seen that the reagent limited mode of leaching is
dependent upon the head grade of the ore and the amount of iron added in the raffinate.
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Table 3: Chino raffinate chemistry
Raffinate chemistry
Sampler #

Time Period

Fe (g/L)

Fe3+ (g/L)

Fe3+ (%)

Acid (g/L)

ORP
(mV)

2

Aug., 2012

4.1

1.29

31%

3.63

423

5

Feb., 2013

4.22

1.73

41%

5.99

434

6

Feb., 2013

4.22

1.73

41%

5.99

434

7

Sep., 2013

4.5

1.86

41%

6.44

435

18

Jan., 2015

6.43

2.98

46%

6.98

442

Figure 8: Copper recovery versus leaching time for chalcocite ROM ore at the Chino Mine
compared to stoichiometric copper recovery based on raffinate iron addition
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Table 4: Ore and leaching parameters from Figure 8
Sampler

Approximate
Ore Grade (%)

2
5
6
7

0.75
0.28
0.37
0.50

P80
Application
(mm) Rate (L/hr/m2)

152
152
152
152

7.0
7.0
7.0
7.0

Raffinate
Fe (g/L) Acid (g/L)

4.1
4.2
4.2
4.5

3.6
6.0
6.0
6.4

pH

Air
Air Injection Acid Available :
Injection
(m/s)
Acid Required
(L/hr)

1.88
1.60
1.60
1.54

0.0
0.0
0.0
0.0

0.0E+00
0.0E+00
0.0E+00
0.0E+00

0.99
1.61
1.61
1.60

Oxygen
Available :
Oxygen
Required
0.01
0.01
0.01
0.01

Apparent
Reagent Reagent
Fe(III)
Limited Limited
Regeneration Fe(III) Leaching
(lb/ton) (Days)
0.7
11.5
158
0.6
2.2
32
0.6
3.2
39
0.6
7.1
93

Practical use
It has been shown that chalcocite leaching occurs in two distinct modes: reagent limited and diffusion
limited leaching. How does this help in the optimization of reagent addition? In the reagent limited
mode, copper recovery is limited by effective iron addition and presents the greatest opportunity for
increasing the value of the leach ore. Figure 9 shows reagent limited iron addition versus copper head
grade for the Chino Mine ROM leach and McBride’s modeled response. In both cases, the iron addition
required to satisfy reagent limited conditions was linear with ore head grade. Table 5 is a representation
of the data in Figure 9 that can be easily communicated. From this table, it is easy to see the effect of
raffinate iron on the number of reagent limited leaching days. This table also demonstrates the possible
opportunities to optimize reagent addition to a given ore.

Figure 9: Reagent limited iron requirement versus ore head grade
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Table 5: Days of reagent limited leaching versus ore head grade.
Assuming 7.3 L/hr/m 2 raffinate application rate and a 9.14 m lift

Tcu (%)

0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

1
0
0
17
72
128
183
239
294
350
405
461
516
572
627
683
738
794
849
905

2
0
0
8
36
64
92
119
147
175
203
230
258
286
314
341
369
397
425
452

3
0
0
6
24
43
61
80
98
117
135
154
172
191
209
228
246
265
283
302

Raffinate Iron (g/L)
5
6
7
0
0
0
0
0
0
3
3
2
14
12
10
26
21
18
37
31
26
48
40
34
59
49
42
70
58
50
81
68
58
92
77
66
103
86
74
114
95
82
125
105
90
137
114
98
148
123
105
159
132
113
170
142
121
181
151
129

4
0
0
4
18
32
46
60
74
87
101
115
129
143
157
171
185
198
212
226

10
0
0
2
7
13
18
24
29
35
41
46
52
57
63
68
74
79
85
90

12
0
0
1
6
11
15
20
25
29
34
38
43
48
52
57
62
66
71
75

15
0
0
1
5
9
12
16
20
23
27
31
34
38
42
46
49
53
57
60

The role of the diffusion limited leaching mode increases in significance with decreasing ore head
grade. The kinetics of diffusion limited leaching of chalcocite ore are dependent upon multiple variables
that are beyond the scope of this paper. However, an analysis of the Chino Mine inter-lift PLS sampler
data suggests the response is, from an operational perspective, relatively insensitive to moderate
changes in raffinate chemistry.
Figure 10A compares the diffusion limited copper extraction for samplers 5, 6, and 7 while Figure
10B shows the predicted leaching response for sampler 18 based on the appropriate reagent limited
response from Table 5 and the diffusion limited response of the earlier samplers. Sample extraction
from sampler 7 was inconsistent from 50 to 100 days; it is expected that this is the reason for the sharp
deviation from samplers 5 and 6 during this period. Although additional time is needed to prove out the
later stages of the leach cycle for sampler 18, the actual response of the ore closely tracks the empirical
prediction.
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Figure 10: a) Copper extracted versus days under diffusion limited leaching conditions.
b) Empirically predicted and actual copper recovery for sampler 18
With actual field data from the Chino Mine, this operation now has an empirical tool to estimate
the effects of changes in operating conditions on chalcocite leach recovery. For example, consider a
scenario where the availability of acid is limited – in this scenario, assume the pH of Chino’s raffinate
will rise from 1.7 to 2.2. From Figure 1, it is seen that the maximum ferric iron solubility is reduced to
2.3 g/L, increasing reagent limited leaching from 20 days to 55 days (Table 5) for a 0.3% TCu chalcocite
ore. Consider a second scenario where an alternate stockpile plan is suggested that increases the heap
lift height from 9.1 to 18.3 meters for a 0.3% TCu chalcocite ore. From Figure 9, the reagent limited
leaching period would be increased from 20 days to 39 days given the same raffinate chemistry and
application rate. The combined effect of scenarios 1 and 2 would increase the reagent limited leaching
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period to 111 days. Using the data from Figures 9 and 10, the estimated leach response for the scenarios
previously described can be seen in Figure 11.

Figure 11: Baseline: 6.5 g/L Fe, 1.7 pH, 7.3 L/hr/m 2, 9.1 m lift ht, Scenario 1: 2.3 g/L Fe,
2.2 pH, 7.3 L/hr/m 2, 9.1 m lift ht, Scenario 2: 6.5 g/L Fe, 1.7 pH, 7.3 L/hr/m 2, 18.3 m lift ht,
Combined Scenario 1 and 2: 2.3 g/L Fe, 2.2 pH, 7.3 L/hr/m 2, 18.3 m lift ht

Conclusions
Heap leaching is undoubtedly a complex, interdisciplinary process that contains a myriad of variables
– many of which are unknowns or approximations at the industrial scale. Using relevant aspects of
fundamental theory in combination with in-field operational data, it has been shown that the
complexities of chalcocite leaching can be simplified by focusing on how much iron the ore requires
versus how much iron is being applied to the ore via raffinate.
From an operational perspective, chalcocite leaching occurs in two modes: 1) reagent limited
leaching and 2) diffusion limited leaching. This was seen in the Chino Mine operational data,
experimental leach column data, and the results from a CFD mathematical model. For reagent limited
leaching, the rate of copper recovery is limited by the amount of effective iron added to the ore; effective
iron being the product of the apparent number of ferrous to ferric regeneration cycles of the nominal
iron concentration in solution. As previously described, this regeneration is dependent upon oxygen
availability and acid addition. The amount of iron required to satisfy reagent limited leaching is strongly
dependent upon the ore head grade. However, other factors specific to each operation and geological
formation are also significant – such as particle size distribution, disseminated versus fracturecontrolled enrichment, and fracture geometry. The kinetics of the diffusion limited mode is again
material dependent; it was shown in the Chino mine data that diffusion limited leaching was not
significantly impacted by moderate changes in raffinate iron and free acid.
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This approach can be used for reagent (acid, oxygen, and iron) optimization. A significant
opportunity exists with mid to high-grade ore to increase effective iron concentration during reagent
limited leaching to increase the value of the ore. Increasing effective iron can be a combination of
altering chemical and physical parameters, which could include adding acid to the raffinate and
applying forced aeration to the heap to promote ferrous iron oxidation, decreasing lift height, increasing
the raffinate application rate, or adding dissolved iron to the raffinate system. All of these methods can
increase the effective iron addition. Upon the completion of reagent limited leaching, the focus can then
be shifted to minimizing operational cost. Significantly less iron is required in diffusion limited
leaching, and raffinate reagent and application schemes can be altered accordingly. The intent of this
paper was to explore simplified methods of predicting leaching kinetics for heap leach operators. It has
been shown that the combination of in-field operational data and basic fundamental leaching theory can
create a powerful, approachable tool to aid in predicting the effects of changes in operational parameters
on chalcocite leach recovery.
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Abstract
An empirical metal recovery model that accounts for metal dissolution and transport in two domains is
presented. The domains are defined as regions of the leach pad with different reaction kinetics and
transport properties: a “fast” domain and a “slow” domain. The fast domain is the fraction of the ore
that readily releases gold to the leaching solution, and the slow domain releases gold more slowly. The
model uses algorithms to allow the estimation of model parameters from column test recovery, particle
size distribution, and head grade data. To test the functionality of the metal recovery model, it was
calibrated to available physical, metallurgical, and column testing data from 18 different ore samples,
and column test conditions (irrigation rate, reagent concentrations) were evaluated for relationships to
model parameters and results. Estimated model parameters and related functions were successfully
applied to predict column recovery data for twenty separate ore samples with minimal adjustment. The
model was also able to reasonably predict gold recovery from an operational heap after adjusting model
parameters to account for reduced recovery at the heap scale, and one parameter (penetration depth)
may account for differences in leaching processes that inhibit dissolution or transport. The model results
indicate that the recovery model can be used as a relatively simple and reliable operational tool to
provide information for management of ore inventories and solution requirements in active heap leach
facilities. This model has been filed for patent protection.

Introduction
Heap leach system dynamics are complex, involving multiphase interactions between solid, liquid and
gas phases (Bartlett, 1998; Petersen and Dixon, 2007). There are also multiple chemical reactions
occurring in the heap leach system. Furthermore, ores can contain numerous mineral types and are
comprised of particles that can vary in scale from microns up to meters (Bartlett, 1998; Bouffard and
West-Sells, 2009).
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Models applied to describe the heap leach system can be used as operational tools to track and
predict metal recovery in heap leach operations. Model input requirements vary with model complexity.
Consequently, the selection of an appropriate model should be dictated by the level of available data
and a desired level of model accuracy. Readily available measurements of heap structure and ore
physical, metallurgical, and hydrological properties obtained from laboratory data may be sufficient
inputs. Typical inputs include ore type, head grade, particle size distribution, input leach kinetics,
wetting rate, heap lift configuration, irrigation rate, and time (e.g. Luiz et al., 2003; Mellado et al., 2009;
Bouffard and Dixon, 2008). Gold recovery and pregnant solution gold concentration are the
fundamental model outputs. This paper describes the development of a metal recovery model for use as
an operational tool at an open-pit, run-of-mine (ROM), heap leach gold mine.

Model description
The metal recovery model estimates cumulative gold recovery using first order rate terms to describe
gold dissolution and transport in two domains. One domain represents the fraction of gold that is readily
released and transported to the collection system. Gold recovered from this domain represents the
majority of initial gold recovery. For simplicity, this gold fraction is referred to as the fast leaching
domain. The second domain, the slow leaching domain, represents the fraction of the gold that takes
longer to be dissolved and transported due to kinetic limitations such as gold dissolution rates being
diffusion limited or dissolved gold trapped in pore space that has low solution conductivity. Gold
recovery rates from the slow leaching domain are low but represent the majority of late time recovery.
Model equations and algorithms have been filed for US patent protection.

Model equation
The equation for recovered gold fraction as a function of the solution-to-ore ratio, Rsr, is:
𝑠

𝑠

𝑅𝑠𝑟 = 𝑅𝑚𝑎𝑥 × 𝐿𝐸 [1 − 𝐹𝑒 −𝑘1 𝑟×𝐿𝐸 − (1 − 𝐹)𝑒 −𝑘2 𝑟×𝐿𝐸 ]

(1)

where Rmax is the maximum recoverable gold fraction as determined by laboratory assay, LE is the
leaching efficiency, F is the fast leaching gold fraction; k1 is the first order rate coefficient that describes
the dissolution and transport in the fast leaching domain; k2 is the first order rate coefficient that
describes the dissolution and transport in the slow leaching domain; s is the mass of applied leaching
solution and r is the mass of ore being leached. The ratio of s to r (s:r) is directly related to time and
leaching rate. The LE parameter accounts for variable field scale leaching characteristics. LE may be
less than one, for example under conditions of solution flow bypassing ore; or may be greater than one,
indicating delayed recovery of gold from underlying lifts.
Figure 1 presents an example of the recoverable gold remaining in each domain and the total
𝑠

recoverable gold as leaching occurs. The 𝐹𝑒 −𝑘1 𝑟 term in Equation 1 represents the amount of gold
remaining in the fast leaching domain. The term equals F at the beginning of leaching and decreases as
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𝑠

s:r increases. The (1 − 𝐹)𝑒 −𝑘2 𝑟 term represents the amount of gold remaining in the slow domain. This
term equals (1 − 𝐹) at the beginning of leaching and decreases as s:r increases. Both terms are
subtracted from 1 to yield the fraction of recovered gold and then the amount is scaled by 𝑅𝑚𝑎𝑥 to
account for the maximum fraction of gold in the ore that can be recovered.

Figure 1: Fraction of recoverable gold remaining in the slow
and fast domains and the total recoverable gold remaining
The gold in the fast leaching domain, F, is released quickly as shown by the steep slope of the fast
leaching domain curve at s:r values near zero. The large change in the total fraction of gold remaining
in the ore coincides with the fast leaching domain release, demonstrating that the fast leaching region
is the predominant source for early gold recovery. In Figure 1, F equals 0.7 and gold in the fast leaching
domain is mostly recovered by s:r of 0.5 and at this reflection point the release of gold in the slow
leaching domain becomes the primary source of released gold.

Early release fraction (ERF) algorithm
Equation 1 is empirical and does not directly describe the physical processes of leaching, so it is
desirable to derive a unique set of model parameter values that are based on ore physical properties. An
algorithm that predicts model parameters based on the fraction of gold available for early release. Early
release fraction (ERF) is used, but not detailed herein to maintain proprietary status. The ERF algorithm
is based on the principle that fast domain gold is mostly in small ore particles and also from the surface
of larger ore fragments. The ERF algorithm estimates the volume of early release gold and is
functionally equivalent to F. Figure 2 shows how different size particles contribute to the ERF. After
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leaching begins the lixiviant will penetrate a small distance into the ore particle and dissolve gold. While
similar in concept to the shrinking core model (Roman et al., 1974) the ERF algorithm does not calculate
reactant diffusion and metal dissolution. For particles with a small diameter (e.g. particle on left in
Figure 2) gold is readily recovered from all locations within the particle and thus the entire particle
contributes to the ERF. The ERF contribution from particles with a diameter greater than the penetration
depth (d) is restricted to the outer region of the larger particle (e.g. particle on right in Figure 2).

Figure 2: Schematic of penetration depth and early release fraction (ERF)
The fast domain reaction rate, k1, is influenced by several properties that may inhibit gold
dissolution and transport including rock type, ore hydraulic properties, mineralogy, the amount of ERF
that is in smallest size fractions and reagent application rate to name a few. Nonetheless, the fraction of
ERF associated with particle size classes <0.5 inches is shown to be correlated to k1, and the ERF for
all size fractions is correlated to k2.

Results
Column testing data and ore physical property data were used for metal recovery model development.
Column test data sets were limited to ROM ore samples or ore samples with crush size ≥ 4 inches to be
more representative of the ROM material placed on the leach pads. A total of 18 ore samples were used
for model calibration and development of functions relating ERF to the rate parameters k1 and k2.

Calibration and parameter correlation
The model was calibrated to individual column test data sets and model parameters were developed by
iterative steps:
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1. Calculate ERF for each ore sample and assign model parameter F equal to ERF.
2. Calibrate the model to the column leaching data using the assigned F parameter and
adjusting parameters k1 and k2.
Develop correlation of calibrated k1 to ERF using results from step 2.
3. Recalibrate the model to the column leaching data using the assigned F parameter and k1
equal to the value estimated from step 3 and then adjusting parameter k2.
4.

Develop correlation of calibrated k2 to ERF using results from step 4.

The calculation of ERF determined a d value which provided the best overall correlation between
model parameter values and ERF. Figure 3 presents the function relating k1 to ERF < 0.5”:
𝑘1 = 1.3936 × 𝑒 3.3126×𝐸𝑅𝐹<0.5"

(2)

Similarly, k2 was found to be related to the ERF. Figure 4 presents the function relating k2 to ERF.
𝑘2 = 0.0410 × 𝑒 5.2168×𝐸𝑅𝐹

Figure 3: k1 as a function of ERF<0.5” (data from 18 calibrated models)

349

(3)

HEAP LEACH SOLUTIONS, 2015 • RENO, NEVADA, USA

Figure 4: k2 as a function of ERF (data from 18 calibrated models)

Model performance
The degree of confidence in model estimates of gold recovery using parameter values determined from
the ERF algorithm and Equations 2 and 3 was evaluated for two independent column leaching data sets,
Ore Type 1 and Ore Type 2.

Ore Type 1
Figure 5 presents the fraction of recoverable gold in each size class for the Ore Type 1 sample. Eighty
percent of the Ore Type 1 sample gold mass is associated with ore sizes < 0.5 inches.
Figure 6 presents model predicted and measured gold recovery for the Ore Type 1 sample. The
predicted recovery was greater than measured recovery (RMSE = 0.0892) because the ERF<0.5” was
very high (0.87). The ERF<0.5” may overestimate k1 because Equation 2 was derived from samples
with a smaller fraction of gold associated with the <0.5 inch size classes than is observed for the Ore
Type 1 sample.
To account for the larger fraction of gold in the smallest size classes, the k1 model parameter value
was derived by adjusting ERF<0.07” in Equation 2. This modification to k1 resulted in an improved
prediction of gold recovery (RMSE = 0.0077) and indicates a potential limitation with the ERF<0.5”
relationship if a large fraction of gold is associated with ore particles much smaller than 0.5 inches.
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Figure 5: Gold distribution by particle size class for Ore Type 1 sample

Figure 6: Model predicted and measured recovery for Ore Type 1 ore sample

Ore Type 2
The Ore Type 2 sample was a 2-inch crush sample included in the analysis to serve as a second
independent sample for model validation. Figure 7 presents the fraction of recoverable gold in each size
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class for the Ore Type 2 sample. Eighty percent of the Ore Type 2 gold is associated with ore sizes <0.5
inches.
Figure 8 presents model predicted and measured gold recovery for the Ore Type 2 sample. The
model provides a good estimate of recovery (RMSE = 0.0355). The ability of the estimated parameters
to more accurately predict gold recovery for the Ore Type 2 sample than the Ore Type 1 sample, may
be due to the presence of ore sizes >2 inches in Ore Type 1 which resulted in lower than predicted
recovery rates.

Figure 7: Gold distribution by particle size class for Ore Type 2 sample

Figure 8: Model predicted and measured recovery for Ore Type 2 ore sample
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Heap scale model predicted recovery
The metal recovery model was applied to an operating heap leach pad to evaluate model performance
and parameter values at the heap scale. The recovery model was initially calibrated to the measured
recovery data from the first lift of the heap, which was comprised of two different ore types. Starting
parameters for model calibration were derived from column data. The LE parameter (Equation 1) for
the first lift was assumed to be equal to one. Solution to rock ratio data were estimated from leach pad
ore stacking and irrigation records for the first lift.
The time delay for reporting of solution to the bottom of the heap was estimated from the estimated
porewater velocity (v) of the solution, calculated as:
𝐼𝑟𝑟𝑖𝑔𝑎𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒

𝑣 = 𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝐹𝑖𝑙𝑙𝑒𝑑 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦

(4)

The solution filled porosity was estimated from laboratory hydraulic property measurements and
averaged 0.27 cm3/cm3 for the range of operational irrigation rates.
The starting and best fit parameters for the two ore types are provided in Table 1.
Figure 9 and Figure 10 present the measured and gold recovery model predicted recovered gold
on a monthly basis and cumulated over the model period, respectively.
Ore 1 model parameters from the column data were adjusted downward to improve the match
between model predicted and measured recovered gold for the first lift. Ore 2 model parameters
remained unchanged.
Table 1: Ore 1 starting and calibrated model parameters and Ore 2 model parameters
Material

ERF

ERF<0.5"

Rmax

F

k1

k2

Ore 1

0.90

0.53

0.81

0.90

7.20

4.50

Ore 1 calibrated

0.65

0.30

0.68

0.65

3.76

1.22

Ore 2

0.71

0.53

0.66

0.71

8.07

1.66

Applying the calibrated model parameters to the second and third lifts required increasing the LE
parameter to 1.05 for the second lift ore and 1.15 for the third lift ore to provide a more accurate
prediction of cumulative recovered gold. The greater than one LE parameters for the second and third
lifts indicates delayed recovery of gold from the underlying lifts. The degree of accuracy between model
predicted and measured gold recovery was 0.4% for the model time period.
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Figure 9: New gold under leach and measured and model predicted monthly gold recovery

Figure 10: Measured and model predicted cumulative gold recovery
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Conclusions
An empirical metal recovery model that accounts for metal dissolution and transport in two domains
has been developed. The model uses a physically based, ERF algorithm to estimate the model
parameters. Estimated parameters were applied to predict column and heap leach scale recovery data
and results indicates the ERF algorithm provides a means to adjust parameter estimates which are able
to adequately simulate variations in recovery that may be due to permeability or metallurgical
constraints that may inhibit metal dissolution or movement. Additional improvements in the ERF
algorithm may be realized by expanding the correlation dataset to include additional samples with
different particle size distributions and metallurgical compositions.
The calibrated recovery model provided very good agreement between heap leach scale predicted
and measured gold recovery. This indicates that the recovery model calibrated to field data can
accurately predict gold recovery of subsequent lifts with slight adjustments to the LE parameter only.
The ability to accurately predict gold recovery with the adjustment of a single, physically based
parameter allows for employing the model to better understand gold recovery limitation. For example,
the model may be used to indicate if longer leach times (or shorter lifts) are needed to reach recovery
goals.
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Abstract
Commercial heap bioleaching practice in Zijinshan copper mine began at the end of 2005. Due to the
pyrite oxidation in the ore with a high content of pyrite (~6%) and few acid-consuming gangue
minerals, at the beginning of the heap leaching operation the acid concentration in the leaching system
gradually increased, and a leach solution with high acid and iron concentration was established by the
end of 2006. The operation during the years of 2007 to 2010 verified that high acid and iron
concentration in the irrigation solution was beneficial to copper leaching. Our previous articles (Ruan
et al., 2011; Ruan et al., 2013) which focused on copper extraction from Zijinshan copper ore
provided detailed information on the leaching kinetics of copper minerals, column tests, and operation
parameters and performance of this industrial practice. But leach solution at high acid and iron
concentration remained a challenge due to environmental concerns. The industrial operation in
Zijinshan was broken off in July of 2010 owing to accidental leakage from a solution pond after heavy
rain. After the reconstruction of solution ponds and leaching pads, and the expansion of neutralization
plants, the operation was restarted in 2012. To reduce environmental risk, an irrigation solution at low
acidity was applied by irrigating acid mine drainage (AMD) from the open pit and neutralizing the
raffinate. Unfortunately the acid and iron production in the heap leaching was higher than before,
leading to much more lime consumption since 2012.
The operation in Zijinshan mine provided a novel research case for copper sulfide leaching
under a high acid system (from 2006 to 2010) and a low acid system (from 2012 to 2014). Copper
leaching and acid/iron production and neutralization in industrial practice were introduced. Acid
consumption of the gangue minerals was tested and acid balance was calculated at set oxidation rates
of pyrite, suggested by the net acid generation potential of Zijinshan copper ore. The Cu leaching,
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pyrite oxidation and acid producing in the heap bioleaching process of Zijinshan copper sulfide in
relation to the operation parameters were discussed. Operational factors which inhibit pyrite oxidation
under biotic conditions were discussed based on our research of pyrite leaching kinetics, column tests
and bacterial activity and community structure. And a set of operation parameters and engineering
measures were proposed to control pyrite oxidation in heap leaching.

Introduction
Zijinshan copper mine is the largest secondary copper sulfide mine, and the first commercial
application of heap bioleaching in China. It has an ore reserve of over 400 million tonnes with an
average copper grade of 0.43% and a geological reserve of metal copper of 1.72 million tonnes (Ruan
et al., 2011). From 2006 to 2014, the total copper cathode production was about 67,000 tonnes, and
the average operation cost for copper cathodes was about US$1.10 per pound (Huang, 2010).
Zijinshan mine faces the challenges of low copper grade, acid and iron accumulation in leaching
solution system from the high content of pyrite, and large amounts of acid mine drainage resulting
from the open-pit mining and high mean annual rainfall (1,676.6 mm, concentrated from March to
August).
For most heap leaching, the temperature in the heap is at ambient or moderate temperatures up
to 50°C; the total iron concentration is lower than 10 g/L, Eh is usually around 800 to 900 mV (vs
SHE); and the operating pH was around 1.5-2.0 in Chile copper sulfide heap leaching practice
(Brierley and Brierley, 2001; Rawlings and Johnson, 2007; Demergasso et al., 2010; Ibaceta and
Garrido, 2005). But in Zijinshan mine, due to the excessive pyrite oxidation, the bioleaching system
had high acidity (20 g/L), high ferric concentration (40-50 g/L), and low redox potential (650 mV, vs
SHE). Low bacteria activity was caused by multi-lift heap leaching strategies and was successfully
applied between 2006 and 2010 (Ruan et al., 2011). Because of the heavy rain, operations were
suspended at Zijinshan mine in July of 2010 due to accidental leakage from a solution pond. After the
reconstruction of solution ponds, leaching pads, and expansion of neutralization plants, the operation
was restarted in 2012. From 2012, to reduce environmental risk, an irrigation solution with low
acidity (< 10 g/L) and low iron concentration (< 10 g/L) was applied by irrigating of AMD from the
open pit and enhanced acid and iron neutralizing of the raffinate.
The operational systems from 2006 to 2010 and from 2012 to 2014 were referred to as a high
acid leaching system and a low acid leaching system, respectively. These two leaching systems were
different both in chemical and microbiological characteristics, and the leaching of copper sulfide and
pyrite in both heaps differed. Based on the industrial practice and our laboratory experiments on
Zijinshan ore, we discuss in this paper the performance of the Cu leaching rate and the acid and iron
production under the two different leaching conditions. The operational factors which inhibited pyrite
oxidation under biotic conditions were discussed based on previous research on leaching kinetics of
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pyrite, column tests, microbial community structure and microbial activity. Operational parameters
and engineering measures were also proposed to control pyrite oxidation in heap leaching practice.

Process description of Zijinshan mine
Ore characteristics
Copper sulfide in the ore of Zijinshan mine was mainly digenite, covellite and chalcocite. Most of the
copper sulfides occurred in the form of sulfide aggregates, and coarse grains of sulfide aggregates
were the most common form of copper minerals (Ruan et al., 2011). The gangue minerals included
quartz, dickite, alunite, and minor amounts of sericite and feldspar.
The acid neutralization potential (ANP) and the total acid generation potential (AGP) of the
tested Zijinshan ore were listed (Table 1). The AGP is four times higher than the ANP. There was a
low content of acid-consuming gangues, while there was a relatively high content of pyrite within the
Zijinshan copper ores, which resulted in a high acid generation potential in the Zijinshan heap
bioleaching practice. Since copper sulfides content was much lower than pyrite, the acid and iron
generation mainly resulted from pyrite oxidation. Pyrite oxidation provided the acid and iron for
copper sulfides dissolution, but on the other hand resulted in excessive acid and iron production in the
leaching system of Zijinshan mine. The calculated pyrite oxidation percentage of about 21.1% can
fulfil the total gangue acid consumed. In the Zijinshan industrial practice, the oxidation of pyrite of
about 10% had already caused excessive acid and iron generation, because not all the acid-consuming
gangues were exposed to the leaching solution.
Table 1: ANP and AGP of typical Zijinshan ore
ANP
(kg/t)

Pyrite
(%)

Copper sulfide
(%)

Reduce sulfur
(%)

AGP
(kg/t)

Balance point of pyrite oxidation
(%)

7.3

5.8

0.53

3.20

23.8

21.1

ANP was tested by 20g/L H2SO4, indicating the maximum acid neutralization potential of the gangue
minerals;
AGP was calculated according to the reduced sulfur concentration in the ore, indicating the maximum acid
generation potential by sulfide minerals oxidation.
Balance point of pyrite oxidation: the pyrite oxidation percentage for total neutralization of gangue acid
consumption with 80% Cu recovery, based on:
Copper sulfide dissolution: Cu2S+25O2 +H2SO4 =2CuSO4+H2O (acid consumption of 0.77t/t
Cu)
Cu solvent extraction: CuSO4+2HR=CuR2+H2SO4 (acid generation of 1.54t/t Cu)
Pyrite oxidation: 4FeS2+15O2+2H2O=2Fe2(SO4)3+2H2SO4 (acid generation by 0.41t/ t FeS2).

Multi-lift heap leaching operation
The pad for heap leaching was established in the valley between the mountains of Zijinshan mine, and
the base for the heap was not on the same level due to the mountainous terrain (Figure 1). The area of
the pad was expanded during the ore stacking and heap leaching. An impermeable liner comprising of

359

HEAP LEACH SOLUTIONS, 2015 ● RENO, NEVADA, USA
a 2 mm HDPE liner and a plastic grid liner were used as the base of heap. The ROM (run of mine) ore
was crushed by two-stage crushing to a size of 80%, exceeding 40 mm, and was stacked into heaps
without agglomeration using a dump truck and a bulldozer. Before leaching, the surface of the heap
was ripped using excavator, and good permeability inside the heap was achieved. The leaching was
carried out without aeration in the heaps. Because of the limited space and the aim of higher recovery,
multi-lift permanent stacking was used in the Zijinshan mine operation. After leaching of the former
lift, a new lift was stacked without the application of an impermeable liner between lifts, and then the
leaching continued, and so on. The height for one lift was 8 to 10 m, and the leaching period for a new
lift was 210 days at the beginning of 2006, and finally 138 days from 2008 to 2010, with an average
of 185 days per lift. There were a total of four lifts until 2010, with the average height of the heap
being over 30 m. The multi-lift permanent heap leaching achieved a final recovery of about 80%
between 2006 and 2010 (Ruan et al., 2013).
Before heap leaching restarted in 2012 after the pond accident, the new HDPE liner was put onto
the ore residue to avoid pyrite oxidation in the former residue. Then multi-lift stacking was applied,
and by the end of 2014, three lifts were finished without application of HDPE liner between lifts, and
the fourth lift had just been started.

Figure 1: Zijinshan heap bioleaching pad in 2006 (top) and 2010 (bottom) in a mountainous area
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Leaching solution conditions from 2006 to 2014
Commercial heap bioleaching at the Zijinshan copper mine began by the end of 2005. Acid mine
water was adjusted to a pH of 1.7 using dilute sulfuric acid (2%) as the irrigation solution, and then a
solution with a higher ferric concentration from the pilot plant was applied to the commercial leach
circuit. At the beginning of the heap leaching operation, the acid concentration in the leachate
gradually increased due to pyrite oxidation, and a leach solution with high acid and iron concentration
was established by the end of 2006. Copper sulfide and pyrite dissolution was first promoted by an
elevated acid and iron concentration in 2006 to 2007. A neutralization system with a capacity of 200
m3/h was built for the neutralization of acid and iron. Raffinate and acid mine drainage with a low Cu
concentration were neutralized using lime in the rainy season from 2007, when the pond capacity was
exceeded. The free acid in the pregnant leach solution (PLS) was neutralized over time using lime
stone, before being pumped to the solvent extraction (SX) plant from 2008. The free acid
concentration was maintained at about 20 g/L in the leaching system, while the total iron
concentration was maintained at about 50 g/L with a slight decrease (Table 2). In the steady stage
(2007 to 2010), the leaching system was maintained at high acid and iron concentrations, high
salinity, low Eh, and low pH. The ore in the under lifts kept on leaching after stacking of the new lifts,
so the heap leaching achieved a high recovery, even though the leaching period for one lift was only
about 138 to 210 days. Heap leaching was stopped in July 2010 because the pond was destroyed by
heavy rain.
After reconstruction of the solution ponds and leaching pads and expansion of the neutralization
plants to a capacity of 500 m3/h, the operation was restarted in 2012. To reduce environmental risk, an
irrigation solution with low acidity was applied. The low acidity and iron concentration (both < 10
g/L) in the entire leaching system was maintained by irrigating AMD from the open pit and more
neutralizing of acid and iron in the raffinate by lime and sodium hydroxide.
The parameters of the irrigation solution from 2006 to 2010 and from 2012 to 2014 are listed in
Table 2. During the leaching practice, the iron concentration was related to the acid concentration, so
we defined these two systems as a high acid system and a low acid system. The acid and iron
concentration from 2006 to 2010 was much higher than that from 2012 to 2014. Also the Eh was
greatly increased after the restart of heap leaching from 2012 to 2014. Between the years 2006 to
2010, the Eh in the solution was around 650 mV (vs SHE), but from 2012 to 2014, the Eh gradually
increased to 809 mV (vs SHE).
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Table 2: Chemical characters of irrigation solution from 2006 to 2014 (annual averages)
High acid system

Low acid system

2006

2007

2008

2009

2010

2012

2013

2014

Fe3+（g/L）

10.97

33.77

40.88

41.05

40.72

1.50

4.40

5.89

Fe2+（g/L）

2.46

8.38

14.97

12.91

8.48

0.39

0.23

0.10

pH

1.21

0.93

0.91

0.92

0.91

2.24

1.78

1.67

Free acid（g/L）

8.2

20.0

21.9

24.3

22.0

2.59

6.78

7.59

Eh（mV, vs SHE）

650

646

648

647

653

660

720

809

These data were the annual averages of daily records in Zijinshan mine.

Leaching performance of Zijinshan mine
Cu leaching
Table 3: Leaching efficiency calculated by the novel metallurgical calculation method
High acid system
(2006 to 2010)

Low acid system
(2012 to 2014)

14,623,888

14,721,257

0.42

0.31

37,721,715

26,714,256

39,774

29,225

Annual leaching efficiency (kg/m3)

1.11

1.14

Annual Cu production per tonne of ore (kg/t·a)

2.93

1.90

Annual recovery (%)

72.3

60.6

Ore stacked (t)
Cu grad (%)
Sum of irrigation solution volume (m3)
Cu leaching out (t)

These data were calculated based on daily industrial records in Zijinshan mine. The calculation was
based on the daily data of ore stacking, ore grade, Cu concentration in solution, water volume and
daily cathode Cu production from Zijinshan mine. Copper leaching out (t) was calculated using the sum
of the daily Cu production, based on the daily data in solution of Zijinshan copper mine.
Daily Cu production (t) = Cu concentration in leachate × Volume of leachate - Cu concentration in
irrigation solution × Volume of irrigation solution
Leaching efficiency (kg/m3) = Cu production (kg) / volume of irrigate solution (m3)
Annual Cu production per ton of ore (kg/t•a) = Annual Cu production (kg) / annual ore stacked (t)
Annual Cu recovery = Annual Cu production (t)/annual Cu stacked (t)
The leaching efficiency was on average 1.12, which meant a 1.12 g/L increase in Cu
concentration of irrigation solution after leaching out of the heaps, reflecting a relatively high leaching
efficiency.
The usual leaching period for secondary copper sulfide minerals was about 300 to 500 days in
heaps in Chile (Domic, 2007), but Zijinshan mine achieved a comparable recovery in a much shorter
leaching period for one ore lift (185 days on average) by using multi-lift strategies, although with a
much lower Cu grade.
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The annual Cu recovery based on the solution chemical calculation is given in Table 3. It
demonstrates that during 2006 to 2010, annual Cu recovery was much higher than during 2012 to
2014. The annual recovery was 11.7% higher in the high acid and iron leaching system than the later
low acid and iron leaching system. Since the annual recovery here also included the upper irrigation
lift, the actual recovery in the under lift was higher than the annual recovery. The Cu recovery of the
finished lift, not including the upper irrigation lift, based on the Cu grade in the residue, was about
80% during 2006 to 2009 (Ruan et al., 2011). Annual Cu production per tonne of ore was 54% higher
under the high acid leaching system than under the low acid leaching system. These data all suggest a
much higher final recovery of the ore using a higher acid leaching system.

Acid and iron neutralization
The average lime consumption per Cu production calculated in Zijinshan using the two leaching
systems was 0.74 and 6.52 t/t Cu, respectively (Table 4). The neutralization consumption was much
lower in the high acid leaching system, suggesting less acid and iron generation from the pyrite
oxidation. Iron was barely neutralized during 2009 to 2010; the total iron concentration reached about
50 g/L, and retained this level by the formation of jarosite in heaps (Ruan et al., 2011). During 2012 to
2014, both acid and iron were more neutralized, so the acid and iron were both retained at a low level
(< 10 g/L). The cost of the neutralization plant during 2012 to 2014 accounted for a relatively high
proportion of the total operational cost of the Zijinshan practice.
Table 4: Neutralization consumption under high and low acid leaching system

Lime consumption per Cu (t/t Cu)

High acid system
(2006 to 2010)

Low acid system
(2012 to 1014)

0.74

6.52

Lime consumption per Cu (t/t Cu) = Total lime consumption (t)/Total Cu production (t).
From 2006-2010, lime and lime stone were used; from 2012-2014, lime and sodium
hydroxide were used. Lime stone and sodium hydroxide were also calculated as lime:
1 mol lime stone = 1 mol lime; 2 mol sodium hydroxide = 1 mol lime

Discussion of the performance under the two leaching systems
Industrial practice in Zijinshan sulfide copper heap bioleaching suggested a higher Cu leaching rate,
and lower acid and iron neutralization cost, under a high acidity and ferric iron leaching system in
comparison with a low acid and iron leaching system. Here our laboratory tests and the industrial
parameters explain the reasons for the different performances under the two leaching systems,
especially for the inhibited acid generation under a high acidity condition.

High acidity and high ferric concentration facilitate copper leaching
Copper sulfide in the Zijinshan ore is mainly digenite, covellite and chalcocite. For the dissolution of
secondary copper sulfide, it can be separated into two stages. In the first stage, copper was removed

363

HEAP LEACH SOLUTIONS, 2015 ● RENO, NEVADA, USA
from secondary copper sulfide and a covellite-like product was produced. Previous research revealed
that chalcocite leaching in the first stage is very fast compared with the second stage (Dutrizac and
MacDonald, 1974), which makes second stage the rate-determined step. Chalcocite dissolution in the
second stage showed that its dissolution is closely related to high iron concentration and high
temperature (Marcantonio, 1976; Bolorunduro, 1999). Elevated temperature could improve the
leaching kinetics of covellite and enargite even more effectively than chalcocite (Lee et al., 2011;
Dew et al., 1999). The high acidity also helped the decrepitating of the ore for a better exposure of the
Cu. Our laboratory experiment proved that the increased temperature, ferric iron concentration, and
the high acid concentration facilitated the leaching of digenite and covellite (Ruan et al., 2013; Zou et
al., 2015). Details for the discussion on the foundation of the high Cu leaching rate and recovery
under the high acidity condition were reported in our previous papers (Ruan et al., 2011; Ruan et al.,
2013; Zou et al., 2015). Here the update data of Cu leaching from 2012 to 2014 in the Zijinshan mine
practice under the low acidity leaching system was also given in Table 3, which further proved the
previous conclusion that high acidity and iron concentration was beneficial to copper sulfide
dissolution.

Microbial group and low activity under high acidity inhibit pyrite oxidation
Our flask culture experiment showed that under the higher acid and iron concentration, the activity of
microbial iron oxidization was significantly inhibited. The acidity was about 20 g/L, total iron
concentration was about 50 g/L from 2006 to 2010 in Zijinshan mine, and ion strength in the high acid
leaching system was very high; this was not suitable for the growth and activity of microbes. For the
lower acid and iron leaching system from 2012 to 2014, the Eh in the leaching solution gradually
increased to an average of 809 mV (vs. SHE) in 2014 under the lower acid and iron concentration,
suggesting higher microbial ferrous oxidation activity under the lower acidity and iron concentration
leaching system.
Heap bioleaching practice in Zijinshan plant showed that a high concentration of ferric ion
facilitated copper leaching, although with low bacteria activity. Cell numbers in the leaching solution
were significantly decreased from 106/mL (start-up stage) to 104/mL (steady stage) as the acidity and
iron concentration increased (Chen et al., 2009; Liu et al., 2010). Real-time polymerase chain reaction
(Q-PCR) results were consistent with clone libraries, indicating that the growth of iron oxidizers was
inhibited and the growth of sulfur oxidizers was achieved in this heap. In Zijinshan heaps, in the
beginning of 2006 with lower acid and iron concentration, the microbes were dominant by iron
oxidizer Leptospirillum, but high acidity and high iron concentration later resulted in very low
microbe numbers (104/mL), and microbes in the heap were mainly the sulfur oxidizer Acidthiobacillus
caldus and Acidthiobacillus albertensis (together these accounted for 70% of the microbes) (Ruan et
al., 2011). The oxidization of pyrite relies more on the activity of ferrous oxidizers and the
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surrounding Eh. So the minor proportion of ferrous oxidizing bacteria and their lower activity in
Zijinshan mine from 2006 to 2010 resulted in the lower Eh and lower pyrite dissolution.
To inhibit the bacterial activity, a higher acid and iron concentration in the irrigation solution
can be used, which means less neutralization of the acid and iron concentration to a relatively higher
level, rather than the lower level in the leaching system. The activity of the ferrous iron oxidation was
also correlated to the oxygen supply to the heaps. For inhibition of bacteria activity in heaps, it was
better not to apply aeration, and the smaller ore size was used to decrease the oxygen permeability in
the heaps.

Low Eh under high acidity inhibit pyrite oxidation
In the heap bioleaching system, the dominance of iron oxidizers could effectively oxidize Fe2+ to Fe3+.
As a result, ferric supply by microbial oxidation may be higher than ferric demand for mineral
oxidation, and the redox potential may increase. Our column experiment under different acid and iron
concentrations suggested that under the higher acid and iron concentration, the ferrous oxidation rate
was significantly inhibited, resulted in the much lower Eh in the column (Figure 2). This was also
relative to the lower cell number in the leachate under high acidity and iron concentration in this
experiment.

Figure 2: Redox potential (Eh, vs. SHE) of the leachate under irrigation of
different concentrations of acid and iron in the column leaching experiment.
The irrigation solution was prepared by the addition of sulfuric acid and ferric sulfate
into the raffinate solution. Eh of the irrigation solution was about 660 mV
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Figure 3: Pyrite oxidation under different Eh (vs. SHE) and temperature.
a: 700mV; b: 800 mV; c: 900 mV (Sun et al., 2015)
For the abiotic chemical leaching of pyrite, Eh played a vital role. Our experiment suggested that
under the low Eh (700 mV), pyrite oxidization was five times slower than that in 800 mV (every
increase in 100 mV means an increase of five times in pyrite oxidization rate), while the ferric iron
concentration played a minor role in pyrite oxidization (Figure 3). The low Fe2+ oxidizing activity in
the heap of Zijinshan mine from 2006 to 2010 thus resulted in a low redox potential (650 mV vs SHE)
in the leaching system. While the lower Eh is not suitable for the pyrite oxidation, the pyrite leaching
under the Eh of 640 mV was nearly totally inhibited in the column bioleaching of the Zijinshan ore
(Figure 4). In the lower Eh, pyrite dissolution was greatly limited, while secondary copper sulfide was
less influenced (Figure 4). Aeration to the column elevated the pyrite oxidation because of the higher
microbial activity and also higher Eh in the column, but it had little influence on copper sulfide
leaching (Figure 4).
In the multi-lift heap leaching, the pyrite oxidation was faster in the under lift with the decrease
of galvanic interaction between pyrite and copper sulfide during Cu dissolution. So to minimize the
pyrite oxidation, single layer heap leaching can be used, but this will increase the cost in leaching pad
construction or ore residue remove. Or the liner can be used between lifts to avoid the pyrite oxidation
in the under layer when using the multi-lift strategy, but this may lead to lower Cu recovery in the
under layer ore. The under layer usually formed a higher Eh environment due to the stable microbial
community and activity, and resulted in fast pyrite oxidation. To keep a lower Eh in the heaps, quick
stacking of the new lift can be used, for the quick consumption of Fe3+ to Fe2+ by the first-stage Cu
sulfide oxidation.
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Figure 4: Copper and iron leaching under different redox potential in column leaching
experiment under biotic condition. a: 640 mV, b:700 mV, c:760 mV, d: >800 mV,
e: bioleaching with continuous aeration (Wu et al., 2014).

Conclusions
The leaching system with higher acid and iron concentration resulted in a higher Cu leaching rate and
lower pyrite oxidation rate in Zijinshan mine. It can concluded from the experiment results and
industrial practice of Zijinshan mine, that inhibition of pyrite oxidation relied on the inhibition of
bacterial activities, especially the ferrous iron oxidation activity, and the formation of a low Eh
system.
The industrial practice and the related experiments provided direction for the further
improvement of Zijinshan mine, and also had implications for other copper sulfide heap bioleaching
practice, especially the ore with net acid producing. However, high acidity and iron concentration in
the leaching solution will increase the environmental pressure and influence the efficiency of solvent
extraction. A suitable acid neutralization level should be further investigated for a balance of fast Cu
leaching and inhibition of the pyrite oxidation, together with high efficiency of solvent extraction.
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Abstract
Heap leaching of caliche minerals is an economical procedure for obtaining salts like saltpetre, sodium
chloride, albite, and quartz, along with some minerals like anhydride glauberite, gypsum, proberite,
calcite polyhalite, loeweite, etc. The caliche ore minerals are stacked as small heaps over impermeable
layers and, using water as the solvent, the salts are leached out. The flow of water through the heap and
the subsequent leaching of saltpetre are mathematically modelled using mass and momenta
conservation equations for a deformable porous medium. The size of caliche heaps reduces during
leaching. In this paper, from the fundamental transport principles, new governing partial differential
equations, which account for heap size reduction, are developed for unsaturated fluid flow and solute
transport. The formulations involve the non-linear relation of degree of saturation and suction pressure,
as well as non-linear non-equilibrium transport of solutes. These differential equations are subsequently
solved in a control volume using finite-difference schemes. The solutions are generated explicitly using
a mixed formulation involving suction pressure and water saturation. The mathematical model is
subsequently explored to simulate the leaching of the caliche mineral – nitrate – from a one-dimensional
column. The model evaluates suction pressure, degree of saturation, and concentration of caliche
mineral at each time-step, as well as effluent flux and mass recovery from the bottom of the column.
Various simulations are performed to evaluate recovery of nitrate salts with respect to change in
irrigation rates, sorption rates, volume reduction rate, and saturated permeability.

Introduction
Caliche minerals are primarily composed of a number of substances like sodium nitrate, halite, albite,
etc. and a few minor species (Valencia et al., 2008; Galvez et al., 2012; Ordonez et al., 2014). These
caliche mineral deposits are found in many places in the world, notably Chile and India. Saltpeter is an
important caliche mineral and is an essential component in the manufacture of gunpowder. Saltpeter is
also important in the manufacture of fertilizers, and the large demand for it as well as other requirements
has led to exploitation of caliche minerals in many parts of the world (Valencia et al., 2008).
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Caliche minerals can be exploited using vat and heap leaching (Ordonez et al., 2014). Heap
leaching is a hydrometallurgical technique widely used to extract metals (or other minerals) from lowgrade ores. The processed ores are stacked over impermeable layers and irrigated at the top with
leaching solutions that react with the metal contents to form soluble metal complexes that are collected
at the bottom of the heap (Bartlett, 1998; Kartha, 2007 and 2011; Kartha and Srivastava, 2012). The
leaching of caliche is, however, different from that of precious metals like gold and silver and other
metals like copper, uranium, etc. (Valencia et al., 2008; Galvez et al., 2012). The grade of these metals
in their ore minerals is lower than the caliche minerals in caliche heaps. The leaching of metals from
their heaps occurs by dissolution of the low-grade metallic value into the lixiviant liquid and subsequent
transport of pregnant liquid through the pores. In most cases, the vertical deformation compared to the
heap’s actual size is less and negligible. However, as the grades of caliche minerals in caliche heaps are
high and there are more highly soluble minerals, the height of caliche heaps decreases with time
(Valencia et al., 2008; Galvez et al., 2012).
Since the height of heap varies as well as the grade of the ores are high, the usual flow and transport
mechanisms involved in heap leaching of metals (Kartha, 2007; Kartha and Srivastava, 2012, etc.) may
not be suitable for modelling leaching from caliche heaps. In this paper, the authors attempt to develop
new mathematical expressions to describe unsaturated flow and solute transport in deformable caliche
heaps. Therefore, the objectives of this paper are: to develop governing partial differential equations
(PDE) for fluid flow, from the fundamental transport theorem, in unsaturated size reducing caliche
heaps; to develop PDE for single-specie solute transport in the vertically size reducing caliche heaps;
to solve the governing PDEs in finite control volumes using finite-difference methods; and to perform
one-dimensional simulations and estimate effluent discharge and mineral recoveries for different values
of model parameters.

Methodology
Caliche heaps acts as deformable size reducing porous media and the general conservation principles
used for fluid and species transport through porous continua (Bear, 1988) are very much applicable in
the case of caliche heap leaching. The authors used the control volume method Reynolds Transport
Theorem (RTT) to describe general conservation principles for transport processes in porous media.
The RTT is described in detail in Bear (1988) and Chow et al. (1988) and, therefore, the authors limit
the explanations here within the scope of caliche heap leaching. Following Bear (1988) and Chow et al.
(1988), the RTT is:
𝐷𝐵
𝐷𝑡

𝜕

⃗ . 𝑛̂)𝑑𝐴
= 𝜕𝑡 ∭ 𝛽𝜌𝑖 𝑑𝑈 + ∬ 𝛽𝜌𝑖 (𝑉

(1)

where B is any extensive property with respect to mass, β is intensive property, 𝑛̂ is unit outward normal
⃗ is velocity vector [LT-1]. For
vector, ρi is the hypothetical density of the corresponding specie, and 𝑉

372

HEAP LEACH SOLUTIONS, 2015 ● RENO, NEVADA, USA

mass conservation,

𝐷𝐵
𝐷𝑡

= 0 and β = 1 (Bear, 1988; Chow et al., 1988). The RTT is appropriately used

for deriving the governing equations for fluid mass as well as salt species in caliche heaps. Although
caliche heaps contain many dissoluble species, as a preliminary study, this research assumes solute
transport of single specie through caliche heaps.

Derivation of fluid transport equation through caliche heap
As the heap is irrigated at the top, water infiltrates through the top surface and subsequently percolates
through the pores in the heap towards the leaching pad at the bottom. The mathematical expression of
flow of water through the heap, using conservation of mass principle, in an arbitrary three-dimensional
porous heap of control volume, U, and porosity, n, for a fluid of density ρ is:
𝜕
⃗ . 𝑛̂)𝜎𝑑𝐴𝑣 = 0
∭ 𝜕𝑡 𝜎𝜌𝑑𝑈𝑣 + ∬ 𝜌(𝑉

(2)

where, the suffix v represents the void space, σ is the degree of saturation, and Uv represents volume of
voids [L3]. However, for porous media, 𝑑𝑈𝑣 = 𝑛𝑑𝑈 and 𝑑𝐴𝑣 = 𝑛𝑑𝐴. Therefore, the mass conservation
equation can be given as:
𝜕
⃗ . 𝑛̂)𝑛𝜎𝑑𝐴 = 0
∭ 𝜕𝑡 (𝜎𝑛𝜌𝑑𝑈) + ∬ 𝜌(𝑉

(3)

⃗ is the specific discharge 𝑞 [LT-1]. Therefore, (3) is expanded as:
From Bear (1988), the quantity 𝜎𝑛𝑉
𝜕

𝜕

∭ 𝜕𝑡 (𝜎𝑛𝜌) 𝑑𝑈 + ∭ 𝜎𝑛𝜌 𝜕𝑡 (𝑑𝑈) + ∬ 𝜌(𝑞 . 𝑛̂)𝑑𝐴 = 0

(4)

The second term in (4) is significant in caliche leaching since the heap size decreases with time.
Assuming that initially the heap (or porous volume) has a volume U0 and the instantaneous volume is
related with respect to initial volume, using a novel approach applicable especially for caliche heaps, as
𝑈(𝑡) = 𝑈0 exp(−𝛾𝑡), where t is the time and γ is the volume decreasing rate constant, then

𝑑𝑈
𝑑𝑡

= −𝛾𝑈.

From Galvez et al. (2012), the porosity, n, of the ore bed is assumed to be constant. Applying Gauss
divergence theorem to the third term of (4), the surface integral is converted to volumetric integral and
subsequently integrating in the volume U, equation (4) becomes:
𝜕
(𝜎𝑛𝜌)𝑈
𝜕𝑡

𝜕𝑈

+ 𝜎𝑛𝜌 𝜕𝑡 + ∇. (𝜌𝑞 )𝑈 = 0.

(5)

Since the volume is arbitrary, and also incorporating source (or sink) terms in the expressions, the
governing PDE for unsaturated fluid flow in the deforming caliche heap is:
𝜕
(𝜎𝑛𝜌) −
𝜕𝑡

𝜎𝑛𝜌𝛾 + ∇. (𝜌𝑞 ) = 𝑀

where, M is source or sink to the control volume [ML-3T-1].
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Equation (6) is now the governing mass conservation equation for fluid in deformable caliche
heaps. In unsaturated medium, the liquid pressure 𝑃 = −𝑃𝑐 , where Pc is capillary pressure [ML-1T-2] or
suction pressure (Kartha, 2007). The degree of saturation is independently related with capillary
pressure as well as permeability using soil water characteristic curves (Brooks and Corey, 1964; Tindall
and Kunkel, 1999). As not all the volume of water may contribute to the fluid flow through the pores,
the concepts of effective saturation and relative permeability are relevant in the relations between
saturation, suction pressure, and permeability. The effective saturation is 𝜎𝑒  = (𝜎 − 𝜎𝑟 )⁄(1 − 𝜎𝑟 ),
where σr is irreducible saturation, and effective permeability is 𝑘𝑒  = 𝑘𝑙 ⁄𝑘𝑠𝑎𝑡 , where kl is actual intrinsic
permeability and ksat is the intrinsic permeability at full saturation [L2]. The Darcy specific discharge
for unsaturated flow is (Bear,1988; Tindall and Kunkel, 1999):
𝑞 = −𝑘𝜇𝑙. [∇𝑃 + 𝜌𝑔∇𝑧]

(7)

where μ is dynamic viscosity [ML-1T-1] of the liquid and z is vertical direction. Assuming ksat as
isotropic, porosity is constant, as well as using the constitutional relations between σe and Pc, and σe and
ke, equation (3) in a three-dimensional x,y,z domain becomes:
(1 − 𝜎𝑟 )𝑛

𝜕(𝜎𝑒 )
𝑘 𝑘 𝜕2 𝑃
+ 𝑠𝑎𝑡 𝑒 ( 2𝑐
𝜕𝑡
𝜇
𝜕𝑥

+

𝜕2 𝑃𝑐
𝜕𝑦 2

+

𝜕2 𝑃𝑐
𝑘𝑠𝑎𝑡 𝜕𝑘𝑒
𝜕𝑃𝑐 2
𝜕𝑃𝑐 2
)
+
)
+
(
)
((
𝜕𝑧 2
𝜇 𝜕𝑃𝑐
𝜕𝑥
𝜕𝑦

2
𝜕𝑃𝑐
𝜌𝑔
𝜕𝑘
) ) − 𝑘𝑠𝑎𝑡 𝑒
𝜕𝑧
𝜇
𝜕𝑧

+(

𝛾𝑛[(1 − 𝜎𝑟 )𝜎𝑙𝑒 + 𝜎𝑟 ] = 𝑀/𝜌

−
(8)

Assuming a control volume 𝑈 = 𝛥𝑥𝛥𝑦𝛥𝑧 as well as integrating equation (8) in U with Gauss
divergence theorem, the following relationship was formulated:
(1 − 𝜎𝑟 )𝑛

𝜕(𝜎𝑒 )
∆𝑥∆𝑦∆𝑧
𝜕𝑡

𝑘𝑠𝑎𝑡
𝜕𝑃
[𝑘𝑒 𝜕𝑥𝑐 ∆𝑦∆𝑧
𝜇
𝜕𝑃

2

+ 𝑘𝑒

( 𝜕𝑧𝑐 ) ) ∆𝑥∆𝑦∆𝑧 − 

+

𝑘𝑠𝑎𝑡
𝜕𝑃
[𝑘𝑒 𝜕𝑥𝑐 ∆𝑦∆𝑧
𝜇

𝜕𝑃𝑐
∆𝑥∆𝑧
𝜕𝑦

+ 𝑘𝑒

+ 𝑘𝑒

𝜕𝑃𝑐
∆𝑥∆𝑧
𝜕𝑦

𝜕𝑃𝑐
∆𝑥∆𝑧]
𝜕𝑧
𝑜𝑢𝑡𝑓𝑙𝑜𝑤

𝜌𝑔
𝜕𝑘𝑒
𝑘
∆𝑥∆𝑦∆𝑧
𝜇 𝑠𝑎𝑡 𝜕𝑧

+

+ 𝑘𝑒

𝜕𝑃𝑐
∆𝑥∆𝑧]
𝜕𝑧
𝑖𝑛𝑓𝑙𝑜𝑤

+

𝑘𝑠𝑎𝑡 𝜕𝑘𝑒
𝜕𝑃 2
𝜕𝑃 2
(( 𝜕𝑥𝑐 ) + ( 𝜕𝑦𝑐 )
𝜇 𝜕𝑃𝑐

+

𝑀

− 𝛾𝑛[(1 − 𝜎𝑟 )𝜎𝑒 + 𝜎𝑟 ]∆𝑥∆𝑦∆𝑧 =  ( 𝜌 ) ∆𝑥∆𝑦∆𝑧

(9)

Equation (9) is the governing finite-volume equation to describe unsaturated fluid flow in
deformable caliche heaps. Equation (9) was solved using explicit finite-difference methods to
demonstrate the applicability of equation (9) in describing unsaturated fluid flow. The solution
procedures are described in Appendix B.

Derivation of single specie solute transport equation through caliche heaps
The solute transport that describes the movement of dissolved caliche species is again mathematically
derived using the general conservation principle (Bear, 1988). The porous heap is assumed as continua
(Kartha and Srivastava, 2012) and, as the caliche heaps are highly deformable, the transport processes
are different from that in non-deformable porous media. The mass of caliche species (e.g. nitrate) is
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present in solids as well as dissolved form in the heaps. The solvent generally used is water in heap
leaching of caliche minerals (Valencia, 2008; Galvez et al., 2012). As water is applied at the top of the
heap, it interacts with the caliche minerals and dissolves the salts into it. It was assumed these
dissolution processes to consist of two components – non-linear instantaneous and non-linear ratelimited dissolutions as adopted from multi-process non-equilibrium solute transport (Brusseau et al.,
1989). The rate-limited dissolution is considered in this case to correlate the dissolution processes that
take place deep inside the solid grains for which it requires some time for water to dissolve. The
presence of rate-limited dissolutions contributes to the non-equilibrium in solute transport. As the
control volume is continuum, the variations within a representative elementary volume are not
considered. Again, in the RTT (1), for the mass conservation of single solute specie, The first term on
the right describes change in mass of solute stored inside the control volume U and the second term
describes the net solute mass outflux through the surfaces. Let C [M/M] be the concentration of solute
specie in dissolved state, S1 [M/M] be the concentration of solute in that fraction of solid amenable for
instantaneous dissolution, and S2 [M/M] be the concentration of solute in that fraction of solid subjected
to rate-limited dissolution. The surface processes in the RTT are advection and hydrodynamic
dispersions that is given as:
𝑚𝑒𝑎𝑛𝑠

⃗ . 𝑛̂)𝑑𝐴 →
∬ 𝛽𝜌𝑖 (𝑉

∇. (𝜌𝑞 𝐶) + ∇. [𝜎𝜌𝑛𝐷 ∗ ∇𝐶],

(10)

where D* is hydrodynamic dispersion coefficient. The storage processes in RTT for the solute mass
conservation can be given as:
𝑚𝑒𝑎𝑛𝑠 𝜕
𝜕
𝛽𝜌
𝑑𝑈
→
∭
∭(𝜎𝜌𝑛𝐶
𝑖
𝜕𝑡
𝜕𝑡

+ (1 − 𝑛)𝜌𝑠 𝑆1 + (1 − 𝑛)𝜌𝑠 𝑆2 )𝑑𝑈,

(11)

where ρs is density of solids [ML-3].
Again, incorporating the fact that 𝑑𝑈⁄𝑑𝑡 = −𝛾𝑈, the mass conservation solute transport for
caliche salt specie in any arbitrary deformable size reducing heap is:
𝜕
(𝜎𝜌𝑛𝐶) +
𝜕𝑡

𝜕𝐶

(1 − 𝑛)𝑚𝜌𝑠 𝜌𝐹𝐾𝐶 𝑚−1 + (1 − 𝑛)𝜌𝑠 𝑘[𝜌(1 − 𝐹)𝐾𝐶 𝑚 − 𝑆2 ] − 𝛾[𝜎𝜌𝑛𝐶 +
𝜕𝑡
(1 − 𝑛)𝜌𝑠 𝜌𝐹𝐾𝐶 + 𝑆2 (1 − 𝑛)𝜌𝑠 ] + ∇. (𝜌𝑞 𝐶) − ∇. [𝜎𝜌𝑛𝐷 ∗ ∇𝐶] = 𝑀𝑐
(12)
where, F is the fraction of solids amenable for instantaneous dissolution, K is the equilibrium
distribution coefficient for dissolution [M-1L3], m is the exponent for non-linear instantaneous
dissolution, k is the time rate at which dissolution occurs from rate-limited sites [T-1], and Mc is source
or sink for solute mass [ML-3T-1].
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As described for liquid mass conservation and transport, for the caliche salt transport also equation
(11) is integrated in the finite control volume 𝑈 = 𝛥𝑥𝛥𝑦𝛥𝑧 and by applying divergence theorem to
appropriate terms, the solute transport equation for caliche leaching through deforming heaps is derived
as:

𝜕(𝜎𝜌𝑛𝐶)
∆𝑥∆𝑦∆𝑧
𝜕𝑡

𝜕𝐶

+ (1 − 𝑛)𝑚𝜌𝑠 𝜌𝐹𝐾𝐶 𝑚−1 𝜕𝑡 ∆𝑥∆𝑦∆𝑧 + (1 − 𝑛)𝜌𝑠 𝑘[𝜌(1 − 𝐹)𝐾𝐶 𝑚 − 𝑆2 ]∆𝑥∆𝑦∆𝑧 +
̂ 𝑑𝐴 − 𝜎𝜌𝑛𝛾𝐶∆𝑥∆𝑦∆𝑧 − (1 − 𝑛)𝜌𝑠 𝜌𝐹𝐾𝐶𝛾∆𝑥∆𝑦∆𝑧 − 𝑆2 (1 − 𝑛)𝜌𝑠 𝛾∆𝑥∆𝑦∆𝑧 −
∬(𝜌𝑞 𝐶). 𝑛
∗
(13)
∬ 𝜎𝜌𝑛𝐷 ∇𝐶. 𝑛̂𝑑𝐴 = 𝑀𝑐
Equation (13) is solved using explicit finite-difference to obtain concentrations of caliche salts, at
each instant, in the domain and the formulations are given in Appendix C

Results and discussion
The developed unsaturated fluid flow and caliche salt transport model is used to demonstrate the
leaching of caliche salt – nitrate from a one-dimensional hypothetical column. The caliche ore minerals
are filled in this hypothetical column and water is irrigated at the top. The irrigated volume of water is
provided as source to the top most finite-difference grid cell. The boundary conditions for the flow
equation (8) is 𝑞𝑡𝑜𝑝 = 0 = 𝑘𝜇𝑙. [

𝜕𝑃𝑐
𝜕𝑧

𝜕𝑃𝑐
)
𝜕𝑧 𝑏𝑜𝑡𝑡𝑜𝑚

− 𝜌𝑔] and (

𝜕

= 0. Similarly, for the solute transport
𝜕

equation (12), the boundary conditions are 𝜌𝑞 𝐶 + 𝜕𝑧 (𝜎𝜌𝑛𝐷 ∗ 𝜕𝑧 𝐶) = 0 at the top and

𝜕𝐶
𝜕𝑧

= 0 at the

bottom. Usually, the grade of nitrate in caliche ores used for heap leaching ranges from 3 to 11 %
(Wheeler, 2007). The authors have assumed the grade of nitrate in the ore to be 7.5%. Therefore, the
total mass of available nitrate salts for leaching from this sample heap is approximately 680 g. The ore
column is pre-soaked with water for certain duration. Consequently, the column consists of some
quantity of water and it was assumed this initial degree of saturation as 0.30. In addition, nearly 43.5%
of the nitrate salts are assumed to dissolve and exist in pre-soaked liquids, 49.5% exist in rate-limited
dissolution sites in solids, and remaining in instantaneous dissolution sites in solids. Therefore, the total
mass of 680 g of caliche (nitrate) now exist in dissolved state with a concentration 0.2198 g/g as well
as solid state with a concentration 0.0304 g/g. Several simulations were performed by varying the input
physical parameters, while keeping the numerical parameters the same. The total simulation time was
5,400 s. The column is irrigated for 2100 s and kept in rest during the remaining period. The input
parameters for the first case are: n = 0.45; column height = 100 cm; column cross sectional area = 100
cm; ksat = 2×10-7 cm2; σr = 0.22; σinitial = 0.30; ρs = 2 g/cm3, Pb = 1.01325×106 dynes/cm2; λ = 1.0; αl =
4.4 cm; Dm = 0.0001 cm2/s; Cinitial = 0.219 g/g; S2initial = 0.0304 g/g; and m = 1.3. The numerical model
predicted the cumulative effluent liquid discharge from the bottom of the heap as well as recovery of
nitrate salts (Figure 1).
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Figure 1: Effluent volume and caliche mass recovery for Case 1
For the first case, the caliche mass recovered is shown as 0.50 g. Since the parametric values
chosen are arbitrary, albeit some of them referred from literature (Valencia et al., 2008; Galvez et al.,
2012; Kartha, 2007; Kartha and Srivastava, 2012), the sensitivity of the model can be useful in
interpreting the relevance of model parameters. The rate limited parameter k is varied from 1×10-8 s-1
to 1×10-2 s-1 for different cases of variations in saturated permeability (Figure 2). The results suggest
that the recovery of salts is higher as well as faster for soils having greater permeability and rate-limited
dissolution parameter.

Figure 2: Comparison of recovery curves for different values of rate-limited dissolution (k)
and saturated permeability (ks or ksat) for irrigation rate, ir = 7×10-4 cm/s
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Table 1 describes the changes in recovery of nitrate mass due to variations in the volume shrinking
rate (γ), saturated permeability (ksat), and rate-limited dissolution (k) for an irrigation rate of 7×10-4
cm/s. The results indicate that there are losses in mass of caliche minerals due to volume shrinkage
(Table 1). Here again, the larger permeability yields more recovery of salts. The numerical experiments
were further performed for irrigation rates 4×10-4 cm/s and 1×10-3 cm/s, and however, not demonstrated
here. The recoveries were more for cases involving higher irrigation rates.
For large data sets, empirical formulations for predictions are widely used (Barman et al., 2015).
Using the large data set here from the numerical experiment, an attempt is made to develop regressive
empirical relation for recovery of nitrate salts from caliche heaps with respect to various physical
parameters. However, due to wide variations in values, the empirical model was not successful. The
closest non-linear regressive equation for partial data was:
13.337

𝑅 = 3.8936(𝑒𝑥𝑝(500 ∗ 𝑖𝑟) + 𝑙𝑛(𝑘 0.000069 ) + 𝑘𝑠𝑎𝑡 600 )

(14)

This relation was fitting with an approximate coefficient of determination R2 = 0.8685.
Table 1: Results on recovery of caliche mass at the end of 5,400 s for irrigation rate 7×10 -4
cm/s
Gamma, γ (s-1)

ksat (cm2)

k (s-1)

Recovery (g)

1E-04

7E-07

1E-04

566.53

1E-04

7E-07

1E-05

533.90

1E-04

7E-07

1E-06

529.90

1E-04

7E-07

1E-07

529.50

1E-04

7E-07

1E-08

529.45

1E-04

7E-07

1E-03

635.48

1E-04

7E-07

1E-02

626.08

1E-04

7E-06

1E-04

1068.62

1E-04

7E-06

1E-05

1014.78

1E-04

7E-06

1E-06

1008.48

1E-04

7E-06

1E-07

1007.84

1E-04

7E-06

1E-03

1226.34

1E-04

7E-06

1E-02

1237.96

1E-05

7E-07

1E-04

4436.45

1E-05

7E-07

1E-05

3895.87

1E-05

7E-07

1E-06

3827.82

1E-05

7E-07

1E-03

5545.62

1E-05

7E-07

1E-02

5613.51

1E-05

7E-08

1E-04

1670.39

1E-05

7E-08

1E-05

1435.53

1E-05

7E-08

1E-06

1405.51

1E-05

7E-08

1E-03

2101.67

1E-05

7E-08

1E-02

2125.91
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Figure 3: Caliche heap height over time for γ = 1×10-4 s-1
The reduction in column height due to caliche heap dissolution is implied in this mathematical
work through the parameter γ. For the parameter, γ = 1×10-4 s-1, the heap reduces its height from 100
cm to nearly 60 cm in 5,400 s (Figure 3).

Conclusion
A new mathematical model is presented for unsaturated fluid flow as well as nitrate salt transport in
deformable caliche heaps. The model was developed from the fundamental transport theorem and the
governing partial differential equations are solved using control volume based finite-difference method.
The newly developed formulations are used to predict the leaching of caliche ores in a one-dimensional
column. The results from the simulations suggest that the irrigation rate, shrinking rate of caliche heaps,
and saturated permeability of the soils play huge rule in the amount of mass recovered. The recoveries
of dissolved minerals also increase for larger values of rate-limited dissolution parameter. An attempt
was also made to develop regressive empirical equation to predict recovery of nitrate salts from caliche
ores.
The numerical model does have shortcomings, since the finite-difference formulations are explicit
in nature and since the model only considers a single soluble species. As future study, the mathematical
PDEs can be solved using implicit techniques as well as demonstrate the capability in two and threedimensional heaps. Moreover, the model can be further improved by correlating the volume
deformation rate with changes in concentrations of solute in solid states as well as solubility.
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Appendix A
Nomenclature of variables and symbols
Symbols
C

Symbols

Concentration of dissolved solute [g/g]

ke

S1 Concentration of solute in solid phase amenable
to instantaneous dissolution [g/g]

ksat Saturated permeability [cm2]

S2 Concentration of solute in solid phase that is
subjected to rate-limited dissolution [g/g]

k

Pc Capillary or suction pressure [dynes/cm2]
B

Time dependent dissolution rate [s-1]
Caliche heap volume shrinking rate [s-1]

γ

Any extensive property

⃗
𝑉

n

kl

Degree of saturation

σ

Darcy velocity vector [cm/s]

σe

Actual intrinsic permeability [cm2]

σr

M Liquid source or sink in flow equation [g/(cm3s)]

Effective saturation
Irreducible saturation
Intensive property

β

Mc Source or sink in solute transport [g/(cm3s)]

F

D* Hydrodynamic dispersion coefficient [cm2/s]

Porosity of the heap

Dynamic viscosity of water [g/(cm.s)]

μ

Velocity vector [cm/s]

𝑛̂ Unit outward normal vector
𝑞

Effective permeability

K

Fraction of solids amenable for
instantaneous dissolution
Equilibrium distribution coefficient for
dissolution [cm3/g]

ρ Density of liquid [g/cm3]

ρs Density of solids [g/cm3]

ir Irrigation rate [cm/s]

αl Longitudinal dispersivity [cm]

Appendix B
The finite-difference formulation for unsaturated fluid flow
In this Appendix, the finite-difference formulations for the unsaturated fluid flow equation (9) are
explained. The arbitrary volume of heap is discretised into rectangular grid cells. The centre of the grid
cell is assigned as i,j,k with the discretisation levels – i in x-direction, j in y-direction, and k in zdirection. The quantities like suction pressure (Pc), effective saturation (σe), relative permeability (ke),
etc. are evaluated at the centre of each grid cell i,j,k, while the parameters like specific discharge q, etc.
are evaluated at the rectangular surfaces bounding the grid cell i,j,k. The grid cell i,j,k have length Δx,
width Δy, and height Δz. We used the Brooks and Corey (1964) relations (BC) between σe and Pc, and
𝑃

𝜆

σe and ke to develop the mixed formulation. BC relations are: 𝜎𝑒 = ( 𝑃𝑏 ) , and 𝑘𝑒 = 𝜎𝑒
𝑐

2
𝜆

(3+ )

, where Pb

is bubbling pressure, and λ is a Brooks-Corey parameter. The one-dimensional centered finite-
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difference for spatial variable and forward difference for temporal variable for equation (9), where the
discretisation is only in z-direction and for the grid cell k, where the column dimensions are Δx and Δy,
in x and y-directions, respectively, is:

(1 − 𝜎𝑟 )𝑛

(𝑠+1)

(𝜎𝑒 )𝑘

(𝑠)
(𝑠)
𝑘𝑠𝑎𝑡 2𝑘𝑒 𝑘 𝑘𝑒 𝑘+1 (𝑃𝑐 )𝑘+1 −(𝑃𝑐 )𝑘
𝜇 𝑘𝑒 𝑘 +𝑘𝑒 𝑘+1
∆𝑧 (𝑠)
2
(𝑠)
𝜆(𝜎𝑒)𝑘
2
(𝑠) 2+𝜆
𝑒 𝑘
(𝑠)
𝜆
(𝑃𝑐 )𝑘
2
(𝑠)
𝜆(𝜎𝑒)𝑘
2
(𝑠) 2+𝜆
𝑒 𝑘
(𝑠)
𝜆
(𝑃𝑐 )𝑘

(𝑠)

−(𝜎𝑒 )𝑘

∆𝑡

∆𝑥∆𝑦∆𝑧 (𝑠) −

(𝑠)

(𝑠)

𝑘𝑠𝑎𝑡 2𝑘𝑒 𝑘 𝑘𝑒𝑘−1 (𝑃𝑐 )𝑘 −(𝑃𝑐 )𝑘−1
∆𝑥∆𝑦
𝜇 𝑘𝑒 𝑘 +𝑘𝑒 𝑘−1
∆𝑧 (𝑠)

𝑘𝑠𝑎𝑡
(3 +
𝜇
2
(𝑠)
(𝑠)
(𝑃𝑐 )𝑘+1 −(𝑃𝑐 )𝑘−1

+

∆𝑥∆𝑦 −

)(

) ((𝜎 )

)

(

)(

) ((𝜎 )

)



) ∆𝑥∆𝑦∆𝑧 (𝑠) +

2∆𝑧
(𝑠)

(𝑠)

(𝑃𝑐 )𝑘+1 −(𝑃𝑐)𝑘−1
2∆𝑧

𝑀

( 𝜌 ) ∆𝑥∆𝑦∆𝑧 (𝑠)

𝜌𝑔
𝑘
𝜇 𝑠𝑎𝑡

(3 +
(𝑠)

∆𝑥∆𝑦∆𝑧 (𝑠) − 𝛾𝑛 [(1 − 𝜎𝑟 )(𝜎𝑒 )𝑘 + 𝜎𝑟 ] ∆𝑥∆𝑦∆𝑧 (𝑠) =
(B1)

where, (s) → corresponds to the sth time interval (a known quantity); (s+1) → corresponds to the s+1th
time interval (unknown quantity).
(𝑠+1)
(𝑠+1)
(𝑠+1)
On obtaining the new value (𝜎𝑒 )𝑘
, the corresponding values for (𝑃𝑐 )𝑘
, 𝑘𝑒𝑘 , and
(𝑠+1)

((𝑞)𝑘

)

𝑡𝑜𝑝

(𝑠+1)

and ((𝑞)𝑘

)

𝑏𝑜𝑡𝑡𝑜𝑚

are evaluated.

Appendix C
The finite-difference formulation for caliche salt transport through heap
The caliche salt transport through the deformable heaps is expressed in equation (13). The
hydrodynamic dispersion coefficient D* is given as: 𝐷 ∗ = 𝛼𝑙 |𝑣| + 𝐷𝑚 , where αl is longitudinal
dispersivity, v is pore-velocity, and Dm is molecular diffusion coefficient. The instantaneous dissolution
is given as (Brusseau et al. 1989):
𝑆1 = 𝐹𝜌𝐾𝐶 𝑚

(C1)

and the rate-limited dissolution is given as (Brusseau et al. 1989)
𝜕𝑆2
𝜕𝑡

= 𝑘[𝜌(1 − 𝐹)𝐾𝐶 𝑚 − 𝑆2 ]

(C2)

The one-dimensional centered finite-difference for spatial variable and forward difference for
temporal variable approximations for equation (13) for a vertical grid cell k of volume ΔxΔyΔz, is:
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(𝑠+1)
(𝑠)
−(𝐶)𝑘
(𝑠) 𝑚−1 (𝐶)𝑘
∆𝑥∆𝑦∆𝑧 (𝑠) +
∆𝑡
∆𝑡
𝑚
(𝑠)
(𝑠)
(𝑠)
(1 − 𝑛)𝜌𝑠 𝑘 [𝜌(1 − 𝐹)𝐾 ((𝐶)(𝑠)
− 𝜌 ∗ 𝑞𝑘−1 (𝑠) ∗ (𝐶)𝑘−1 ∆𝑥∆𝑦 + 𝜌 ∗
𝑘 ) − (𝑆2 )𝑘 ] ∆𝑥∆𝑦∆𝑧
(𝑠)
(𝑠)
(𝑠) 𝑚
𝑞𝑘+1 (𝑠) ∗ (𝐶)𝑘 ∆𝑥∆𝑦 − 𝜎𝑘 (𝑠) 𝜌(𝐶)𝑘 𝑛𝛾∆𝑥∆𝑦∆𝑧 (𝑠) − (1 − 𝑛)𝜌𝑠 𝜌𝐹𝐾 ((𝐶)𝑘 ) 𝛾∆𝑥∆𝑦∆𝑧 (𝑠) −

𝜌𝑛

(𝑠+1)

(𝜎𝐶)𝑘

(𝑠)

−(𝜎𝑙 𝐶)𝑘

∆𝑥∆𝑦∆𝑧 (𝑠) + (1 − 𝑛)𝜌𝑠 𝜌𝐹𝐾𝑚 ((𝐶)𝑘 )

(𝑠)
(𝑠)
(1 − 𝑛)𝜌𝑠 (𝑆2 )(𝑠)
+ 𝜎𝑘 𝜌[𝛼𝑙 |𝑞𝑘 (𝑠) | + 𝑛𝐷𝑚 ]
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∆𝑧

(𝑠)

(𝑠)

(𝐶)𝑘 −(𝐶)𝑘−1
∆𝑧

(𝑠)

∆𝑥∆𝑦 − 𝜎𝑘 𝜌[𝛼𝑙 |𝑞𝑘 (𝑠) | +

∆𝑥∆𝑦 = 𝑀𝑐

(C3)

(s+1)

Equation C3 is used to explicitly find (C)k

. As the formulations are explicit, the rate-limited

dissolution is also found as:
𝑚

(𝑠)
(𝑠)
(𝑆2 )(𝑠+1)
=  (𝑆2 )𝑘 (1 − 𝑘Δ𝑡) + 𝑘Δ𝑡(1 − 𝐹)𝜌𝐾 ((𝐶)𝑘 )
𝑘
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Monitoring of leakage collection and recovery
systems: convention versus reality
Dave Bentel, SRK Consulting (US), Inc., USA
Evan Nikirk, SRK Consulting (US), Inc., USA
Clara Balasko, SRK Consulting (US), Inc., USA
Gary Hurban, SRK Consulting (US), Inc., USA

Abstract
Conventional monitoring of leakage flow rates into leakage collection and recovery systems (LCRS)
for “double-synthetically-lined” ponds in Nevada, USA, is typically limited to performance of weekly
pumping from the LCRS, measuring the water volume evacuated from the sump, calculating a
theoretical daily flow rate, and then summarizing flow rates, as well as potential LCRS head
development, in quarterly and annual reports. In reality, this convention only measures the total volume
of water that can be pumped under existing limitations dictated by pump size and sump backfill
permeability characteristics.
In addition, regulatory requirements of the Nevada Administrative Code (NAC) 445A.435 require
elimination of the potential to transfer hydraulic head from the primary liner to the secondary liner.
Convention in this regard requires only a theoretical ability to measure hydraulic head, provided
reporting shows Nevada Water Pollution Control Permit limitations for inflows to the LCRS sump are
being met. Reality would probably require the installation and maintenance of a permanent transducer
to measure hydraulic head above the sump base.
In order to address potential inconsistencies, the authors have reviewed representative examples
of pond LCRS design, construction and operating plans to better define conventional LCRS monitoring
practices. These have then been used to define potential alternatives for operation of existing LCRS
facilities, and potential design, construction, and operational options for future LCRS facilities.

Introduction
With reference to Figure 1, conventional monitoring of leakage flow rates into leakage collection and
recovery systems (LCRS) in double-synthetically-lined (DSL) ponds in Nevada, USA, typically
includes performance of the following actions (Bentel et al., 2013):
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Figure 1: Typical LCRS cross-section
 Weekly pumping from the LCRS collection point or sump using a relatively high flow rate
pump (10 to 50 gallons per minute), until the sump water level is insufficient to provide the
head needed to maintain pump operation, and the pump cuts out.
 Measuring the water volume evacuated from the sump, either by flowmeter or using a
container.
 Dividing the extracted volume by 7 to determine a theoretical daily flow rate in gallons per
day.
 Comparing the daily flow rate to Water Pollution Control (WPC) Permit limitations, typically
150 gallons per day (gpd) averaged over a quarter and 50 gpd averaged over a year.
 Providing data in quarterly reports showing that neither the flow rate nor hydrostatic head
limitations are being exceeded.
The total volume of water that can be pumped is dependent on pump capacity and sump backfill
hydraulic conductivity characteristics, and it is therefore possible to not measure any permit exceedance
if an oversized pump is utilized, or if the sump backfill is not permeable enough to maintain pump
operating head requirements (and consequent flows) for long enough to measure potential LCRS sump
inflows.
In addition, regulatory requirements at NAC 445A.435 state that: “When the material between the
liners is unable to collect, transport and remove all liquids at a rate that will prevent hydraulic head
transference from the primary liner to the secondary liner, the pond must be shut down.” Measurement
of head “H” (refer to Figure 1) is essential to demonstrate that heads developed in the LCRS sump do
not result in a condition that prevents hydraulic head transference from the primary to the secondary
liner.
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The authors have therefore reviewed a representative sample of pond LCRS design and
operational elements at Nevada mine sites. These elements are then summarized with regards to current
convention (and for specific elements, with regards to previously-published hypotheses). Findings of
the review have then been used to define both potential alternatives for operation of existing LCRS
facilities, as well as design, construction, and operational options for future LCRS facilities.

Methodology, data and results
Methods for data acquisition, review of data and results are provided in the following sub-sections.

Data acquisition and review
Data acquisition included:
 A summary of previously-published findings related to LCRS sump pumping and sump
permeability.
 Identification and evaluation of permitted DSL ponds at mine sites in the State of Nevada for
LCRS data.

Pond LCRS data
In order to ensure that all new findings are based on a representative sample of DSL ponds and their
respective LCRS systems, the authors reviewed all Water Pollution Control Permit applications for both
new and existing active ponds for the 2013 and 2014 calendar years. The review included approximately
ninety DSL ponds, for which the following LCRS data were evaluated:
 liners and “Geonets”,
 sump permeable backfill gravel/stone gradations,
 sump capacities,
 sump pump capacities,
 sump pump operation and inflow calculation, and
 methods of above-sump-base hydrostatic-head measurement.

Previous findings: pumping and permeability
Figure 2 provides a graphical representation of hydraulic conductivity of sump backfill material versus
pumping flow rate showing the potential effects of pump size relative to the sump backfill permeability
(Balasko et al., 2014). The higher the pumped flow and the lower the sump backfill hydraulic
conductivity, the more likely the pump is to automatically cut out due to pump starvation. This can
result in incorrect calculation of flows actually reporting to LCRS sumps, which is a basic goal of LCRS
monitoring.
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Figure 2: LCRS pumping rate versus hydraulic conductivity, K

Liners and Geonets
Of the total number of DSL ponds reviewed, the majority included synthetic HDPE liners for both
primary and secondary liner functions. Liners were founded on a compacted subgrade (typically one
foot minimum) to provide a maximum hydraulic conductivity of 1 × 10-6 cm/s. However, in a few cases
the subgrade is compacted to provide maximum hydraulic conductivities of either 1 × 10-5 cm/s or 1 ×
10-7 cm/s.
Liner thickness and type were variable, including:
 100 mil primary liner and 60 mil secondary liner,
 80 mil HDPE primary liner and 60 mil HDPE secondary liner,
 80 mil HDPE for both primary and secondary liners,
 60 mil HDPE for both primary and secondary liners,
 60 mil HDPE primary liner and 40 mil HDPE secondary liner, and
 40 mil HDPE primary liner and 30 mil PVC secondary liner.
The material between the primary and secondary liners generally incorporates HDPE “Geonet”
systems (i.e., synthetic drainage materials manufactured using HDPE and designed to uniformly
transport fluids). More recent DSL pond designs typically included “Drainliner” systems whereby
permeability between the liners is incorporated via HDPE studs extruded in either the underside of the
primary liner or topside of the secondary liner.

Sump permeable backfill
Sump permeable backfill is not always specified, but is commonly referred to as:
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 gravel,
 pea gravel,
 drain or drainage gravel,
 drain rock
 clean gravel,
 select drain gravel, and
 free-draining gravel.
Where specified, this gravel typically incorporates 2-inch-minus, 1-inch-minus, 3/8-inch-minus,
or 3/4-inch-minus crushed rock. No formal specifications were found that specifically excluded fines
in the gravel or crushed stone. In addition, very little as-built verification of LCRS sump backfill appears
to be specifically recorded or discussed. As noted under the section above, “Previous findings: pumping
and permeability,” the sump backfill gradation and corresponding hydraulic conductivity is a critical
element of LCRS sump design.

Sump capacities
Sump capacities are typically estimated using an assumed gravel void ratio of 30%. This could result
in either over-estimation or under-estimation of actual flows reporting to the LCRS sump, depending
on how these flows are calculated (i.e., if calculated using a sump stage-capacity relationship and
measured heads above the sump base).
Sump capacities are typically in the range of 1,000 to 3,000 gallons (of assumed water contained
in the sump media interstices). Sump capacity documentation shows one instance of a sump with greater
depth (which offers better operating opportunity to maintain the hydraulic head below the primary
liner). In other instances, sumps contained relatively low capacities from less than 50 gallons (and up
to 150 gallons), signifying a potential inability to store a week’s worth of seepage at the maximum
gallons per day of seepage allowed in typical WPC Permit limitations (refer to “Sump pump operation
and inflow calculation” below).

Sump pump capacities
Sump pump capacities are not specified in any design reports, as-built reports, or Fluid Management
and Monitoring “Operating Plans,” so it is difficult to evaluate the risk of potentially under-measuring
inflows into the LCRS sumps, due to cutting-out of the pump system because of head loss in the gravel
backfill, and consequent pump starvation.

Sump pump operation and inflow calculation
The language and flow limitations contained in all the WPC Permits are all similar and typically require
weekly evacuation of the LCRS sump to determine an average daily flow rate into the sump. These
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flow rates are then compared to WPC Permit limitations that typically allow a maximum of 150 gallons
per day (gpd) averaged over a calendar quarter and 50 gpd averaged over a calendar year.
However, review of LCRS design and operating plans indicate that the vast majority of systems
had no formal procedures to measure sump inflows. For these systems it is assumed that the sump pump
is manually turned on weekly, and runs until the pump automatically cuts out because of a lack of
driving head and consequent pump starvation. The evacuated sump water is either measured by an inline flow meter or via pumping into a measuring tank or bucket. The flow rate into the LCRS sump is
determined by dividing the weekly-accumulated flows by 7 to determine the average daily flow rate
into the sump.
More formal measurement procedures typically include first evacuating the sump (also on a
weekly basis), and then calculating the inflows into the LCRS sump using measured head increases and
a pre-determined sump stage-capacity curve.

Hydrostatic head measurement
The first footnote in all monitoring requirement tables in Part I.D of WPC permits requires the
operators’ ability to determine if the sump fluid levels are “above the top of the sump” (i.e., above the
primary liner at the sump location). However, the vast majority of LCRS sumps did not include any
piezometer or pressure transducer design or operational requirements.
As stated in “Sump pump operation and inflow calculation” above, calculation of inflows requires
at a minimum the ability to accurately measure head variation in the sump in order to calculate current
inflows to the LCRS sump.

Conclusions
LCRS data review for about ninety DSL ponds in Nevada indicated the following convention and reality
for the engineering elements reviewed.

Liners and Geonets
The vast majority of specified liners consist of HDPE geosynthetic liners. Design convention does not
support use of PVC geosynthetic liners (although they have been permitted), or elastomeric or oxidized
bitumen-based geomembrane. Permeable material between the liners includes primarily conventional
HDPE “Geonet” as well as “Drainliner” systems which incorporate HDPE studs extruded in either the
underside of the primary liner or topside of the secondary liner.
Reality requires that the liners be durable, somewhat malleable, demonstrably impermeable, and
UV-resistant due to high potential for exposure to UV rays. In this regard, convention and reality have
similar goals and similar outcomes.
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Sump permeable backfill
For permeable backfill, design convention generally incorporates utilization of “free-draining” gravel
or stone. Some specifications call for limitations on grain size of less-than-gravel sized sands, silts, or
clays. The design convention for calculating sump capacity is based on an assumed porosity value
(typically 0.3).
In the authors’ opinion, engineering reality demands either, at a minimum, determination via
laboratory testing of the porosity of the intended backfill media and as-built confirmation, and/or field
determination of the porosity following sump backfill via measurement of a stage-storage capacity
relationship for the sump prior to primary liner installation.

Sump capacity
The majority of sumps appeared to have sufficient capacity (i.e., in the typical range of 1,000 to 3,000
gallons to enable determination of higher leakage, relative to the respective permit limitations of 150
gpd and 50 gpd). However, there is apparently little design convention other than demonstrating a
reasonable capacity for storage of the sump inflows for seven days within the assumed pore spaces, and
a depth based on providing sufficient head to operate the submersible pump.
Design reality requires consideration of the actual as-built capacity with depth of the sump
drainage media, and determination via measurement, of water entering the sump. This can be achieved
via evacuation of water in the sump, and utilization of a sump stage-capacity relationship to determine
the sump recharge volumes with time, and hence, weekly inflow rates.

Sump pump capacity
Conventional design of sump pump capacities is typically not documented in either engineering design
reports, operating plans or as-built documents. Design reality calls for a pumping flow rate that is low
enough to show some consistency with the permit limitations of 0.1 to 0.03 gallons per day. A typical
LCRS sump pump of 2-inch-diameter is capable of extracting up to 40 gpm, or two orders of magnitude
higher than the limitations.
As shown under “Previous findings: pumping and permeability,” this magnitude of flow rate has
a relatively high probability of resulting in pump starvation under low leakage flow rates due to head
losses in sump media that has a too-shallow depth and/or capacity. Conversely, with high enough head
development (i.e., 5 to 10 feet as opposed to the 2 to 3 feet typical sump depth), a high flow rate pump
will continue evacuating, and potentially only demonstrate relatively major leaks when they occur.

Sump pump operation and inflow calculation
Operating convention is to perform actions contained in the permit requiring weekly pumping and
measurement, using the methods previously described under “Sump pump operation and inflow
calculation” (i.e., weekly sump evacuation, measurement of total volume evacuated and dividing by 7
to obtain a weekly flow rate for inflows into the sump).
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These procedures have little bearing on demonstrating that there is no hydrostatic head transfer
from the primary to the secondary liner (as required by regulation).

Methods of hydrostatic-head measurement
Design convention excludes any mention of hydrostatic head measurement in engineering design
reports, operating plans or as-built documentation, whereas reality (regulation and the WPC permit)
consistently requires these data to be known.

Alternatives for existing operations
Alternative methods available for existing DSL pond operations include:
 Installation of a pressure transducer within the LCRS sump, measurement of head above the
LCRS sump base, and demonstration that the head is maintained below the elevation of the
primary liner at the sump; and/or
 Installation of a low flow pump (~1 to 3 gpm) and pumping at a rate that consistently
maintains the hydrostatic head below the elevation of the primary liner at the sump.

Options for future LCRS design, construction and operation
Options for future LCRS design, construction and operation include:
 Provision of technical specifications for drain rock to be installed in sumps, including material
gradation, porosity and hydraulic conductivity.
 Design of the sump including specification of sump depth and volume. This includes
assessment of permitted leakage limitations, pump capacity and hydraulic conductivity of the
drain rock. The current conventions for leakage limitations are always the same (i.e., 150 gpd
and 50 gpd for quarterly and annual averages, respectively). There is no technical reason for
limiting the required flow rate to these limitations as long as the operator can demonstrate that
pumping actions maintain the head limitations within the sump depth.
 Confirmation of drain rock stage-capacity relationships via field measurement during
construction.
 Installation of a pressure transducer within the pump sump to enable constant measurement
of head above the LCRS sump base, and demonstration that the head is maintained below the
elevation of the primary liner at the sump.
 Provision of a formal method of measurement of actual sump inflows using the variation in
head measurement after sump evacuation, and the sump stage-capacity relationship, to
accurately calculate the flow rate of water entering the sump.
 Because there is still a potential for leakage through the secondary sump liner, installation of
an additional barrier to downward flow beneath the secondary sump liner that conforms to the
operational and closure life of the facility.
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Modelling heap leaching PLS from valuable mineral
associations and leaching parameters
Michael L. Free, University of Utah, USA

Abstract
Heap leaching is dependent on valuable mineral associations with host rock particles as well as leaching
parameters. Ore characteristics, in particular the valuable mineral particle size distribution in relation
to the host rock particle size distribution, when combined with leaching parameters, such as heap height,
solution flow rate, and solution composition, determine leaching performance. Leaching performance
is manifest in the product-bearing or pregnant leaching solution (PLS). The application of appropriate
modelling techniques that accommodate mineralogy, particle size distributions for both valuable
mineral particles as well as host rock particles, leaching chemistry and kinetics, and fluid flow through
unsaturated media are needed to accurately model heap leaching performance as measured from the
PLS as a function of time.
In this study the use of size distribution functions and geometric constraints for ore particles are
used to determine the distribution characteristics of valuable mineral particles in host rock particles.
The effects of compression on permeability and solution access at varying heights within a heap are
accounted for based on geometric and loading constraints. Flow through unsaturated media is based on
a combination of a solution to the Navier-Stokes equation for thin film flow and other equations for
fluid distribution. The effects of diffusion and reaction are based on the physical constraints imposed
by the combination of flow, mass balancing, agglomerated material, nonagglomerated material, loading,
and leaching models for liberated, partially-locked, and fully-locked valuable mineral particles. Some
traditional equations are used in combination with new equations to facilitate the calculation of needed
parameters and relationships. This investigation reports on the use of these methods to accomplish more
accurate heap leaching modelling performance as a function of time.
Experimental column leaching results are compared with model predictions. Results show this
modelling approach can be used to predict leaching performance as determined by PLS based recovery
and reagent concentrations.
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Introduction
Heap leaching is an important method for metal extraction that has increased in importance due to its
advantageous features. Heap leaching is low in capital and operating costs, thereby facilitating
economic extraction metal from low grade ores.
Heap leaching is simple in concept. It consists of stacking ore that is typically crushed and often
agglomerated onto a lined pad. Leaching solution is applied to the top of the stacked ore and collected
at the bottom as product-bearing or pregnant leaching solution. The processes of unsaturated solution
flow (and often gas flow), diffusion, and chemical reactions in the heterogeneous stacked ore particles
present significant complexities that make accurate process predictions challenging and associated
modelling complex.
Modelling of heap leaching has been performed by a variety of research groups over an extended
period of time (Bartlett, 1992; Leahy et al., 2007; Madsen and Wadsworth, 1981; McBride et al., 2012;
Petersen and Dixon, 2007). Most heap leaching models incorporate fluid flow, diffusion, and reaction
kinetics with some simplifying assumptions. Unsaturated fluid flow modelling through heaps often
utilizes simple film flow at a constant velocity, although more accurate modelling approaches often
incorporate the Richards equation (Richards, 1931) along with the van Genuchten equation (van
Genuchten, 1980). Diffusion is commonly modelled using traditional second order or first order Fickian
diffusion (Fick, 1855) with variations depending on assumptions and geometric considerations.
Reaction rates are often based on simple first order reaction kinetics, although various reaction orders
are used depending on the specific reaction. In the case of bacterial reactions Michaelis-Menten kinetics
(Bailey and Ollis, 1977) is often applied. The shrinking-core model is often applied to couple the effects
of diffusion and chemical reaction for heterogeneous ore particles (Wadsworth and Miller, 1979). These
modelling approaches generally lead to reasonable predictions of leaching performance for well
characterized materials. However, these modelling methods do not account for important
phenomenological factors that are important in heap leaching.
Among the generally unaccounted for phenomena in heap leach modelling are the physical
associations of valuable and gangue mineral particles. Some valuable mineral particles are liberated
during the comminution process. Other valuable mineral particles are exposed at the surfaces of host
rock particles, although they remain partially-locked by surrounding host rock matrix material.
Remaining valuable mineral particles that are not liberated or partially-locked are fully-locked in the
host rock matrix. Most models neglect partially-locked or liberated mineral particles. Thus, they are
unable to utilize appropriate rate equations to account for the effects of partially-locked and liberated
valuable mineral particles.
As particles are crushed, the host rock particles undergo a greater size reduction than the valuable
mineral particles. Thus, as comminution occurs, the fraction of liberated and partially-locked particles
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changes, thereby also affecting the fraction of material with partially-locked and liberated particles and
the overall leaching rate.
Another factor that is neglected in heap leach modelling is compression, which increases with
heap depth.
The purpose of this paper is to discuss methods to account for valuable mineral particle
relationships with host rock particles, predict changes in these relationships as a function of size
reduction, and utilize these methods to more accurately predict heap leaching performance.

Quantifying valuable mineral/host rock particle size effects
Valuable mineral particles in ores are liberated, partially-locked, or fully-locked with host rock matrix.
The probability of having valuable mineral particles (vmp) liberated from the host rock particles (hrp)
can be estimated by (Free, 2010):
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These equations allow for quantification of the effects of host and valuable mineral particle size
on liberated as well as partially and fully-locked material. The associated probabilities can be used to
weight appropriate leaching models in the overall heap leaching simulation.
General simplified leaching equations that have been used in modelling heap leaching of copper
oxide ore in this study are:
dn
 kArxn C y
dt

(6)

dn
C
 DiffAdiff
dt
sdiff

(7)

for reaction control, and

for diffusion control. (A is area, k is reaction rate constant, C is the reactant concentration, y is the
stoichiometric coefficient for the reactant, Diff is the diffusivity of the reactant, s is the distance, and
diff and rxn are subscripts denoting diffusion and reaction based parameters.) The areas for diffusion
and reaction control as well as the diffusion distance can be estimated for each scenario:
For liberated particles, the values are:
2
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(8)

2
Adiff  N vmp ,lib 4rvmp

(9)

sdiff  

(10)

based on the number of vmp particles, Nvmp,lib, present. For partially-locked particles, the parameters can
be estimated by:
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based on the number of vmp particles, Nvmp,pl, present. For fully-locked particles, the parameters can be
estimated by:
2
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based on the number of hrp particles, Nhrp present and the area fraction, Afraction, of the valuable mineral
particles.
Leaching of partially-locked mineral particles can be modelled by assuming partially-locked
particles are hemispheres with only the mid-plane of the hemisphere initially exposed. The

398

HEAP LEACH SOLUTIONS, 2015 ● RENO, NEVADA, USA
corresponding exposed area is equal to r2exposed. As leaching proceeds, the surface is penetrated to a
depth of “”, which reduces the exposed area. The fraction reacted is related to the depth, , and the
corresponding solution for  in terms of the fraction reacted and the exposed radius of the vmp is:
3
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2 6
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2 6
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(17)

The relationship between the depth of penetration and the radius of remaining particle is:
r  ro2  2

(18)

This radius, area, and fraction of remaining particle can be used in leaching models based on either
reaction or diffusion control to determine the rate of leaching.
In each case the value of the radius of the remaining liberated particle, the radius of the exposed
vmp disk, and the radius of the unreacted core are calculated. The compressive strength of stacked
material was used to calculate the bulk density in each model voxel. Solution flow was modelled using
the Navier-Stokes equation adapted to free film flow (Bird et al., 1960) that was modified for spherical
particles and agglomerates. The application rate and reagent concentration are then combined with the
other modelling information to calculate predicted solution recovery and PLS concentrations.
The effect of comminution on the size of the valuable mineral particles relative to the size
reduction factor (srf) of the host rock particle can be calculated using the following equation (Free
2014):
3d
D 2
3d
D 2
D 3
(
)
(
)
)
3
n
max
n
srf
n
srf
1
d
n
n
srf
1
/
3
3
1
/
3
max
max
d new 
d (
)  [(
(
))
(
)  ( d (1 
))
(
)
D
D
D
n max n 1 2 n max
2n max
[(
)  d ]3
(
 d )3
(
 d )3
srf
srf
srf
D 2 n 2  ( n  1) 2
D 2 n 2  ( n  1) 2
(
)d [(
)]
(
)d [(
)]
2
2
srf
srf
n max
n max
n 2 1/ 3
n
n
3
3
1
/
3
(d (
) ) 12(
)  ( d (1 
)(
))
24(
)
D
D
n max
n max n max
(
 d )3
(
 d )3
srf
srf
D 2 n 2  ( n  1) 2
n 3  ( n  1) 3
(
)d [(
)]
8d 3 (
)
2
3
srf
n max
n max
n 2 1/ 3
n3 1/ 3
3
3
( d (1 
) ) 12(
)  (d (
))
8(
)
D
3
D
n max
n max
(
 d )3
(
 d )3
srf
srf
n 3  ( n  1) 3
n 3  ( n  1) 3
8d 3 (
)
8d 3 (
)
3
3
n max
n max
n
n 2 1/ 3
n 2
n
3
3
1
/
3
( d (1 
)(
) )
24(
)  ( d (1 
) (
))
24(
)
D
D
n max n max
n max
n max
(
 d )3
(
 d )3
srf
srf
n 3  ( n  1) 3
8d 3 (
)
3
n max
n 3 1/ 3
3
( d (1 
) )
8(
)]
D
n max
(
 d )3
srf
(

(19)

399

HEAP LEACH SOLUTIONS, 2015 ● RENO, NEVADA, USA
in which D is the diameter of the host rock particle, d is the diameter of the original valuable mineral
particle, dnew is the new diameter of the valuable mineral particle after reducing the size of the host rock
by the size reduction factor, srf, and n is the discretised number in the summation between 1 and the
maximum number, nmax. The value of dnew becomes more accurate as the nmax increases.

Results
Column leaching data from two sources (Miller et al., 2003; Vest et al., 2009) were used to evaluate the
model performance for copper oxide ore leaching. The data compared with the model fitting are
presented in Figures 1 and 2. The fit of the model to the data is excellent for the data in Figure 1. The
model fit for the data in Figure 2 is also very good. Thus, this modelling approach provides the
opportunity to incorporate the effects of valuable mineral particle relationships with host rock particles
in heap leach modelling for more accurate simulations for ores in which the valuable mineral particle
size is at least 10 % of the host rock particle size. Many crushed copper ores have valuable mineral
grains that are within this range. Ores such as gold ores in which the valuable mineral particle size is a
small fraction of host rock particle size do not benefit from determining the partially-locked and
liberated fractions of valuable mineral because most of the valuable mineral is locked in the matrix and
a simple shrinking-core modelling approach is sufficient for accurate modelling.
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Figure 1: Comparison of recovery versus time for column leaching data (Vest et al., 2009)
and associated model prediction. (Flow rate 0.007 m 3/hr/m2; 0.9 % Cu grade,
5 mm d50, pH 1 in feed solution)
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Figure 2: Comparison of recovery versus time for column leaching data (Miller et al., 2003)
and associated model prediction. (Flow rate 0.008 m 3/hr/m 2; 0.68 % Cu grade, 8 mm d 50, pH
1.5 in feed solution, 10 kg acid/ton ore, 7.3 % moisture)

Conclusion
This paper discusses methods to account for the effects of valuable mineral particle size and its
relationship with host rock particle size to account for liberated, partially-locked, and fully-locked
valuable mineral particle fractions in host rock. Models accounting for different leaching kinetics for
each of these fractions of material were also discussed. These modelling methods were combined with
traditional equations for flow, diffusion, chemical kinetics, and mass balancing to predict leaching
performance as a function of time for columns of copper oxide ore. The results presented in this paper
show that this modelling approach can produce accurate simulations of column leaching data.
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Modelling of column
leaching test using fractional kinetics
Aldonza Jaques, Universidad Técnica Federico Santa María, Chile
Francisca Montoya, Universidad Técnica Federico Santa María, Chile
Thom Seal, University of Nevada, Reno, USA

Abstract
Leaching rate modelling is a problem that has been approached with an evolving level of complexity.
More elaborates models include fluid flow, mass transfer, and reaction kinetics. However, those models
are not used much by operators, due to the complexity of the requirements. Simpler models, such as the
models based on exponential function (first order kinetic response), are favored due to their ability to
be implemented in spreadsheets. Here we propose a simple non-dimensional model, based on a
fractional order kinetics. This corresponds to a kinetic order derived from non-integer order differential
equations.
Starting from the diffusion approach for leaching kinetics, it is possible to justify the use of an
exponential function to represent the leaching kinetics. However, the diffusion in porous materials could
depart from the traditional Fick’s laws of diffusion, which correspond to the so-called anomalous
diffusion. This anomalous diffusion is represented by non-integer partial differential equations, which
are used to justify the fractional kinetic approach. The resulting equation is described by the MittagLeffler function, a series based function, which has been implemented in MS Excel. This expression
was used to represent the column testing of gold cyanide leaching of Carlin-type ore. The proposed
fractional approach was compared with a first order approach to test the data fitting and predictive
capacity, and to deal with sparse data. For the data analysis the fractional order obtained were in the
range of 0.5 to 1.0. These results are consistent with the phenomenology for porous media diffusion
controlled leaching. Finally we present the basis of how to implement a fractional kinetics model for
heap leach operations.

* Note that there is no accompanying full paper for this abstract.
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Design considerations for the Coffee Gold heap leach
project in Yukon, Canada*
Mark E. Smith, RRD International Corp, USA
James Scott, Kaminak Gold Corporation, Canada

Abstract
The Coffee Gold project is a bulk tonnage, heap leachable gold deposit owned by Kaminak Gold
Corporation (KAM: TSXV). The site is located in the White Gold district of west-central Yukon,
approximately 130 kilometers south of Dawson City. The latest Canadian National Instrument 43-101,
published in 2014, estimates an indicated resource of 14 million tonnes grading at 1.56 g/t Au for
719,000 ounces, including 480,000 ounces gold classified as oxide, and an inferred resource of 79
million tonnes grading at 1.36 g/t Au for 3,434,000 ounces of gold, which includes 2,078,000 ounces
gold classified as oxide at a base case cut-off of 0.5 g/t Au for oxide and transitional material and a 1
g/t Au cut-off for sulfide material (see Kaminak news release January 28, 2014). Ore will be processed
by crushing and cyanide heap leaching on a conventional leach pad at a nominal production rate of 5.0
Mtpa for a total of nominally 53.4 Mt. Average diluted ore grade to the heap will be 1.23 g/t, mining
strip ratio will average 4:1, and total contained gold will be 2.1 M ounces. Extensive laboratory column
testing estimates gold recovery averaging 88% (at P80 = 50 mm) in the oxides with low reagent
consumption, no agglomeration and fast leach kinetics.
The ounces in the current mine plan are principally contained in four deposits: Latte, Supremo,
Double Double, and Kona. Exploration and metallurgical work completed to date includes 1,657
reverse circulation and core drill holes for a total of 276,000 m of drilling, 13,605 cyanide soluble
samples, 40 column leach tests on 29,608 kg of samples from 8 trenches and 17 core composites
representing 4,500 unique samples, and a 13,000 sample (>0.3 g/t Au cut-off) cyanide soluble database.
Column tests were performed at both 22oC and 4oC to quantify the effects of winter conditions on
leaching kinetics.

* Note that there is no accompanying full paper for this abstract.

407

HEAP LEACH SOLUTIONS, 2015 • RENO, NEVADA, USA

The project is currently in feasibility study and the authors will discuss the engineering processes
underway to bring the project through the feasibility study and permitting. The key issues for this project
are developing site access consistent with the project’s and communities’ needs, winter operations,
project logistics especially during construction and commissioning, capital costs and construction
schedule, energy supply, and the siting, type, and location of the heap.
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Cold climate heap leaching
Krishna P. Sinha, KPS & Associates, USA
Mark E. Smith, RRD International Corp, USA

Abstract
Heap leaching is no stranger to extreme climates. Heap leaching is often carried out at high altitudes,
or at extremely arid or wet sites. It is less well known that heap leaching operations are carried out
successfully in cold climates. The authors surveyed 28 projects located in cold regions, ranging from
the southern Andes to Alaska, Yukon Territory to Mongolia. The authors used data from direct
discussions with operators and engineers, reviews of published literature, and personal experience to
compile operating statistics for some 210 million tonnes per annum (Mtpa) of heap leach production,
with leaching rates ranging from under 1 to 30 Mtpa. The severity of the winter months are quantified
in two ways: the average daily temperature for the coldest month, and the length of the cold season as
measured by the number of months per year with an average daily temperature below zero for an
average year. Of the sites surveyed, the coldest months average –18.10C and range from –60C to –310C,
and the length of the cold season ranges from 4 to 10 months. The coldest temperatures are found at the
Russian sites, while the longest winters are experienced in the southern Andes. Conventional leach pads
are used at the majority of sites (57%) while dynamic heaps (on/off leach pads) and impounding valley
leach pads are used by 28% and 18% of the sites, respectively.

Introduction
As the demand for various metals has increased beyond that which can be met by processing easily
available, higher-grade ores, and as heap leaching technology has advanced to accommodate the
increased demand, the number of heap leaching operations around the globe has increased. A world
map of major heap leach projects and operations (Infomine, 2013) shows a little over 300 facilities in
various stages of development, ranging from pre-feasibility to fully operational. These facilities include
gold, copper, silver, nickel and uranium operations, and some of these have dual circuits for recovering
other commodities like molybdenum, zinc and lead. Many of these facilities are in cold climates with
average temperatures for the coldest month ranging from –6⁰C in the continental US to –31⁰C in the
Russian Arctic. Such temperatures and harsh weather conditions create some operational challenges not
faced in more temperate climates. This paper attempts to address these challenges, though the
operational details of these facilities, especially in Asia, are often scant and scattered.
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Purpose and methodology
An earlier paper divides cold weather heap leaching into two basic regions: Arctic and sub-Arctic,
defined as above the Arctic Circle (approx. 67⁰N) and below the Arctic Circle down to approximately
45⁰N latitude, respectively (Smith, 1997). However, some heap leach operations in the high Andes in
the southern hemisphere as far north as 30⁰S latitude also have sub-Arctic-like climates (Smith, 1996).
Out of the 300-plus heap leach operations shown on the Infomine (2013) world map, about 70 are in
the Arctic and sub-Arctic regions as so defined. Cold climate operations require unique design and
operational considerations. These range from seasonal operations, maintaining heat within or adding
heat to the heap, permafrost management, leaching kinetics (especially for bioleach operations),
managing ice and snow, and closure. In a sense, this is a benchmarking paper meant to assist in the
decision-making process for owners, engineers, reviewers and regulators. It can as well serve as an
inducement or vehicle for others to build upon this public database with additional relevant information,
experience and insights.
In spite of the fact that there are some 70 heap leach facilities planned or operating in sub-Arctic
or Arctic regions, and that several international symposia on “mining in the Arctic” have taken place
since the first one in 1989, not much has been published in the form of technical papers on the issues
specifically related to cold-climate heap leaching. A noteworthy technical paper giving some insight
into the operational methods was published 18 years ago (Smith, 1997). Kappes (2002), in his
informative paper on heap leaching design and practice in general, also sheds some light on coldweather issues. In a recent short paper, Kashuba and Leskov (2014) provide an overview of the history
of heap leaching in Russia, along with some lessons learnt and how these are influencing a new surge
of operations there. By and large, the operational and production data for specific cold-weather heap
leaching operations are scattered over the mining companies’ web sites, some pre-feasibility, feasibility
or NI43-101 reports, and various environmental filings. For many of the Asian mines, unless owned,
operated or otherwise affiliated with a western mining company, little data is publically available. The
information presented in this paper has been extracted from all of the sources just described, in some
cases interviews and correspondence with operators and engineers, and from the authors’ own files (for
brevity, not all of these sources are included in the reference list).
A total of 28 cold climate projects have been included in the present study. These operations are
located on the European, Asian, North and South American continents. The Asian operations include
mines in Russia, Kazakhstan, China and Mongolia. The South American mines for which some
information could be gathered are in Chile and Argentina. The North American mines are from Alaska,
Montana and South Dakota in the US and in Yukon Territory in Canada. A single cold-climate operation
was identified in Europe, the Talvivaara Nickel Mine in Finland. Table 1 gives some overall statistics
of the facilities included in the study.
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Table 1: Summary of cold-climate heap leach operations
Description

Number of
operations

Percentage of
total number

Total number of operations included in the study

28

100%

Conventional (*)

16

57%

Dynamic or on/off

8

28%

Impoundment valley fill

5

18%

Gold

24

86%

Copper

3

11%

Nickel

1

4%

Year-round stacking

12

43%

Year-round irrigation

16

57%

Heap leach pad type:

Metal mined:

* One mine uses both conventional and dynamic pads, hence is included in both categories

Tables 2, 3 and 4 provide some specific data for the projects in the Americas, Russia and other
Asian countries, respectively; the lone European project is included in Table 3. Each of these sections
also includes some geographical, production and additional climatic details of the listed mines. An
effort is made to avoid repetition of information between the tables and the individual mine descriptions.
The temperature data, where not available for the actual site, has been obtained for the nearest weather
station found in the world almanacs.
The following notes refer to these tables:
 Status: (op)erational, (s)uspended, (c)losed, (p)lanned,
 Heap type: (C)onventional, (V)alley leach pad, (I)mpounding VLP, (D)ynamic (on/off)
 Ore grade and production statistics: average of last 2 or 3 years where applicable. Where the
plant has dual circuits, grade for the HL ore may have been estimated from other data.
 Ore stacking: Seas = seasonally; most of the Russian heap leach facilities have been reported
to use dynamic or on/off leach pads and operate seasonally (Kashuba and Leskov, 2014).
 Climate data: Ave Temp = Average Temperature; est = estimated

North and South American mines
Table 2 presents the data for the heap leach projects in the Americas, and a discussion of each project
provides more detail.
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Fort Knox (Walter Creek) Mine, Alaska
Fort Knox Mine (owned by Kinross Gold), located approximately 26 miles northeast of Fairbanks,
Alaska, operates both a conventional mill and an impounding valley fill heap leach facility centered at
approximately latitude 65º 0.76N, longitude 147º 20.92W. The heap leach pad has a capacity of 160
million tons, and an in-heap storage pond, covering an area of 124 hectares. The mine has a typically
cold and dry sub-Arctic climate with a mean precipitation of approximately 46 cm, with recorded low
temperatures of down to –62⁰C. Ore is mined throughout the year and stockpiled in winter. The ore cutoff grade for heap leaching is 0.17 gpt. The leach pad is stacked late March to late November only and
the leaching continues with a 90-day leach cycle on ore stacked in 15 m thick lifts. Nominal production
is 30 Mtpa of heap leach ore. Pregnant solution temperatures range from 2⁰ to 8⁰C. The average
irrigation rate is 9.6 L/h/m2 with 371,672 m2 under leach. The ultimate heap height will be 153 m
(measured vertically over the liner).

Basin Creek Mine, Montana
Commissioned under ownership of Pegasus Gold in 1989 and operated until 1991, this conventional
heap leach operation was located near Helena, Montana. In that short period, gold production ramped
up to approximately 26,500 ounces per year. The monthly average low temperature at the site ranges
from approximately –11⁰C in January to 12⁰C in July, with sub-zero average temperatures for 7 months
annually.

Gilt Edge Mine, South Dakota
The Gilt Edge open pit mine (owned and operated by Brohm), located 10 km from Deadwood in the
Black Hills of South Dakota, was commissioned in 1988 and operated until 1999, producing 4.1 Mtpa
of ore with an average grade of 1.5gpt, at a strip ratio of 2.1:1. Crushed ore was stacked on an on/off
leach pad (dynamic heap). The original leach pad was double lined, with a primary liner of asphaltic
concrete with a layer of bitumen-impregnated geotextile in the middle. This leaked in excess of the
allowable rates and a geomembrane liner was installed over the asphalt. Barren solution was heated
using a direct-fire system. The average monthly low temperature ranges between –12⁰C in January to
12⁰C in July and remains sub-zero for 7 months annually.

Wharf Mine, South Dakota
Wharf open pit mine (owned by Coeur/Royal Gold) is located near the Gilt Edge mine, outside of
Deadwood, South Dakota. The plant and mine have been operational since 1986, with an idle period in
the early 21st century. The mine is currently producing approximately 3 Mtpa of ore at an average grade
of 0.74 gpt. The mine has a conventional leach pad and is producing 85,000 to 90,000 ounces of gold
annually. The monthly average temperatures and the precipitation are the same as indicated for the Gilt
Edge mine site.
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Casino Copper-Gold Mine, Yukon Territory, Canada
The proposed Casino Project (owned by Casino Mining Corp/Western Copper and Gold) is a planned
open pit mine in the Dawson Mountain Range of the Klondike Plateau, approximately 300 km from
Whitehorse. Sulfide and oxide ores will be mined and processed by conventional concentration and
heap leaching-SX/EW, respectively. The heap leach facility will use an impounding valley fill pad with
a buttress and external events pond. No barren solution heating is discussed in the sources searched, but
after the first 3 years the heap leaching facility will have the advantage of the thermal mass of the mill
and tailings facility. The design footprint for the leach pad is 1.5M sq. m. with a total in-heap storage
capacity of 172,600 m3. The life of heap leach operation is 18 years. The average annual temperature
for the Casino Project area is –3°C with monthly average minimum and maximum temperatures being
–17°C in January and 12°C in July, respectively. Extreme maximum and minimum temperatures
recorded over a period longer than 100 years are 35°C and –60°C, respectively. Most of the precipitation
falls in the form of snow during the months of November through March, and in the form of rain during
the months of May through September. Stacking of heap is planned for 300 days/year in 8m lifts, with
year-round irrigation using buried irrigation lines.

Brewery Creek Gold Mine, Yukon Territory, Canada
Brewery Creek gold project (Viceroy Minerals), located approximately 55km southwest of Dawson
City, was operated as an open pit mine and a heap leach facility. The mining and construction started
in 1996 with 190,000 tons of ROM ore placed on 15.8 hectares of pad in the first year. This was
expanded to 38 hectares in a four-year ramp-up period. Drip irrigation lines were ploughed into the
heap 0.6 to 1 m deep with the headers buried in ditches such that the collected snow acted as heat
insulators. Piping was also heat traced. Waste heat from generators was used to heat up the barren
solution. Mining and ore stacking were 7 months per year, with year-round irrigation. Active mining
stopped in the year 2000 and no more ore was placed on the leach pad. Leaching ceased after December
2001. Between 1.4 and 2.6 Mt of ore were placed on the leach pad. Local temperatures average –0.6°C
annually, with the coldest month (January) averaging –19.0°C (for the period of 1991 to 2010); January
low temperatures ranged between –30.0°C and –46.0°C.

Eagle Gold Mine, Yukon Territory, Canada
Victoria Gold Corp’s proposed Eagle Gold project will be an open pit mine and a valley heap leach
facility with in-heap pond storage capacity of 459,349 m3. Production and processing is estimated to be
10.7 Mtpa of ore after ramp up with a 10-year life. Gold recovery is forecast at 72.6% with gold
production averaging 212,000 ounces per year for the first five years, followed by 192,000 ounces per
year. Crushed ore will be stacked on the leach pad in 10 m lifts for 250 days per year and leaching will
continue year-round with a leach cycle averaging 150 days. Drip lines will be buried 3 m deep in the
heap and barren solution will be heated in the winter “as required.” The maximum and minimum
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recorded temperature at a weather station on site over a three-year period (2007 to 2009) was 26.9°C
and –36.5°C in July and January of 2009, respectively. The average annual temperature on site is
approximately –3°C. The estimated mean annual precipitation in the study area ranges from 389 mm to
528 mm depending on the elevation.
Table 2: Operational and production details – North and South American mines

Mine name,
status

Metals
Heap
produced, HL
type
ore grade

HL production statistics

Climate data

Tonnage,
recovery

Ore
stacking
d/y

Irrigation
(d/yr)

Months
Ave temp
with ave for coldest
temp <0oC month, oC

Fort Knox, AL, USA
(op)

I

Au

30 Mtpa
65%

250

365

6

–22

Basin Crk, MO,
USA (c)

C

Au

1 Mtpa

365

365

4

–6

Gilt Edge, SD,
USA (c)

D

Au
1.5 gpt

4.1 Mtpa

365

365

4

–6

Wharf, SD, USA
(o)

C

Au
0.74 gpt

3 Mtpa

365

365

4

–6

Casino, YT
Canada (p)

I

Au
0.29 gpt

8.8 Mtpa

300

365

7

–16

Brewery Creek,
YT, Canada (s)

C

Au
0.77 gpt

<1 Mtpa
62%

210

365

6

–19

Eagle, YT, Canada
(p)

I

Au
0.78 gpt

10.7 Mtpa
72.6%

250

365

7

–24

Coffee Gold, YT
Canada (p)

C

Au
1.23 gpt

5 Mtpa
88%

285

365

7

–22

Veladero,
Argentina (op)

I

Au
1.00 gpt

29.5 Mtpa
77%

365

365

10

–14

Au
0.72 gpt

17 Mtpa
85%:ox
69%: Su

365

365

5 est

–10 est

Maricunga, Chile
(op)
Cerro Maricunga,
Chile (p)

C

Au
0.40

29 Mtpa
76%

365

365

5 est

–10 est

Collahuasi, Chile
(op)

C

Cu
0.83%

13 Mtpa

365

365

4 est

–7 est

Coffee Gold Project, Yukon Territory, Canada
The Coffee gold project (owned by Kaminak Gold Corporation), is located within the Whitehorse
Mining District of west-central Yukon, 130 km south of Dawson city. The Project is to involve open
pit mining and a conventional leach pad with the pregnant and barren solutions stored in and supplied
directly from the tanks. Current plans are to process ore at the rate of 5.0 Mtpa ore, with the ore stacking
on the heap limited to 275 days during the year and irrigation all through the year. The solution will be
heated in the cold season using waste heat from the generators and some additional boilers. Drip
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irrigation lines are to be buried during the cold season and raincoats will be used to shed surplus water
and aid heat retention. According to the June 2014 Preliminary Economic Assessment, planned total
production over a 12-year mine production life is 53.4 Mt of heap leach feed and 212.4 Mt of waste
(4:1 overall strip ratio)

Veladero Gold Mine, San Juan, Argentina
Barrick Gold’s Veladero open pit gold mine with an impounding valley fill leach pad facility is located
at an elevation of 4,000 m near the Argentina-Chile border and adjacent to the Pascua-Lama gold
project. Impoundment in leach pad is held to a minimum, however, to reduce flows to the LCRS/pumpback system and resulting regulatory oversight (Barrick, 2014). There is also an external pond that can
be used for either events or pregnant solution. The ore mining and stacking rate has ramped up from
approximately 17 Mtpa at start up in 2005 to 29.5 Mtpa in 2014, with an average grade of 1.0 gpt and
77% recovery. Ore is mined and stacked on the heap all year with no seasonal breaks. Waste heat from
ten 1-MW generators are used to heat barren solution and a waste oil burner is also available but no
longer used. The heap is irrigated continually to avoid drain down (and the resulting surplus water).
Drip emitters are ploughed in at 150 mm depth, principally to keep them out of the strong winds. Winter
operations include two new cells stacked and with all irrigation piping in place, ready to be brought online if an active cell of similar surface area becomes frozen. The pregnant leach solution temperature
remains consistently in the 7⁰ to 12⁰C range, largely due to a build-up of a large heap thermal mass
over time. The site can be subject to freezing temperatures at night throughout the year. During the
winter months (April-September) the lowest temperature can go below –20⁰C and are typically around
–10⁰C.

Maricunga Gold Mine, Chile
The Maricunga Gold Mine, formerly known as Refugio Mine (owned by Compañίa Minera
Maricunga/Kinross) is located in the Maricunga Gold Belt in Region III of northern Chile, at elevations
between 4,200 m and 4,500 m above mean sea level, and 120 km due east of the city of Copiapó. The
mine operated from 1996 to 2001, producing more than 920,000 ounces of gold from 46 million tonnes
of ore. Full production resumed in late October 2005 and continues as of this writing. The mine operates
with two gold deposits, Verde and Pancho, in the Maricunga Gold Belt. In 2007 it was decided that
only the Pancho ore will be processed. The mine plan called for a rate of approximately 49,000 tpd over
the life of mine with the expected average heap leach gold recovery of 85% for oxide ore, 75% for
mixed ore and 69% for sulfide ore. The average minimum temperature for a nearby weather station
over an extended 30-year period (1960 to 1990) was –1⁰C. At an elevation of 4,000 m, local
temperatures range between –30oC at night in the winter months to 20oC during the summer months.
Precipitation averages 87 mm/yr.
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Cerro Maricunga Gold Mine, Chile
This mine (owned by Atacama Pacific) is in advanced planning stage and is located 60 km north of the
Maricunga mine owned by Kinross. A conventional heap leach pad is planned to process 29 Mtpa of
crushed ore. Ore reserves (proven and probable) total 294.4 Mt at 0.4 gpt Au. A 13-year mine life is
forecast, and gold production will begin in 2016 with projected recovery of 76 to 79%. Climate at Cerro
Maricunga is similar to the nearby Maricunga mine.

Collahuasi Copper Mine, Chile
Collahuasi copper mine (owned by Xstrata, Anglo American and a Japanese consortium), is located in
the Andean plateau 4,400 meters above sea level in the Tarapacá Region in northern Chile,
approximately 180 km southeast of the port of Iquique and close to the border with Bolivia. The mine
was commissioned in 1999 and an expansion project was completed in 2004, giving the plant a capacity
of producing 500,000 tpa copper via both a conventional concentrator plant and a heap leach-SW/EW
circuit. In 2005, the company commissioned a molybdenum recovery plant with a capacity of 7,500 tpa
of contained molybdenum. The mine ownership has changed over the years and currently a Chilean
mining company, Doña Inés de Collahuasi, operates the mine. The operation comprises of two principal
porphyry copper deposits, Ujina and Rosario, and a smaller deposit called Huinquintipa. Both oxide
and sulfide ores are mined and processed. Oxide and mixed ores are treated by heap leaching and
electro-winning (SX/EW), while the sulfide ore is crushed, ground and treated by flotation. Although,
the lowest average monthly temperature over the extended past of 30 years is a relatively moderate 2⁰C,
the actual low temperature during the winter months often falls as low as –30⁰C. Generally, the
operation continues throughout the year, but there have been instances of severe weather-related
impacts on production.

Russian and European mines
Table 3 presents the data for the Russian and one Finland mines in the same way as Table 2 does for
the mines in the Americas. Figure 1 shows a portion of the world map of heap leach facilities (InfoMine,
2013). The Russian, Mongolian, Kazakhstani and Chinese mines included in the present study are
marked on the map with red ellipses to provide a visual sense of the mines’ absolute and relative
locations. Talvivaara Nickel Mine, Finland
The Talvivaara project (owned by Talvivaara Mining Company, Plc), located approximately 64oN
latitude, near the town of Sotkamo in eastern Finland, started operation in 2005 to process nickel sulfide
ores. A two-stage leaching system is used, with biological treatment occurring in a dynamic heap as
state 1, and solvent leaching on a conventional heap as stage 2. The target production is 30,000 tpa
nickel and byproducts of cobalt and zinc. The average monthly low temperatures at the site range from
11oC in the summer to –19oC in the winter, with extremes dipping to below –45oC. Ore stacking is
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seasonal with different stacking schedules for the bioleach and conventional heaps and irrigation is year
round.

Voro Mine, Russia
Located in the Sverdlovsk Region/Russian Urals of Central Russia, the Voro mine (owned by Polymetal
International), was acquired by the current owner in 1988 and has been producing since 2000. Primary
and oxidized ores are mined in two pits, 240 m and 80 m deep. The deeper resource is processed by
conventional heap leaching and the other in a carbon-in-pulp (CIP) plant. The CIP plant has been
running almost at its full capacity of 950 ktpa since production started and the heap leach pile is to reach
its full design height in 2015. Mine life is expected to be until 2027. The daily average low temperatures
in the coldest and hottest months at nearby city, Serov, are –24⁰C and 11⁰C, respectively.

Neryungri Mine, Russia
Neryungri mine (owned by Nordgold) is located in Tabornoe gold deposit at an elevation of 1,100m to
1,300 m above sea level in the southwestern Sakha (Yakutia) Republic in Russia, approximately 200
km from the town of Chara. Production started in 2010 and the current mining license is valid till 2020.
Low-grade oxidized ore is crushed and leached on a heap leach pad in two lifts, the leach cycle for fresh
and the bottom lifts being 60 days and 120 days, respectively. A second leach pad is to be constructed
in 2015. The ground is snow-covered from October to May, with the frozen ore on the pad restricting
penetration of leaching solution and the permafrost extending to approximately 400 m depth below.
Accordingly, the majority of crushing and stockpiling of ore occurs from May to September, and
leaching from July to December.

Aprelkovo Mine, Russia
The Aprelkovo gold deposit (Owned by Nordgold) is situated amidst rolling hills at an elevation ranging
from 580 m to 665 m amsl in the Shilkinskii district of Russia, approximately 120 km east of the
regional center, Chita. Historically, production has been from oxide and, more recently, from
transitional ore types, using heap leaching with gold recoveries of 57% and 64%, respectively. Both of
these ore types have now been exhausted and as an interim measure, primary ore is being treated, with
gold recoveries reduced to approximately 46 to 48%. The climate is extreme continental with a long
winter and short, hot summer. The maximum and minimum temperatures during the year are typically
+37°C and –46°C, respectively, with the annual average of –1.6°C. Annual precipitation is in the range
of 300 mm – 600 mm, with most of it falling in August.
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Table 3: Operational and production details – Russian and Finland mines
HL production statistics

Climate data

Tonnage
recovery

Ore
stacking
d/y

Irrigation
(d/yr)

Months
Ave temp
with ave for coldest
temp <0oC month, oC

365

Mine name,
status

Heap
type

Metals
produced,
HL ore
grade

Talvivaara Mine
(op)

D/C

Ni
0.24%

11.1 Mtpa
66%

210

Voro Mine
(op)

D

Au
1.47 gpt

0.83 Mtpa
74.2%

Neryungri
(op)

D

Au
0.92 gpt

Aprelkovo
(op)

D

Omolon Hub (op)

7

–12

Seas

5

–19

3.5 Mtpa
75%

Seas

7

–31

Au
1.11 gpt

2.27 Mtpa
57–64%

Seas

5

–24

D

Au
1.1 gpt

1 Mtpa

Seas

7

–19

Berezitovy (op)

C

Au

Seas

7

–26

Pioneer (op)

C

Au

Seas

6

–24

Pokrovskiy (op)

C

Au

0.80 Mtpa

Seas

365

6

–25

Savkino
(op)

C

Au
2.0 gpt

0.5 Mtpa
86.4%

180

365

5

–24

Staroverenskaya
and Tardan (op)

D

Au
1.36 opt

0.35 Mtpa

Seas

5

–28

Chazy-Gol (p)

D

Au

Seas

5

–15

Kuranah (op)

C

Au

Seas

7 est

–25 est

3.8 Mtpa

Figure 1: Map showing the heap leach facilities in Russia, Kazakhstan, Mongolia
and parts of China (InfoMine, 2013)
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Omlon Hub Mine
Omolon hub (owned by Polymetal International, Inc.), is located in remote unpopulated areas in the
northeast of the Magadan region. The hub was created in 2009 and now includes 4 operating open pit
mines (Birkachan, Sopka Kvartsevaya, Tsokol and Dalneye) and a few development projects with highgrade ore conducive to open-pit mining and significant long-term potential. Of these only the low-grade
ore produced at Birkachan pit (followed by underground mining until 2023) has been heap-leached in
the past. In 2013, Polymetal decided to suspend mining at Birkachan site for 9 months and defer the
start of heap leaching at Birkachan for one year. It is not clear if heap leaching has resumed at Birkachan,
but it is expected to start at the Sopoka site of the hub in 2016.

Berezitovy Mine, Russia
The Berezitovy gold mine (owned by Petropavlosk) is an open pit operation, located in the far-east
Amur region of the Russian Federation. Originally, the processing was done through milling and CIP
circuits, but in late 2012 the mine expanded operations to include a heap leaching facility to treat lowgrade ore. The ore mineralization is polymetallic sulfides with silver, zinc and lead by-products. Known
reserves can take the operation to continue for at least eight more years.

Pioneer Mine, Russia
Pioneer mine (owned by Nordgold/Petropavlovsk Group) is the Group’s flagship mine, producing about
42% of its total gold production in 2013. One of the largest gold mines in Russia, Pioneer is located in
the Amur region, Russian Far East, 40 km to 60 km from the towns of Tigda and Zeya. The mine was
acquired as a green field deposit in 2001 and finally commissioned in 2008 with dual-circuit processing
facility: a resin-in-pulp (RIP) plant and a seasonally operating conventional heap leach pad. The RIP
plant has since undergone three expansions, enabling the cost-effective processing of bulk tonnage,
lower grade ores from across the mine site. The plant now has a processing capacity of 6.0 Mtpa to 6.6
Mtpa and produced 314,850 oz of gold in 2013.

Pokrovskiy Mine, Russia
Pokrovskiy (owned by Petropavlovsk Group), is a hard-rock open-pit gold mine located in the Amur
region, Russian Far East, approximately 35km from Pioneer mine. Pokrovskiy produced its first gold
from its heap leach facility in 1999. In 2002, its RIP plant was commissioned. To date, more than 1.85
Moz. of gold has been recovered from Pokrovskiy mine and the end of mine life is drawing close. With
the original pit at the Pokrovka-1 deposit almost depleted, mining has been gradually shifting to satellite
deposits of Pokrovka-1.
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Savkino Gold Project, Russia
White Tiger’s Savkino project is an open-pit gold mine producing 500,000 tpa of ore with a
conventional heap leach pad and an ADR plant, located 400 km east of Chita in the Zabaikalsky
Province of South Siberia. Crushing, agglomeration and stacking operate for six months per year, from
spring to autumn, on a 16-hour, two-shift basis. Heap leaching and ADR are designed for continuous
24 hours/day operation, 365 days/year. The leach cycle consists of 10 days of wetting with dilute
cyanide solution followed by up to 60 days leaching. The ore mined so far comprises of: 66% Oxide;
11% Transition; 12% Primary (11% is un-estimated) and the actual recovery is characterized as: Oxide
>72%; Transition 52% to 72%; and Primary <51%. The monthly average lowest and highest
temperatures are reported as –30⁰C in January and 25⁰C in July. Extremely bad weather in 2011
negatively impacted heap kinetics for an extended period and resulted in the drop in production.

Tardan/Staroverenskaya, Chazy-Gol and Kuranah Mines, Russia
The Tardan Mine (owned by Central Asia Gold/Auriant Mining), heap leached 123,600 t of crushed
ore with grade 1.57 gpt and produced 229 kg of gold in 1st half of 2014, almost double the production
in the first half of the previous year. In the same time frame, Staroverenskaya mine processed 49.6 Kt
of ore at grade 0.83 g/t and recovered 28.1 kg of gold. The Chazy-Gol Mine (owned by Auriant
Mining/Golden Star Co.) is located approximately 34 km from the town Askiz in the Khakass region.
It is a producing mine with on-going heap leaching exploration. There is well-developed infrastructure
in the region with many gold producers nearby. Located in the Sakha Republic (northeast Siberia), the
Polysgold’s Kuranah mine produced 137,000 ounces in 2014, 100% from heap leaching. According to
their latest annual report, the mine processes 3.8 Mtpa of ore.

Other Asian mines
Table 4 presents the data for mines in China, Mongolia and Kazkhstan, followed by more details for
each operation.

Aktogay Copper Mine, Kazakhstan
This project is owned by Kazakhmys and will heap leach 120.5 Mt of copper ore grading 0.37%
average. Ore will be processed as run-of-mine with a relatively fine particle size (P80 = 80 mm).
Following sulfuric acid heap leaching on a conventional leach pad, copper will be extracted by
conventional SX/EW circuits. Copper mineralization is principally chrysocolla, aktogayite, atacamite,
malachite and cuprite. The cold climate is accommodated through some special provisions including
insulated or buried pipes and valves, heated raffinate, thermal covers on the heap, buried drip lines,
floating balls in ponds, and backup generator power to avoid pump down time.
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Table 4: Operational and production details – mines from China, Mongolia and Kazakhstan
HL production statistics

Climate data

Mine name,
status

Heap
type

Metals
produced:
HL ore
grade

Aktogay,
Kazakhstan (c)

C

Cu
0.37%

12.0 Mtpa
48.1%

365

365

6

–14

Chang Shan Hao,
China (op)

C/I

Au
0.6 gpt

21.9 Mtpa
65.6–80%: Ox
24.6–70%:Su

365

365

5

–13

Boroo, Mongolia
(s)

C

Au
1.04 gpt

2.1 Mtpa
57.6–72.9%

365

365

5

–24

5

–24

Erdmin, Mongolia
(op)

Tonnage
recovery

Ore
stacking
(d/yr)

Irrigation
(d/yr)

Cu

Months Ave temp for
with ave
coldest
temp <0oC month, (oC)

Chang Shan Hao (CSH) Gold Mine, China
The CSH gold mine (China Gold International Resource Corp) is one of China's largest gold mines.
The project is located on the Inner Mongolian Plateau, approximately 210 km northwest of the city of
Baotou, at an average elevation of 1,550 m to 1,750 m above sea level. The mine site has a typical
continental interior climate in semi-desert conditions. The summers are dry and comfortable with
temperatures rarely exceeding 30°C. The winters (early October to mid-March) are cold and windy with
monthly average lows down to –20°C. Annual rainfall averages 230 mm, principally falling between
July and September. The facility includes a conventional open pit mine and heap leaching operation,
and the principal products are doré bars. Original ore processing capacity was 30,000 tpd, but an
expansion project began in 2012 to build capacity to 60,000 tpd. The facility has 2 leach pads which
vary in maximum heap height from 90 to 120 m. Phase 1 is a conventional or flat leach pad with external
pregnant solution pond, while Phase 2 is a hybrid between a conventional and a valley leach pad which
partially impounds solution. Gold recovery is forecast at 65.6% to 80% for the oxide ore and 25.6% to
70% for sulfides.

Boroo Gold Mine, Mongolia
Centerra Gold’s Boroo Mine is located approximately 250 km west-northwest of Ulaanbaatar, the
country’s capital. The gold deposit extended over a 2.5 km by 1.5 km flat-lying area with a series of
mineralized zones up to 400 m wide and 10 to 30 m average thickness. The facility had a standard
layout consisting of crushing, grinding, gravity concentration, cyanide heap leaching and gold recovery
in a CIL circuit. The plant was designed with a capacity to process 1.8 million tonnes of ore per year,
but the actual mill throughput was approximately 2.1 million tonnes per year. Boroo began commercial
production on March 1, 2004. Mining was suspended in 2010, resumed briefly from January to
September 2012, but the operation continued to mill lower grade stockpiled ore, producing 53,128 Oz
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of gold in 2014. In December 2014, the processing of the stock piled ore was completed, and during
2014 the mine produced approximately 1.8 MOz of gold.

Erdmin Copper and Molybdenum Mine, Mongolia
The Erdmin copper-molybdenum mine (owned by Eardnet Minerals Solution), located in the northern
region, approximately 400 km northwest of the Mongolian capital, Ulaanbaatar, is the largest mine in
Mongolia, and has been operational since 1978. A heap leach-SX/EW plant was commissioned in 1997
to process low-grade oxidized ore as an experiment. Since then, the mine has been operating year-round
at its name-plate capacity, producing 3,000 tonnes of copper cathode annually, establishing the viability
of heap leach technology in Mongolia's winters. During the winter, the company drills holes deep into
the heap and injects dilute sulfuric acid to prevent freezing. In 2009, a new SX/EW plant with a capacity
of producing at least 50 tonnes of copper cathode per day was under study. The status of this expansion
is unknown.

Summary
Cold-climate heap leaching is relatively common and has seen good success. There are approximately
70 heap leach projects in the Arctic, sub-Arctic, and sub-Arctic-like climate zones in the Andean
mountains. The authors researched 28 of these and various operating and design statistics are presented
in the Tables 1-4, above. Some of the projects studied have been in operation for 15 or more years,
suggesting sustainability and profitability. Some lessons learned from these operations are:
 Ore temperature being close to the average daily temperature when it is stacked, winter ore
stacking creates a heat sink in the system. Successful winter stacking in very cold climates
requires provisions such as: increased solution heating, ore temperature monitoring,
thermodynamic modeling, and a relatively large thermal mass. Also, large snow and ice
inclusions in the heap during winter stacking can create ice dams and promote heap freezing.
 Operational problems during the first one or two winters after commissioning are relatively
common, suggesting that additional measures should be implemented (such as solution
heating) until the heap has a larger thermal mass.
 Exposed ponds can freeze in winter and special provisions are required to protect liners and
avoid water shortages during stepped-up demand when ore stacking resumes in spring. On
the other hand, impounding VLPs are inherently more likely to leak and create compliance
issues (Breitenbach and Smith, 2012).
 Average temperature-based planning (which is generally the case) can require operational
adjustments such as additional solution heating, deeper dripper burial, and a shorter stacking
season, to accommodate colder-than-average temperatures.
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 Although there are successful impounding VLPs and dynamic heaps, the industry seems to
prefer conventional pads (57% of surveyed installations). This may be partly for economic
reasons as conventional pads are less expensive than VLPs (Smith and Parra, 2014), and party
due to liner leakage and compliance issues inherent with in-heap solution storage.
 For year-round irrigation, insulating and heat tracing or burying all piping including drip lines
(at depths dependent on site conditions) may be necessary. Providing spare irrigation area(s)
for the coldest sites in case primary drip areas freeze is a good idea. Seasonal irrigation
requires pond capacity for the seasonal drainage of the heap.
 Seasonal barren solution heating in the colder climates for at least the first 2 or 3 years might
be necessary until the thermal mass becomes sufficiently large; boilers and waste heat from
generators have been used in many cases.
 It is unknown whether the mixed success of the only bio-leaching operation included in the
study, Talvivaara in Finland, is cold-climate related or due to the extremely low grade ore and
declining nickel prices.
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Risk elements associated with the
design, construction, operation and
closure of heap leach facilities*
Terry Mandziak, Independent Consultant, USA
Dirk van Zyl, University of British Columbia, Canada

Abstract
As with most ore-beneficiation and process-water-storage facilities, heap leach pads and related water
management facilities are subject to technical and non-technical risks (referred to as risk elements)
associated with design, construction, operation and closure.
This discussion presents risk elements and associated causes that should be considered in the
design, construction, operational and closure phases in a heap leach life cycle. These risk elements are
based on lessons learned from numerous projects and are inclusive of the authors’ personal experience.
This presentation will provide definitions used in developing a risk assessment, and facilitate the
understanding of the potential extent of specific design, construction, operational, and closure risk
elements, as well the potential interactions between them. The discussion will also include examples of
qualitative risk ranking methods and how they can be used to evaluate the potential benefits of optional
risk mitigation methodologies, along with project development opportunities that can increase the
overall success of a project.

* Note that there is no accompanying full paper for this abstract.
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Heap leach mining using wick drain technology
Daniel Johnson, American Wick Drain, Inc., USA

Abstract
Even though geotechnical engineers and metallurgists strive to design and build a homogenous and
free-draining leach pad, there can often be variations in permeability that lead to uneven moisture
content and phreatic conditions internally. The reality is that even the best designed leach pad can have
areas of concentrated solution and saturation that lead to some significant challenges. Wick drains
installed in a heap leach pad can increase overall global stability of the structure and dramatically
improve metals recovery efficiency, thereby creating a safer heap leach process that leads to higher
recovery rates. This technology can also be used to re-establish flow in failing heaps with minimal
investment. Case studies and use in active operations have shown good results and will be discussed in
this paper. At Freeport-McMoRan’s Safford mine, wick drains were successfully used to remedy
problems with poor permeability areas that caused saturated zones within the heap. The results were
vast improvements with regard to stability issues and the release of trapped leach solution.

Variable permeability
Mine designers aim to develop and construct a heap leach (HL) pad that has constant rates of
permeability throughout the entire structure. Consistent permeability is critical to the success of the
operation with regards to predetermined dosing of the lixiviant, a measured optimal leaching time, and
a high rate of pregnant leach solution (PLS) recovery, which all directly affect the target rates for
element extraction. The reality is that, due to several factors, permeability can vary significantly from
one point to another within a heap pad.
Sources of changes in permeability within the heap:
 Release of fines from processing and degradation of ore caused by erosion or reactivity to
reagent exposure.
 Variable compaction rates due to traffic and weather.
 As the leach pad grows vertically, increasing soil pressures at lower elevations reduce
hydraulic conductivity of older ore material.
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Fines
Ore to be leached is intended to be homogeneous; however, all deposits are variable in nature and
material placed on a heap leach pad can be significantly different no matter how well planned the
project. There will naturally be differing gradations of ore material created during the various processes
that it goes through, including crushing, milling, transportation, and stacking. In addition to crushed
run-of-mine ore, agglomerated ore – which has high clayey fine content – presents the added challenge
of the potential introduction of fines into the leach pad. Layers of coarse and fine textured ore inevitably
develop within heap and dump leach piles as natural processes segregate coarse and fine material during
material placement. Segregation of heap leach materials will occur regardless of whether the material
is agglomerated or non-agglomerated (O’Kane, 2000). Also, ore erosion and degradation from contact
with lixiviant could take place which can lead to the release of fines. Ore degradation caused by mineral
dissolution and bacterial action through the leaching process is always a concern with leach piles. The
effects of ore degradation can include a decrease in shear strength of ore, the lowering of ore
permeability and increased degrees of saturation, and increased fines migration and the potential for
filter incompatibility (Thiel and Smith, 2004). And finally, as expanding pads age, whatever fines
present or released will migrate and collect at points within the pad and cause areas of diminished
permeability to develop.

Compaction
The use of driven machinery during typical mining operations results in localized compaction on the
pad. Also, equipment used for stacking and conveyance can cause variable rates of compaction.
Exposure to the elements at the surface, along with the reaction of the reagent with the atmosphere, can
create a skin or inconsistent lift interface that also reduces permeability by degrees. The common
treatment of ripping the surface before stacking the next lift can alleviate this somewhat, but it can still
result in zones of variable consistency. This type of surface compaction can create lenses of variable
permeability between lifts.

Hydraulic conductivity
In a paper titled “Ore geotechnical testing for heap leach pad design” (Lupo and Dolezal, 2011) the
authors discuss the relationship of HL pad height, internal soil pressures, and hydraulic conductivity.
They state that as a HL pad grows in height, hydraulic conductivity decreases in the lower elevations
as earth pressures increase. Their findings show that with both soft and durable ores, porosity decreases
as heap pad height increases. As the internal pressure rises, void spaces diminish, which allows fewer
and smaller pathways for liquids to migrate. If the permeability rates reach levels at or near the saturated
hydraulic conductivity of the ore material, then leachate application rates must be less than or equal to
those amounts. This line of thinking implies that as a heap leach pad moves through its life-cycle and
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continues to grow in height, there will be reductions of permeability at each successive elevation, with
the least permeable areas being the lowest placements.

Figure 1: As pads grow in height, soil pressures increase and
hydraulic conductivity in lower elevations decreases

Consequences
Some undesirable results of variable or reduced permeability within a heap leach pad are:
 saturated areas that can destabilize the pad;
 trapped and unprocessed PLS;
 reduction in leachate application rates below optimal;
 channeling of leachate solution;
 blinding valuable ore resources;
 reduced metal recovery.
Areas with lowered or zero permeability within the heap leach structure cause the PLS to be
blinded and immobilized internally. Phreatic zones create internal pressures greater than hydrostatic,
and these hydrodynamic conditions can destabilize the leach pad, which could lead to blow-outs,
collapse, or catastrophic failures. The risk of such an event is higher along the outer edges of each bench
or lift because there is less mass in place to contain the forces from localized saturation.
From the standpoint of elemental recovery rates, trapped PLS cannot be processed into the
targeted metal, thereby creating a direct negative impact on revenue generation. Perched solution relates
directly to diminished recovery rates and the bottom line.
Also, if the rate of permeability diminishes over time relative to the lowest benches within the
heap, then the leaching solution application rate must be reduced in order to avoid saturation at the
lowest levels. This slowing of the leaching rate could potentially affect metallurgical process beyond
optimum and more importantly, slow the overall mining process, which increases the opportunity costs
of the individual processes.
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The solution: wick drains
The use of prefabricated vertical drains (PVD), also known as wick drains, is a cost-effective method
to alleviate the problems created by trapped subsurface pore water and soil saturation in the construction
industry. PVDs have been used in the consolidation process for soft, compressible soils for the purpose
of improving and stabilizing, so that buildings or other structures can be built without a risk of longterm settling or subsidence. In many cases, soil settlement can take years because of slow water
movement and the great distance the water must move to exit the soil. The installation of prefabricated
vertical drains greatly reduces the distance the water must move to reach a free drainage path, and
thereby dramatically increases settlement rate.
The application of wick drains in a heap leach environment is still relatively new and is a
developing technology in the mining industry. Installing wick drains creates permanent vertical flow
channels that allow fluids to move vertically and horizontally beyond permeability barriers that create
phreatic surfaces and saturated zones. Wick drains can be used to remedy poorly draining leach pads
and reduce saturated zones, thereby increasing stability, and can be incorporated into heap design as a
proactive drainage improvement in suspect-ore situations.

Soil consolidation
Wick drains are thin strips (4.7 mm × 10.2 cm) of geocomposite drainage material that consists of two
components – a core which serves as a water conduit and a geotextile filter fabric which allows liquid
to pass while restricting the entry of fines and particulate matter. The PVDs may be installed employing
either vibratory or static crowd methods. In either case, the drain is enclosed in a tubular steel mandrel
of small cross-sectional area (usually 2 × 5 inches). A small steel anchor plate is attached to the wick at
the bottom of the mandrel. The mandrel is then driven into the soil either with a static crowd or vibratory
rig. When the design depth is reached, the mandrel is extracted, and the anchor plate retains the PVD
in the soil. When the mandrel is fully extracted, the drain is cut off, a new anchor plate is installed and
the process is repeated at the next location (American Wick Drain, 2009).
For normal soil consolidation purposes, PVDs are installed vertically to depths as great as 60
meters. The water, under pressure in excess of hydrostatic levels, flows through the filter and into the
channels, where it is led vertically out of the soil. This may be either up or down to intersecting natural
sand layers or to the surface where a sand drainage blanket or prefabricated strip drains are provided.
The water in the soil only has to travel the distance to the nearest drain to reach a free drainage path.
The drains are usually placed in a triangular configuration of 1 to 10 meters – depending on the desired
consolidation time specific to the subsurface geotechnical conditions. As a result of this method of
accelerating the consolidation process, uneven post-construction settlements can be virtually
eliminated.
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Figure 2: Wick drain material

Figure 3: Conventional vertical wick installation
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Figure 4: Close-up view of wick installation
Once the wick drains are installed, a surcharge is added to the surface of the construction zone.
The overburden is designed to meet or exceed the weight and footprint of the future structure or
building. Once in place, the weight of the surcharge exerts pressure on the underlying target soils,
mobilizes the pore water, and forces it vertically out of the soil. The voids left by the evacuated fluids
collapse, thereby settling/consolidating the soil. Soil consolidation with wick drains targets and
achieves a high level of predictable success with silty and clayey soils that have high fines contents and
low permeability. The consolidation time to achieve acceptable settlement becomes days and weeks –
compared to years or never.

Figure 5: Saturated soil settlement variations with
and without wick drains and surcharge materials
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Wicks in heap leach environments
The introduction of wick drains into heap leach pads, especially into expanding pad operations, can
dramatically reduce the effects of perched solution within the pad and thereby alleviate the associated
problems – such as dangerous saturated zones, trapped PLS, and minimized hydraulic conductivity
within the lower elevations. PVD installation on heap leach pads after the leaching cycle has been
completed creates a network of flow pathways for the PLS to migrate downward to the solution
extraction collection system. Wick spacing can be optimized by the geotechnical engineer in order to
provide the most cost effective installation while creating an efficient network for draining the pad.
While typical spacing for traditional PVD applications for soil consolidation is 1 – 2 meters, wicks have
been successfully installed up to 7 meters apart on a leach pad. Optimal spacing between wick drains
to maximize the combination of drainage, metals recovery, and costs continues to develop, but
anecdotal examples have shown that 7 meter spacing improves overall drainage and production,
increases PLS recovery and contributes to heap stability in some HL operations with agglomerated ore
heaps.

Case Study – Safford Mine, Freeport-McMoRan, Graham County, AZ
Introduction
Freeport-McMoRan’s wholly owned Safford Mine located 13 km north of Safford Arizona is a mining
operation that produces copper from crushing, heap leaching and solution extraction/electro winning
(SXEW). In 2012, the mine produced 79,400 tonnes of cathode copper. At Safford, ore is processed
and placed using typical mechanical means which include movable conveyances and radial stacking
equipment resulting in the creation of an expanding heap leach pad. The operation is comprised of two
separate phases with incremental lifts 4.9 meters in height. Overall pad dimensions are 762 meters wide
by 2,292 meters long on the Phase 1 pad, and 488 meters wide and 2,292 meters long for Phase 2, with
an ultimate height beyond 60 meters.

433

HEAP LEACH SOLUTIONS, 2015 • RENO, NEVADA, USA

Figure 6: Safford Mine, Phase I on right (Alexander et al., 2013)

Conditions
Each ore lift is leached with acid solution using drip irrigation systems for a leach cycle of 120 days.
During this time period, approximately 75% to 85% of the recoverable copper is extracted, and the
leaching solution percolates downward to be recovered within the collection system at the bottom of
the structure. As the pad increases in height with additional lifts, portions of remaining copper content
are residually captured as the leaching process continues above. After each leaching cycle ends, the pad
is allowed to drain for 5 to 10 days, the irrigation piping is removed, and the surface is prepared for the
next lift.

Figure 7: Radial ore stacking at Safford (Alexander et al., 2013)
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During the active life cycle for the Phase 1 operation which began in 2007, permeability issues
within the heap became evident. The Freeport-McMoRan team determined that areas of saturation had
developed internally based on failed cone penetration and other in situ tests. The low grade
agglomerated ore exhibited long-term degradation or decrepitation from exposure to the leaching
process, which has been found to release a problematic amount of fines. In part, excessive fine content
and differential compaction areas lead to variable levels of permeability, with the result of localized
phreatic surfaces. In mid-2012, a slope movement in one of the lower lifts occurred as a result of
elevated pore liquid pressures caused by internal saturation.

Solutions
In order to improve the stability issues and reduce rates of PLS recovery, the Safford team mobilized
to correct the problems caused by variable permeability within the heap. The most significant advance
was the decision to bring in wicking rigs and place vertical wick drains throughout the Phase I leach
pad (Alexander et al., 2013). Wicks were installed to a depth of 38 meters on a 7.6 meter spacing on
the Phase I leach pad. The lower ends of the wick drains were placed no closer than 5.2 meters above
the liner to avoid any risk of damage. There is also a “preventative” wicking program for the Phase 2
leach pad that includes wicking the interior of the structure as it grows to maintain and guarantee
continuous connectivity within lifts and promotion of free pathways for the PLS to percolate downward
to the collection system.
The immediate benefits of wicking the Phase I leach pad that have been observed:
 trapped PLS in confined layers was released;
 reduced pore pressures and lowered phreatic surface in zones of saturation;
 reestablishment of hydraulic connectivity which allows leach solution to contact more ore;
 increase in factor of safety and slope stability.

Weekly LOM Model
Actual SX Extracted
Figure 8: Production gains from June 2012 to May 2013
(Alexander et al., 2013)
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Results
The impact of releasing trapped solution from the heap via the wick drains has been profound from a
production standpoint. Between the start of the wick drain installation in late June of 2012, and the end
of May 2013, over 13,600 tonnes of additional copper have been recovered from the Safford Phase I
heap. Revenue from this increased production has far exceeded the cost of increased heap monitoring
and wick drain installation. A portion of this increased production is attributable to temporary increases
in PLS flow that rapidly drained from horizontal wells and vertical wick drains into the downstream
SXEW recovery system. However, the largest impact to production has resulted from an increase in
residual leaching due to the reestablishment of hydraulic connectivity between permeable areas in the
heap. The penetration of low permeability zones and lift interface boundaries by the wick drains allowed
ore to be contacted with “fresh” leach solution which restarted a dormant leaching process and produced
significant quantities of soluble copper (Alexander et al., 2013).

Conclusions
While still a new technology in the heap leach environment, the introduction of wick drains at the
Safford Mine has increased recovery, enhanced safety, and improved overall drainage. PVDs passing
through and penetrating the low-permeability zones create the open flow pathways for perched solution
to continue its migration downward towards the collection network as well as contact ores that may not
get fully exposed to the leaching process. The obvious benefits are the reduction in phreatic surfaces
and more consistent drainage rates and moisture contents within the heap which create a well-drained
environment with reduced chance of internal shear or slope failures along with higher rates of PLS
recovery. However, in the case of the lower levels of ore that could experience diminished rates of
hydraulic conductivity, the PVD functions exactly as intended for soil consolidation: Under increased
pressures from the overburden, pore water (PLS) is mobilized, and finds its way out via the PVD. With
wick drains in place in the lower elevations of the pad, there will always be flow channels to continue
allowing the free flow of leachate from above, and as pressures continue to increase as the pad height
grows, there will also be a mechanism to capture incremental volumes of PLS that otherwise might
remain trapped indefinitely.
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Estimating the costs of geomorphic
reclamation practices upon closure
of spent heaps and waste stockpiles
Scott Stebbins, Aventurine Mine Cost Engineering, Inc., USA

Abstract
With an ever-increasing need to improve public perception of mining projects by minimizing their
short- and long-term environmental impacts, a trend toward geomorphic approaches to reclamation of
spent heaps and waste stockpiles has emerged. Such approaches are designed to leave the landscape in
a condition that mimics the surrounding terrain, which then rely on the indigenous forces already in
play to mitigate and perhaps prevent long-term environmental degradation. Proposed projects can then
be presented to the public as temporary disturbances that will go unnoticed by future generations and
will hopefully reduce or eliminate perpetual monitoring.
While the full extent of all the benefits of geomorphic reclamation is sometimes intangible, the
costs are not and as such can be estimated with a relatively high degree of reliability. Evaluators must
weigh these assumedly higher costs (as compared to those associated with more traditional approaches
to reclamation) against hoped-for increases in public acceptance of the project and the real elimination
of perpetual reclamation and monitoring requirements to fully understand the economics of this
approach.
What follows is a series of procedures that enable evaluators to estimate the equipment, labor and
supply requirements associated with one of the more common geomorphic reclamation practices. These
requirements are compared to those associated with more traditional methods, and the differences are
detailed and analyzed.
Specifically, it is possible to estimate the hourly use requirements for any machine (a bulldozer,
for example) relied upon to contour surfaces to geomorphic standards given readily available
information such as the initial and desired slope angles, material densities (loose, compacted, and
settled), and the desired configuration upon closure. With such information, the costs of geomorphic
reclamation can be estimated and compared directly to the situation in which slopes are merely reduced
and stabilized to inhibit (but not necessarily prevent) future erosion and degradation.
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Although cases are examined, results presented, and comparisons made, it is the central goal of
this work to provide evaluators with the means to directly and reliably estimate the costs associated
with reclaiming a spent heap or waste pile to a very detailed set of unique, site-specific geomorphic
requirements.

Introduction
Geomorphic reclamation relies on the natural configuration of the surface of the earth to provide an
environment that sustains itself upon project closure without further input from the mine operator. By
emulating the surface characteristics of the surrounding terrain, the operator ensures that surface runoff
and soil erosion are controlled in a manner similar to that which occurs over the adjacent topography.
Intuitively, it would seem apparent that the additional costs of geomorphic reclamation would
more than offset the costs associated with long-term monitoring and maintenance, if long-term
monitoring and maintenance could be eliminated completely. However, the long-term cost can be
insignificant if the evaluation accounts for the time-value of money. For instance, the present worth of
an expense 25 years in the future would be 5.8% of that expense (at a discount rate of 12%). It is also
unlikely that geomorphic reclamation will eliminate the need for site monitoring in the short term.
So, it is worth the effort to weigh the costs of geomorphic reclamation in comparison to long-term
(perhaps perpetual) monitoring combined with random (and unpredictable) mitigation efforts. In order
to accomplish this, however, it must first be possible to estimate the costs of this form of reclamation.
This may seem difficult at first. Often equipment operators are simply told to make the face of a dump
or heap look like the natural face of an adjacent hillside, which of course is a perfectly viable approach.
Such an approach, however, does not lend itself easily to economic assessment. Even so, it is still
possible to carefully examine each aspect of the process of reconfiguring a slope to achieve the desired
result. By doing so, it then is possible to estimate the costs
While geomorphic reclamation is multifaceted, in the following pages we examine one aspect of
the process – that of reconfiguring the steep (angle of repose) slopes of spent heaps and waste stockpiles.
In order to reliably estimate the costs of providing a sustainable, geomorphic slope configuration to
such facilities, we must first fully understand the work needed to achieve that configuration.

Geomorphic slope reconfiguration – earthwork
As a brief review of the technique most often used to reduce the slopes of abandoned heaps or
stockpiles, it must be remembered that material is typically removed in a series of cuts, each of which
is designed to arrive at a final slope that meets regulatory or design standards.
To achieve this, a bulldozer cuts material from the face, dozes it to the slope crest, and then casts
it down the slope face. Critical, but often overlooked, is the fact that from the second cut on, some of
the cut, dozed, and cast material is material that has been previously cast (Figure 1). As such, the key
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to properly estimating the amount of material that the bulldozer must handle and subsequently, the cost
of slope reconfiguration, is to reliably determine the amount of material that must be rehandled along
with the distance over which it must be moved.

Figure 1: Recontouring – excavation details

To minimize cost, material is most often dozed the shortest distance possible to the slope crest.
As a result, the topography of the face of the resloped heap or stockpile mimics that of the original. To
arrive at a reliable estimate of the costs of geomorphic slope reconfiguration, we must then determine
the amount of material that must be moved and, more importantly, how far that material must be
transported. As compared to the process of reducing a slope in a non-geomorphic manner, it can be
demonstrated graphically that the volume of material that must be moved is similar for both cases
(Figure 2).
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Figure 2: Geomorphic recontouring plan – crest
As can be seen, it is the distance that material must be moved and its placement that require extra
work for a geomorphic result. For instance, if we design our topographic highs and lows and simply
move the material from the desired face directly to the edge of the active face, the result would be a
more-or-less mirror image of desired slope face configuration (Figure 2). So to achieve our desired final
configuration, material from the deeper cuts must be moved to the topographic extensions. The amount
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of material that must be moved this extra distance is a function of the configuration of the face. But it
can safely be said that this amount is proportional to the extremity of the relief of final topography.
It would be simple enough to estimate the extra distance a certain percentage of the cut material
must be moved, if that relationship remained constant all the way down the slope, but it does not. At a
point halfway down the face, the dozer is no longer excavating original material, but is instead moving
only previously cast material (Figure 3).

Figure 3: Recontouring – volume determinations
If all of the material excavated from the previous cuts has been moved in a way that places the
topographic highs and lows in the desired position, material moved from the mid-elevation cut on down
can simply be cast directly over the edge (Figure 4).
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Figure 4: Geomorphic recontouring plan – halfway point
Therefore, a case can be made that from the mid-elevation point down the process of geomorphic
slope reconfiguration mimics that of a more traditional slope reduction. From the top of the slope down
to the midpoint, the additional material transport needed to achieve the desired configuration transitions
proportionally from its maximum at the top of the slope to near zero at the mid-elevation point. It must
be stated that this approach, if followed literally, would result in channels that trace straight down the
face, which is not the desired effect. Consequently, some allowance must be made for a minor amount
of lateral transference of material along the face throughout the process.
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These relationships between elevations and material movement can be used to reliably predict the
dozer use requirements (in terms of hours) for geomorphic slope reconfiguration. The requirements are
estimated using straightforward cycle time calculations that account for changes in average transport
distance from one bench to the next, the amount of material moved, the compacted and excavated
material densities, the blade efficiency and subsequent capacity, the traction efficiency, and the
efficiency of the operator.
While (from the mid-elevation point down the face) most of the material that must be moved is
previously cast rock, it can be seen in Figure 4 that some material must still be cut from the original
face to meet the final surface relief requirements. But because some of the cast material is not rehandled,
the overall amount of material excavated and placed is roughly the same. As a consequence, the costs
for excavating and casting over the bottom half of the slope are similar to those of simply reducing the
gradient without the move toward a geomorphic configuration.
In the example illustrated graphically in Figure 4 (which represents the example used for the
following estimates), 9% of all the material moved in the initial cut (for estimating purposes) is sourced
from the centroid of the cut and dozed to the centroid of the fill. Even an amount of this minor magnitude
provides significant topographic relief. And as demonstrated earlier, the volume of this material
continuously (and proportionally) diminishes from one cut to the next until the mid-elevation cut is
reached, at which point all of the material is then dozed directly across to the slope crest.
Based on the approach outlined above, the following tables illustrate the differences in the cost of
geomorphic slope configurations as compared to straight slope reduction:

Table 1: 33 degree slope final slope (cost per 30 m of face width)
Stockpile height
(meters)

50
(reduction)

50
(geomorphic)

75
(reduction)

75
(geomorphic)

100
(reduction)

100
(geomorphic)

2

$3,563

$3,588

$5,676

$5,746

$8,544

$8,828

4

3,564

3,590

5,678

5,748

8,549

8,834

6

3,567

3,591

5,682

5,752

8,554

8,840

8

3,570

3,594

5,687

5,758

8,564

8,851

10

3,571

3,596

5,692

5,778

8,603

8,895

12

3,581

3,606

5,709

5,796

8,639

8,934

14

3,596

3,623

5,742

5,831

8,707

9,009

16

3,626

3,652

5,802

5,910

8,866

9,185

Underlying slope
(degrees)
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Table 2: 30 degree slope final slope (cost per 30 m of face width)
Stockpile height
(meters)

50
(reduction)

50
(geomorphic)

75
(reduction)

75
(geomorphic)

100
(reduction)

100
(geomorphic)

$4,152
4,159
4,162
4,172
4,188
4,220
4,288
4,409

$4,189
4,195
4,198
4,209
4,224
4,256
4,315
4,439

$7,537
7,552
7,584
7,608
7,673
7,781
8,019
8,444

$7,864
7,880
7,915
7,943
8,014
8,134
8,398
8,868

$12,765
12,794
12,863
12,916
13,059
13,298
13,831
14,780

$13,520
13,551
13,629
13,688
13,847
14,113
14,707
15,763

Underlying slope
(degrees)
2
4
6
8
10
12
14
16

Table 3: 26 degree slope final slope (cost per 30 m of face width)
Stockpile height
(meters)

50
(reduction)

50
(geomorphic)

75
(reduction)

75
(geomorphic)

100
(reduction)

100
(geomorphic)

2

$5,416

$5,673

$11,932

$12,771

$22,771

$24,733

4
6
8
10
12
14
16

5,446
5,476
5,531
5,628
5,812
6,122
6,737

5,707
5,740
5,802
5,909
6,114
6,456
7,138

12,017
12,105
12,274
12,573
13,148
14,114
16,036

12,865
12,964
13,153
13,487
14,131
15,207
17,350

22,963
23,157
23,535
24,218
25,530
27,726
32,100

24,948
25,165
25,590
26,357
27,828
30,286
35,181

Underlying slope
(degrees)

Table 4: 19 degree slope final slope (cost per 30 m of face width)
Stockpile height
(meters)

50
(reduction)

50
(geomorphic)

75
(reduction)

75
(geomorphic)

100
(reduction)

100
(geomorphic)

2

$10,354

$11,206

$27,974

$30,700

$59,752

$66,423

4

10,628

11,512

28,976

31,650

61,664

68,578

6

10,944

11,866

29,979

32,756

63,909

71,104

8

11,530

12,521

31,984

34,829

68,163

75,897

10

12,696

13,828

35,988

39,046

76,843

85,681

12

14,986

16,391

42,004

47,357

93,981

104,996

14

19,661

21,630

57,036

64,424

129,243

144,747

16

29,590

32,763

90,092

100,811

204,493

229,613

Underlying slope
(degrees)
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The most extreme case illustrated in these tables is the situation in which a desired final slope of
19⁰ is combined with a stockpile height of 100 m. As can be seen, the underlying slope angle has a
much more significant impact on the costs than does the approach to reclamation. If the operator places
the stockpile on an underlying slope of 16⁰, the cost increases by 58% over that of the same stockpile
placed on an underlying slope of 2⁰, whereas transitioning from straight slope reduction to geomorphic
reconfiguration (for an underlying slope of 14⁰) increases the cost by 12.6%.
The above costs include those associated with owning, maintaining, repairing and operating the
bulldozer as well as the wages of the dozer operator. The implication then is that these are the costs that
an operator would incur doing the work (as opposed to the costs that a third-party contractor would
incur). Also included are the costs of surveying and staking the slope during the process of
reconfiguring, of onsite supervision and of the engineering work necessary to determine the most
appropriate slope topography. The estimates exclude the costs for ancillary tasks such as placing topsoil,
tackifying, mulching and hydro-seeding the reconfigured slope. They do include the expense of cleating
the reconfigured surface to maintain temporary soil stability. Also not included in the costs are those
for mobilization, project management, contractor profit, or run-off channel fortification.
While many of the additional tasks required to reclaim a slope are carried out in the same manner
for both the traditional and the geomorphic approaches, the overall efforts are proportional to the surface
area of the face. Tasks such as topsoil placement, scarifying, soil amendment (mulching or fertilizing),
and seeding are almost identical to those for the non-geomorphic model, but a minor amount of
additional work is needed for each because of the increase in surface area. In the example analyzed
above, the area of the surface of the face increases by roughly 10% over that of a face without
topographic relief. Consequently, the per-unit-of-face-length costs increase by an identical amount.
Other associated tasks, such as design, engineering, surveying and managing the project are not
necessarily directly related to the volume of the material moved or the surface area of the face. However,
there is at least an indirect correlation such that the values used for these estimates need to reflect a
minor increase.

Data sources and cost estimate assumptions
All costs were derived through in-house, spreadsheet-based cost models. These models work with the
project parameters (volumes moved over specific distances and gradients, blade and traction
efficiencies, etc.) to calculate machine cycle times, which were then used to determine equipment and
labor needs. Price and wage data from Mining Cost Service (Leinart, 2014) were then applied to these
needs to provide the estimated costs.
Unit costs for the labor, equipment and supplies used in the models are as follows:
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Table 5: Unit costs
Labor
Foreman

$27.54/hour

Surveyor

$26.60/hour

Equipment operator

$26.64/hour

Mechanic

$31.40/hour

Laborer

$18.87/hour

Burden rate

39.3% of wages

Equipment operation
Diesel fuel

$0.914/liter

Lubricants

$2.776/liter

Repair and overhaul parts*
Ground engaging components*
Equipment ownership*
* Maintenance and repair parts, ground engaging components, and ownership costs are specific to each machine
and based upon manufacturer recommendations

Most of the cost of reconfiguring is of course attributable either to labor or to the expense of
owning and operating the equipment. Few supplies are consumed except those associated with staking
the slope as it is surveyed, the equipment-based consumables and for a full estimate (not included here),
ground preparation and cover.
Average cost distributions are listed in the following tables.
Table 6: Selected cost distributions (percent of total cost)
Final slope
580 horsepower bulldozer

19⁰

26⁰

30⁰

33⁰

Selected labor cost

20.4% to 58.2% 29.3% to 70.1% 44.4% to 76.2% 69.4% to 84.3%

Average fuel cost

24.4% to 10.8% 21.1% to 9.6% 18.8% to 9.2% 17.6% to 8.4%

Average equipment
operating cost

55.2% to 31.0% 51.5% to 19.7% 38.4% to 14.1% 11.8% to 4.3%

In the preceding table, the numbers to the left of each range are typical of the 100-meter-high
stockpile and the numbers to the right are those for the 25-meter-high stockpile.
Volumes excavated vary from one model to the next. These costs are based upon the size and
configuration of the stockpile, the degree of topographic relief of the reconfigured slope, the slope angle
of the underlying surface, as well as the cut, and the density, swell, angle of repose and compaction
characteristics of the material. In addition to the size of the stockpile and the steepness of the final slope,
costs are heavily influenced by the efficiency of the bulldozer’s blade (which in this case is a function
of the thickness of the cut, the width of the bench, and the slope of the cut surface) and by the bulldozer’s
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ability to gain and maintain traction (which is a function of the nature of the stockpiled material and the
weight of the machine).
Some of the engineering parameter values used in the evaluation are shown in Table 7.
Table 7: Site work evaluation parameters (for 580 horsepower bulldozer)
In-place density

1,910 kg/m3

Loose density

1,705 kg/m3

Compacted density

1,910 kg/m3

Blade capacity

18.5 m3

Blade efficiency

50 to 90%

Traction efficiency

70%

Excavated cut thickness

1.52 m

It is critical to note that each and every reclamation task can often be equally as complex as slope
reconfiguration. Consequently, the reclamation plan must be specific to site conditions and must
incorporate the pertinent parameters into the engineering calculations. And while the information used
in our work is based both upon observation and engineering calculations, the displayed values are
provided only as guidelines. Conditions related to weather, access, soil and rock characteristics,
equipment and supply availability and qualified labor sources all impact the design and must be
considered as one estimates the cost.
More cost information associated with these parameters can be ascertained from CostMine USA,
Inc.’s, Reclamation Cost Service (Leinart, 2014). Obviously, there are many more tasks that are
commonly required at each site. For information on others, please contact the author.

Conclusion
The cost of reconfiguring a heap or stockpile slope to a configuration that resembles the local terrain is
more than the cost associated with simply reducing the gradient of the slope to reduce channeling and
erosion. However, when viewed in terms of the daunting prospect of monitoring and mitigation in
perpetuity, the cost of this additional work is insignificant.
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Drying heaps, dumps and piles for closure
Thom Seal, University of Nevada, USA
Tim Kiley, University of Nevada, USA

Abstract
Meteoric water quality is often compromised when flowing through a man-made heap, dump or pile.
Meteoric moisture resulting from material absorption of seasonal precipitation remains within the heap,
dump or pile with no known method of moisture reduction, in some cases trapped within hundreds of
feet of material. These solutions are often not compliant with the various clean water acts, and are not
dischargeable. There are many options available to the operator of such a heap, dump or pile, including
a variety of covers, such as soil, clay, liners, barriers, solution treatment, etc. These options are
expensive: compliance guarantees are sometimes required for years and need maintenance, oversight
and often continual reagent addition with respect to water treatment. If a better method existed that
would ameliorate the likelihood of leached contaminants affecting drain water quality, the cost benefits
could be immense.
Laboratory column experiments simulating in-situ conditions were conducted on various size
distributions of rock material wetted to near the drain-down moisture to determine and model the effect
of air flow through a post-stimulated heap, dump or pile to dry the material from “the inside out”. The
Hydro-Jex stimulation re-channels the solution pathways and opens voids connected to the well,
allowing for an airflow path with mixing for a radius of up to 150 feet. Forced in-situ injected air
circulation in a confined column experiment, measuring the changes in air (i.e. flow, temperature, and
humidity) show a drying effect in a column of rock material surrounding a simulated well to below 3%
moisture. One of the column zones described by a determined size distribution was dried to 2.2%
moisture after being subjected to the circulating airflow for 135 days – a typical Nevada summer.
These experiments suggest that airflow through pipes in a column will dry out the heap, dump, or
pile during the warm summer months in excess of the anticipated meteoric season. This method can
reduce or eliminate the post-closure solution migration and preclude the need for a surface cover or a
water treatment facility. If the moisture in the heap is maintained at less than 3% seasonally then a very
precipitous winter season increasing the moisture of the heap, dump or pile from these low values to
one greater than a typical drain-down is unlikely in dry climate regions like Nevada.
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Introduction
In the spring of 2004 the first Hydro-Jex wells were placed in a mature Carlin-type heap leach pad
outside of Carlin, Nevada and the effectiveness of re-leaching was realized (Seal, 2005). Since that
time, hundreds of similar casements or wells have been stimulated, realizing millions of dollars in
previously unrecoverable revenue for mining companies from stranded inventory in mature heap
leaching operations across the central and western USA (Seal et al., 2011). Standard mild steel pipes
were sunk and perforated as deep as 500 feet (Seal, 2007).
Thanks to the support of the mining companies operating in Nevada, author and principal
investigator, Thom Seal, has been able to test a hypothesis of determining the effect in a laboratory
setting of forced air circulation in a Hydro-Jex well, post-stimulation, for the in situ drying of mined
material placed in piles. This new technology is called Dry-JexTM for Drying during air inJection and
exhaust.
A brief overview of the Hydro-Jex technology is presented as a platform for the Dry-Jex
technology. As the material is stacked higher and a pile grows taller, the material settles and the voidage
in the lower lifts compresses with a resultant lower permeability.
The Hydro-Jex technology was invented to mobilize the heap material in situ by injecting high
pressure barren solution, which resulted in enhanced gold recovery. It is named for water chemistry
(Hydro)-lixiviant solution inJection and metal extraction (Seal, 2004). The technology basically
involves drilling and sampling a leach pile and installing a well with zone perforations. The zones are
isolated using standard drill tools, and high-pressure solution is pumped in to open solution pathways
and channels, achieving improved permeability and three-dimensional leaching (Seal and Fink, 2008).
In addition, any pumpable solution or slurry with reagents can be metered into a specific location
in the interior of the heap to remediate any in situ adverse chemical conditions. The horizontal
component of the solution profile ranges from a 30 to 48 m (98 to 157 ft) radius, depending on the depth
of the targeted zone and the size distribution of the rock in the heap (Seal et al., 2011) (see Figures 1
and 2). In a typical Hydro-Jex treatment, 675 m3 (24,000 ft3) of solution is introduced to re-channel the
material per zone, which creates a large void space. The zones of a typical Hydro-Jex treatment well
are shown in Figure 3. Long after the stimulation, visible water vapor and moisture appeared in a freshly
uncapped Hydro-Jex well.

Hypothesis
Normally air diffuses only a few meters into a heap in three years, depending on void space, as shown
in Figure 4, which shows the vertical or horizontal depth of an air induced chemical reaction in a typical
heap (Bartlett, 1998). Thus there is very little air movement in the interior of a pile. If there is a humidity
and temperature differential with the outside air, vapor will “smoke” off the pile, as shown in Figure 5.
Hydrogeology principles show that solution in a pile will continue to drain down until the forces of
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gravity equal the surface tension, thus yielding the drain-down moisture. Experimental tests and field
experience have shown that due to capillary properties in small particles, the material will not dry further
in the interior of a heap or pile post drain-down, unless an energy source or a change in differential
pressure is applied. The solution retention and capillary rise is a function of rock particle size (Bartlett,
1998) (see Figure 6). Like an isolated saturated sponge post drain-down, adding a drop of water to the
top will result in a drop of water flowing out of the bottom.

Figure 1: Hydro-Jex solution stimulation in a heap with horizontal mixing and channelling

Figure 2: Hydro-Jex solution stimulation in a heap with horizontal mixing and channelling
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Figure 3: Hydro-Jex zonal treatment in an ore heap

Based upon these observations, it was hypothesized that a forced airflow initiated down the
existing well casements post-stimulation, rinsing and during heap closure would impart an energy
source of dry circulating air that could activate a drying effect across the layers of material among the
opened zones created by Hydro-Jex technology. Though air could not be forced to flow into the fractures
and micropores, enough drying of material in contact with the casement perforations and induced void
space could initiate drying of material further out by diffusion and suction for perhaps the entire radial
distance, thus creating the in situ sponge effect.
If a sponge dries in air and regains its ability to absorb and hold water by drying out the capillaries,
an ore heap or waste dump could similarly be seasonally dried across large sections of dumped material
during warm, dry summer months, allowing it to absorb and retain winter and spring meteoric events,
thus reducing, or alleviating altogether, the risk of meteoric water flowing out of the pile into the general
environment and/or ground water reserves (Seal, 2014). If there is no water flow from a heap there will
be no need for a water treatment plant. This technology can be applied to not only heaps, but waste rock
piles and other stacked material found in an arid climate. With this technology, the need for soil covers
(US Department of Energy, 2000) is all but eliminated.
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Figures 4 and 5: Air diffusion into a heap and vapor smokes off a heap
The obvious logistical issue is: how does an operator force air to circulate down a post-stimulated
Hydro-Jex, or other, well? The answer is by using a windmill. Many arid regions experience daily wind
events during the heat of the day. This natural cycling of wind velocities with dry air is just the energy
source needed to drive the circulation system to dry out the heap or pile. Relying on a natural energy
source such as wind power will be inexpensive and efficient, and will require a minimal amount of
maintenance; thus it is practical. A typical vertical wind turbine (VWT) can be mounted on the top of a
Hydro-Jex well. Often VWTs are limited in electrical production due to changes in wind velocity and
resultant uneven electrical production, but with this application all wind velocities can be used to
circulate dry air. Usually heaps have minimal wind obstructions, so the VWT will not need to have an
elevated profile. VWT devices for this application are shown in Figures 7 and 8. This technology is
currently patent pending.

Experimental design
In order to simulate field conditions as much as possible, waste material from the old Virginia City,
Nevada Comstock Mine location was gathered and prepared by separation into size fractions and
recombining into three distinct “zones” representative of size distributions found in ore heaps and waste
dumps. The material acquired for the experiment by author and graduate student, Tim Kiley, had a large
fraction of -200 mesh and so was adjusted as follows in Figure 9. Because of the size of the laboratory
experiment, only the smaller size fractions of a typical crushed or ROM material were selected and
proportioned, thus eliminating the larger material from the experiment. It is hypothesized that this
smaller rock fraction will have reduced void space and thus reduced natural diffusion when compared
to normal mine ROM and crushed material in heaps and piles. In addition, the smaller size fraction will
have higher capillary properties and the clay particles will resist drying and thus inhibit the water vapor
from migration and diffusing to the center well where air circulation occurs when compared to heaps.
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Figure 6: Solution retention, volume % and capillary rise for various rock sizes ( Tyler mesh)

Figures 7 and 8: Vertical wind turbines for electricity generation and Dry-Jex design
The experimental results will be biased to a slower rate of drying when compared to field
conditions of normal heaps and waste rock piles. Thus, any scale-up of this experiment to actual piles
and heaps will likely show a shorter drying time (a faster drying rate) as a function of air circulation
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movement than observed in these laboratory experiments due to field higher intake air temperatures,
void space, and lower relative humidity.

Figure 9: Initial size distribution of material and adjustment for Dry-Jex experiment
The composites created were based on standard (Tyler) sieve sizes in mesh, but due to the large
amount of material to be separated into fractions, the Gilson TS-1 Test Screen (sieve shaker) was
utilized and the standard mesh sizes adjusted to Gilson screen sizes available.
 Zone 1 Composite Specifications: -40 to +200 Mesh

(Top Zone)

 Zone 2 Composite Specifications: -4 to +100 Mesh

(Middle Zone)

 Zone 3 Composite Specifications: -4 to +40 Mesh

(Bottom Zone)

Adjusted accordingly, the zone composites closely resembled, by similitude, a scaled down size
distribution for fine crushed, crushed and ROM for the purposes of experimentation in the lab using a
column. No agglomeration was conducted on the samples.
A representative sample of the material used in the experiments was analyzed by a
stereomicroscope equipped with digital camera. Micropores in the larger sized fractioned particles were
observed, as shown in Figures 10 and 11. The photographs show a degree of microporosity similar to a
Carlin-type heap leach ore.

Figures 10 and 11: +4 and +8 mesh representative particle size showing microporosity
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The material used in creating the zone composites had the following characteristics as measured
and calculated using standard methodology: density of 2.2 g/cm3; bulk specific gravity of 1.25; and
voidage of 0.433 (Geiger and Poirier, 1973). Water drain-down tests for zone composites determined
the following percent moisture values: Zone 1 – 21.55%; Zone 2 – 20.02; Zone 3 – 19.06%. These tests
verified that the moisture of the material in each zone on loading of the column was close to the
maximum saturated drain-down moistures of each zone.

Figure 12: Geo-composite cut to fit column
To simulate the radial voidage caused by the Hydro-Jex stimulation, standard layers of cut
geocomposite “rounds” were placed between layers of the composite material, separating each sized
zone into three layers, each zone separated by two layers of 6-mil visqueen plastic (see Figure 12).
While the depth and placement of the layers and geocomposite sections did not exactly match the scale
of the Hydro-Jex well, care was taken to select the radial distances from the small diameter pipe in
similitude to provide substantiation for the hypothesis should some or each of the layers dry to a low
percentage moisture from pipe to column wall.
To simulate the perforations cut into the casements at the Hydro-Jex sites, holes were drilled into
a ½″ galvanized steel pipe that would serve for the in-column casement. The drill holes were spaced to
accommodate 3″ layers of material and were covered with screen to further simulate the perforations in
the Hydro-Jex casements. The comparison is shown in Figures 13 and 14. Hose clamps were placed
below the drill holes to hold the geocomposite sections in place at the drill hole sites.

Figures 13: Perforations in a Hydro-Jex casement

460

HEAP LEACH SOLUTIONS, 2015 • RENO, NEVADA, USA

Figure 14: Well perforations for simulated laboratory casement
A 3/8″ inch pipe was inserted into the 1/2″ pipe to serve as a drawtube for the flow of air down
the annular area created by the combination of the two pipes. Negative pressure was induced at the top
of the 3/8″ exhaust pipe using a standard 3″ bilge fan (Rule 140 Marine Bilge Blower) powered by a 12
V car battery, Figures 15 and 16. A system of reducers connected the fan to the top of the 3/8″ pipe as
shown in Figures 15 and 16. A coupler was connected to the top of the fan and a 10″ extension was
added on top of the coupler. Several variations of this configuration were attempted before arriving at
an arrangement that gave maximum air speed at the extension end. In the final analysis, placing the air
speed anemometer (ExTech model # 451126) between the coupler and the extension proved the best
for maximum airflow through the system. See Figure 16.
In the first trial, simple gypsum soil moisture blocks (SMBs) were used to measure soil moisture
and water potential changes. The gypsum blocks are actually designed to measure water potential or
soil suction. The blocks were placed centered, one in each of the 3″ layers. Readings were taken on a
digital soil moisture meter (SoilMoisture Equipment, Inc. model 5910-A) and were comprised of values
between 100 and 0. After allowing the column to equilibrate for 24 hours the first readings were taken,
96-97 for Zone 1 with the highest initial moisture content and 94-95 for the other two Zones.
The interior of the experiment with the zones and circulating pipe is shown in Figure 17. For Trial
#1 of the experiment only the gypsum-style soil potential sensors were used and were placed at varying
distances from the wall of column, from within an inch and a half to centered in the layer and to 2 inches
from the circulating pipe. The soil moisture sensors and digital soil water potential sensors were added
for Trial #2. Holes were drilled to align with the center of the 3″ layer and the sensor wire was lead
through the drill hole for connection to reading devices. The hole was sealed with silicone caulking to
prevent exposure of the material to outside air.
Specifications for column construction (Figure 17):
1. The column measured 22″ in diameter, 34″ in height, a standard plastic barrel.
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Figures 15 and 16: Lab experiment set up: isolated
barrel with material in zones with drying fan
2. The central 1/2″ pipe is shown; the smaller, centered 3/8″ pipe is not.
3. The 3/8″ pipe extended 19″ above the top of the column to attach the ventilating
components/fan system.
4. Double layers of 6 mil visqueen were used and a larger diameter double layer was
stretched across the top of the column and taped to the outside column wall to further
prevent evaporation from ambient air.
Measurements for airflow were taken at 12-hour intervals along with the soil water potential
measurements in Trial #1. Initially over a larger diameter exhausting port five anemometer readings
were taken, one at each quadrant with the anemometer vane at the edge of the exhaust component rim
with a final measurement taken at the center. These were then averaged. The addition of a longer exhaust
port halfway through the experiment allowed for a single reading due to complimentary diameters. For
Trial #2 a laptop was purchased with digital software for the ExTech 451126 and continuous monitoring
of the exhaust air speed was made possible.
Due to vagaries in the humidity readings for Trial #2 with the Campbell Scientific HC2S3
Temperature-Humidity sensor, a regimen of taking manual humidity reading with the small weather
station was implemented, as in Trial #1, at twice daily intervals. Later, the readings from both humidity
sensors were correlated and a correction factor was determined that allowed measured moisture loss to
fit with the before and after material experimental percent moisture findings.
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Figure 17: Drawing of experiment showing placement
of SMS-soil moisture sensors, SPS-soil water potential sensors

Results and discussion
Table 1: Before and after % moisture content for Dry-Jex Column-Trial #1
Zone

% Moisture (initial)

Average % moisture
(final)

 % Moisture (loss)

1

20.8%

4.0%

16.7%

2

16.8%

3.2%

13.6%

3

17.1%

3.4%

13.7%

All/Average

18.2%

3.5%

14.7%
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At the final % moisture values all of the SMB readings were 0. Trial #1 was conducted over a 97-day
period from April 11, 2014 until July 15, 2014. During the 97-day trial, the bilge fan burned out and a
replacement was not available for three weeks. During this time the column was kept sealed and the
pipes were capped. The total time for the trial, achieving the results described in Table 2, was 77.8 days.
In both trials, moisture loss due to airflow drying proceeded from the topmost layer in the column to
the bottommost, with some overlap, overlap increasing at the bottom three layers as shown in Figure
18:
Soil Moisture Block Readings-Trial #1
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Figure 18: SMB reading vs time for Trial #1, showing decrease in material moisture
For the second trial, soil moisture and soil water potential sensors from Decagon Devices, Inc.
were used in place of the SMBs. Data from the soil moisture sensors (SMSs, Decagon Devices, model
5TM) and the soil water potential sensors (SPSs, Decagon Devices, model MPS-6) were read and stored
in a Campbell Scientific CR800 data logger, programmed to log and record volumetric water content
(VWC) in cubic meters of water per cubic meters of material and soil water potential in kPa. Due to the
sensitivity of the digital SMSs and SPSs, the second trial ran longer and achieved a lower final moisture
content for the material in the column, Table 2.
Table 2: Before and after % moisture content for Dry-Jex column – Trial #2
Zone

% Moisture (initial)

Ave. % Moisture (final)

 % Moisture (loss)

1

19.8%

3.2%

16.6%

2

16.2%

2.4%

13.9%

3

18.3%

2.2%

16.1%

All/Average

18.1%

2.8%

15.5%
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Though the logged data showed a significant amount of electronic noise, the potential readings
observed in Trial #2 showed a similar pattern of drying in the column from topmost to bottommost layer
in succession with overlap as shown below in Figure 19. Three of the SPSs showed a lot of electronic
noise as the data was logged and graphed. Only minimal smoothing was done to preserve the integrity
of the overall measurement structure.

Figure 19: Soil water potential drops versus time for Trial #2

Due to the type of fan used and reducer/component configurations, variations in air speed were
recorded. In Trial #1 the system was shut down for three weeks due to inability to replace the burned
out fan in a timely fashion. During this time the reducers and other components were removed and the
two pipes capped to prevent moisture loss while waiting for a replacement fan. Averaged air speeds
versus time are graphed in Figure 20. Though the configuration of the reducers, fan and exhausting
ports was kept the same for the times preceding and after the replacement wait-time, the air speed was
significantly lower during the last three weeks of the trial. A similar average air speed graph was
prepared for Trial #2, shown in Figure 21.
Using the air speed measurements taken through a known area – the vane of the ExTech
anemometer - air flow by volume was correlated with intake and exhaust humidity levels to determine
a second moisture loss rate, mass of water loss per volume of air by moisture content. These and a more
basic rate in mass of water per unit time are shown in Figures 21 and 22.
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Figure 20: Average air speeds for the duration of Trial #1

Figure 21: Average air speeds for the duration of Trial #2
During Trial #2, issues with the Zone 3 (bottommost) layers in the column arose, including
moisture forced from the composite layers, likely due to compaction, impeded the air flow. The
insertion of a Campbell Scientific Temperature-Humidity sensor in the exhaust port caused significant
friction effects as well and for during the first month of Trail #2 these issues were ultimately resolved
by experimenting with various configurations of the exhaust ports and sensor positions. Eventually the
final configuration was adopted and the fastest air speeds of the two trials were realized. Most likely,
due to this “slow start” Trial #2 ran 60 days longer overall than Trial #1.
In both trials, an unusually high rate of moisture loss was seen in the first layer followed
reasonably similar and likely rates down the column. It is also significant that when the airflow
increased the drying rates increased as well.
A possible mechanism by which moisture moved across the layers from column wall to exhaust
casement is suggested in Figure 24 (Kiley, 2015).
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Figure 22: Drying rates for Dry-Jex trials in mass of water loss per unit time (g/min)

Figure 23: Drying rates for Dry-Jex trials in mass of
water loss per unit air flow (g H 2O/m3 air)
As material near the pipe dried, suction causes micro-evaporation above and below the
geocomposite layers causing water in wetter, neighboring areas to transport across. Thus a “Zone of
Influence” (ZoI) was created, likely in toroidal volumes, nearest to the pipe, initiating diffusive effects
within each layer. Motion of water and micro-evaporation across the layer proceeded in horizontal flows
towards this ZoI, rather than in vertical movement toward the geocomposite. Further testing would need
to be accomplished using many microsensors along proposed pathways.
Nevertheless, it is clear that this kind of minimal, non-treated (ambient) airflow down a long pipe
with only a small exposure to fractures in material can affect a large evaporative outflow of moisture
from wetted material if sufficient void spaces connect the material to the well bore. The experiments
conducted at UNR proved that forced dry air will dry a zone of material from the drain-down moisture
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to about 3% moisture. The applications to the mining industry for drying out heaps, waste dumps and
piles could prove significant.

Conclusions and recommendations
Further design work is underway to maximize the VWT design and improve the efficiency of the DryJex technology. There are new radical VWT designs that show simplicity and potential adaptability to
the Dry-Jex system, which would be the best application for wind energy. The apparatus can be easily
bolted onto a Hydro-Jex well head and can be constructed of recyclable plastic with natural brown, tan
and light green colors to blend with the natural topography.

Figure 24: Moisture travelling across layer by suction
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Eleven-year performance evaluation
of the evapotranspiration cover
at Barrick Goldstrike Mine’s AA Leach Pad*
Michael A. Milczarek, GeoSystems Analysis, Inc., USA
Guosheng Zhan, Barrick Gold, USA
Jason Keller, GeoSystems Analysis, Inc., USA
Joe Giraudo, Barrick Gold, USA

Abstract
Barrick Goldstrike Mine is located in north-central Nevada. The AA Leach Pad is a HDPE lined gold
heap leaching facility operated from 1987 through 1999. At the end of operation the total area of the
pad was approximately 224 acres and consisted of 55 million tons of run-of-mine leached ore. In 2000
and 2001 the AA Pad was reclaimed using an evapotranspiration (ET) cover designed to limit
meteorological infiltration through the leach pad. The ET cover consisted of 3.5 to 5.5 feet of fine
grained soil cover derived from salvaged topsoil or tertiary-aged valley fill deposits (Carlin silt) placed
over the leached ore. To monitor the ET cover’s capacity to store and release precipitation water, eleven
near surface (up to 8 feet below ground surface) cover performance monitoring sensor nests were
installed in 2001 and three additional sensors nests were installed in 2005. Sensor nests were
instrumented at various depths with water content, water pressure potential and temperature sensors,
and in the 2005 sensor nests, water flux meters. Sensor nest locations were chosen to exemplify the
differences in solar aspect, slope location, proximity to constructed runoff channels, and cover material
types on cover performance.
Monitoring of sensor nests continued for eleven years and data indicated that the cover is
performing well, limiting average annual net percolation through the pad to less than one percent of
precipitation. Based upon the eleven years of data, there are clear indications of the factors contributing
to the success of the AA Pad cover system. South-facing slopes were more effective at reducing
percolation than east- and west-facing slopes due to their receiving more direct solar radiation. Slight
differences in net percolation were observed based on slope position; however, percolation was greatest
for those stations near runoff channels. Results from the AA Leach Pad cover monitoring study show
generalized ET cover system performance for closure of other comparable waste facilities and offer
guidance on ET cover system requirements in northern Nevada.
* Note that there is no accompanying full paper for this abstract.
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Details of the study methods and results are available in “11 Years of Evapotranspiration Cover
Performance at the AA Leach Pad at Barrick Goldstrike Mines,” published in Mine, Water, and the
Environment, Vol. 33(3), pp: 195–205.
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Understanding the leaching efficiency
of the Hydro-Jex® technology
Thom Seal, University of Nevada, Reno, USA
Naci Umut Duru, University of Nevada, Reno, USA

Abstract
Hyper-Leach is the name of the new technology used for high pressure leaching during Hydro-Jex®
operations, a technology used for in situ leaching of a heap. Hyper-Leach experiments were
conducted on oxide ore and flotation tailing samples to determine the effect of pressure at room
temperature to simulate the pressurized internal heap leaching reaction. Some experiments show
double the gold extraction in 30% of leaching time at room conditions when compared to lab bottle
roll tests.
Precious metals leaching extraction was higher than anticipated during the short time span of
pressurized stimulation in the interior of a heap using Hydro-Jex. Normal heap leach kinetics involve
days to months, so having a high gold recovery during the pumping simulation for a few hours is
above expectations.
The concept of previously leached precious metals inventory due to capillary solution migration
being held in place without a solution flow to sweep the values to recovery can explain some of the
solution grade response to the Hydro-Jex stimulation. But test work on drill samples reveals only a
small quantity of precious metal values fit this sweep effect.
Operational experience with the technology does show a remarkable increase in dissolved
oxygen in the leaching solution pumped deep into the heap via Hydro-Jex. Dissolved oxygen is
essential in the leach reaction and may be deficient in the interior of a mature heap. But this alone
may not explain the rapid kinetics of leaching in a few hours during stimulation.
Is there another phenomenon responsible? We theorize that high oxygen solubility, adequate
leaching lixiviants, and high pressure may be the answer. We refer to this phenomenon as high
pressure leaching or Hyper-Leach.
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Introduction
Nearly 30% of the world’s gold production is from heap leaching operations − 236 metric tonnes
gold/yr (Marsden, 2006). Thus, heap leaching is an important hydrometallurgical process for the
mining industry. Mature heap leach pads may retain 6 to 8 % of the recoverable metal values, even
after the final rinse operation. A heap is defined as mature when the ore is no longer being placed on
the pad. This is usually due to achievement of the permitted maximum height, or the mine
discontinuing ore mining. The stacked ore has a variety of local void spaces and volumes of material
that are compacted. The heap may also contain zones where the chemistry may affect the quality of
the drain-down solution as meteoric water passes through the pad. Hydro-Jex is a 3-D leach
technology invented to recover the stranded metal inventory from the pad while reducing the heap
rinse time and changing the chemistry of targeted zones. This technology is used widely in the United
States and is available to aid operators worldwide during leaching and rinsing before heap leach
closure.
Operations that use the technology experience higher precious metal recovery to the pregnant
solution than predicted from the short time span of stimulation in the interior of the heap. Normal
heap leaching is measured in weeks and months. Hydro-Jex stimulation induces barren solution and
additional reagents for a short duration of hours per zone targeted to re-channel the pad and reduce
dilution, while adding reagents for enhanced leaching during a later rinsing phase.
After working many years as a metallurgical manager for several large heap leach operations
and now utilizing that experience to teach the art of heap leaching in a university setting, one of the
authors has had the opportunity to develop operational hypotheses on observations made during a
variety of field operations, experiments, and tests. Thanks to the support of the mining companies
operating in Nevada, the authors have been able to test a hypothesis of determining the effect of in
situ leaching at elevated pressures in a laboratory setting to explain the improved metal recovery from
the Hydro-Jex technology.

Hydro-Jex technology development and operational review
A brief overview of the Hydro-Jex technology is presented as a basis for the hypothesis of improved
precious metal dissolution with elevated pressure. As the ore is stacked higher and a heap grows
taller, the ore weight settles and the voids at the lower lifts compress, with a resultant lower
permeability. Figure 1 shows the change in permeability for a typical Carlin-type heap to a permitted
height of 91 m (300 ft).
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Figure 1: Laboratory testing Carlin-type ore, coefficient
of permeability per depth in a heap, of (Seal, 2004)
Besides heap settlement, zones in the heap’s interior display reduced permeability due to truck
and equipment compaction, inadequate ripping of lifts after ore placement, lack of adequate
agglomeration, migration of fines, clay zones, and chemical precipitation. Thus in the interior of a
heap there may be zones of low permeability where the surface application of lixiviants will channel
around the material containing the un-leached or under-leached metal recovery. These compacted
zones become mostly unavailable to standard surface solution management leaching and rinsing
techniques. Thus the un-recovered metal values recognized as inventory in a heap are found in these
un-leached or under-leached zones in the heaps interior (Seal, 2007).
A Carlin Trend heap leach pad is shown in Figure 2 being re-sloped at 2.5 (H) to 1 (V) in
preparation for closure and to allow uniform solution application for a side slope leaching program
(Seal, 2005). These side slopes had been extensively leached for years prior to the re-sloping. The resloping was conducted in the early spring of 2002.

Figures 2: Side slope re-sloping for a Carlin-type ore heap
The effect of the re-sloping on the gold recovery is displayed in Figure 3 (Seal, 2003).
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Figure 3: Enhanced gold recovery from re-leaching a re-sloped Carlin-type ore heap
Thus rearranging the material in a heap will enhance gold recovery upon releach.
Figure 4 shows a geophysical resistivity survey of the location of a dry zone with a sampled drill
hole in the cut away. The assays of that drill hole are displayed in Figure 5.

Figure 4: Heap resistivity survey with a dry zone

Figures 5: Heap resistivity survey with drilled wells and assay data
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The assay data in Figure 5: AuFA is gold by fire assay, AuCN is cyanide soluble gold
determined by a cyanide shake test and AuWL is a new test for determining the amount of gold
dissolved and leached or rinsed with water or water leach (WL), and all units are troy ounces per dry
short ton. Thus the dry zone in Figure 4 shows the location of un-leached or under-leached metal and
the shadow or umbrella effect of a low permeably zone channeling the leach solution away from
leachable inventory below. The key to recovering this metal inventory is to transport the lixiviants to
the unleached or under-leached zones to leach the metal values and rinse the pregnant solution from
the individual rock surfaces and micropores.
Acknowledging the concept of moving material during the re-sloping and the resulting enhanced
gold recovery, a technology was utilized to mobilize the material in situ by injecting high pressure
barren solution and is called Hydro-Jex for water chemistry hydro-lixiviant solution injection and
metal extraction (Seal, 2004). The technology basically involves drilling and sampling a heap leach
pad and installing a well with zone perforations. The zones are isolated using standard drill tools, and
high-pressure solution is pumped in, to open solution pathways and channels, achieving 3-D leaching.
In addition, any pumpable solution or slurry can be metered into a specific location in the interior of
the heap. Due to the encasement of all the solutions delivered into the heap’s interior, strong reagents
can be used without environmental concerns. The reagents are mixed and diluted with other fluids that
make up the pregnant solution flowing from the heap. The horizontal component of the solution
profile ranges from a 30 to 48 m (98 to 157 ft) radius, Figure 6, depending on the depth of the targeted
zone and the size distribution of the rock in the heap (Seal et al., 2011). Geotechnical studies show a
static factor of safety against slope instability of greater than 1.5 during the pumping and the followup rinse process (Seal, 2008).

Figure 6: Resistivity survey monitoring of a Hydro-Jex stimulation in a heap leach operation
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Hydro-Jex wells are designed with casings driven down holes drilled in the heap and
perforated at target depths as shown in Figure 7, corresponding to locations identified as having high
concentrations of residual gold and/or adverse chemistry (Seal, 2007). Assays on cuttings obtained
during the drilling can be used to refine understanding of subsurface conditions; but Rucker (2010)
showed that assaying alone may not be adequate for describing the spatial distribution of hydrological
and metallurgical parameters and that these parameters can be better described by coupling traditional
assays with electrical resistivity characterization.

Figure 7: Typical Hydro-Jex well above HDPE liner with zones identified for treatment
Through a welded wellhead attached to the casing, a high-pressure pump is used to force
solution down into the interior of the heap, creating new solution paths while adding reagents to
targeted zones of under-leached ore, as shown in Figure 8. A downhole isolation mechanism isolates
each zone and controls the depth at which solution enters the heap allowing specific areas to be
targeted. Multiple depths can be targeted and treated by repositioning the isolation system. The
injection solution initially flows horizontal with very little vertical component, until in-heap solution
friction allows gravity to slope the pumped solution profile as shown in Figures 9 and 10, where
resistivity sensors were placed adjacent to the Hydro-Jex well (Seal et al., 2011). With low internal
pH in the heap, milk-of-lime slurries can be added to the injection operation to change the pH in the
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zone and alter the pregnant solution pH. In a normal gold heap, the void space has sufficient oxygen
to dissolve into the fluid film encompassing the rock particles. As heaps reach greater depths, the void
volume decreases and if organic carbon and/or sulfides are present in the heap, the oxygen
concentration in the void space decreases or is non-existent. Leaching gold and silver requires
dissolved oxygen and if oxygen is depleted, then leaching kinetics are reduced. The Hydro-Jex
technology mixes sparged air into the injection fluid to reach 11 to 13 ppm dissolved oxygen, as
determined in bench scale tests (Seal, 2004).
During this stimulation phase, any combination of reagents can be added to the solution pumped
down the well to accelerate gold dissolution or remediate any adverse chemical conditions. The final
stage of the process consists of periodically irrigating each well with leaching solution to rinse the
dissolved gold to the liner and to further enhance chemical changes.

Figure 8: Typical Hydro-Jex apparatus hooked
to barren line on a heap near a heap crest (Seal, 2013)
Typical Hydro-Jex® stimulation lasts for about 3 hours per zone and achieves pressures in situ
up to 2,070 kilopascals (300 psig).
Gold recovery from two heaps that underwent Hydro-Jex treatment are presented in Figures 11
and 12. Gold recovery at Cripple Creek and Victor (CC&V) was about 4,300 troy oz or over 8
ounces/stimulation hour.
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Figure: 9 and 10: Hydro-Jex solution pathway
depending on ore properties and stacking direction

Figure 11: Increase in gold production from 10 troy oz per week
by Hydro-Jex stimulation on a pad (Seal, 2008)

Figure 12: Pregnant solution grade vs time at CC&V.
Shaded areas for active injections (Seal et al., 2011)
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Hypothesis
Typical heap leaching occurs over periods of weeks and months. A 3 ft cyanide column test on a
crushed oxide ore is presented in Figure 13. The breakthrough grade was 0.0009 Au oz/ton solution
after about 48 hours post-solution application. Only 5.5% of the extractable gold (AuCN) was
recovered in about 72 hours with a maximum solution grade of 0.04 Au oz/ton solution. What would
be the extraction in just 3 hours, using pressure cyanide solution in situ injection? There must be a
different a mechanism that promotes a faster recovery.
One possible hypothesis is that during the Hydro-Jex stimulation the injected fluids rinse away
leached metal values that are contained in the rock micropores after normal surface solution
application for a long period of time when barren solution migrates horizontally through a low
permeability zone via capillary action, but these metal values are not swept away under surface
applications. This hypothesis may contribute to the recovery, but examining Figure 5, the values of
precious metals available for rinsing is relatively low. Another possibility to explain the higher than
enhanced recovery is the presence of sparged and dissolved oxygen in the stimulation fluid.

Figure 13: Pregnant solution grade vs time with a 3 ft cyanide column test on crushed ore
Often, in situ dissolved oxygen is at a minimum within a mature heap if any sulfides, bacteria or
organic compounds are present to utilize the available oxygen, thus there is not enough dissolved
oxygen for the gold leach reaction. Calculations show that oxygen solubility in water at 25 oC
increases from 8.3 mg/l at 101 kilopascals (14.7) psi to 51.8 mg/l at 621 kilopascals (90 psi) (Duru,
2014). But the observed leaching kinetics from a well aerated column leach test viewed in Figure 13,
still lack the kinetics observed during the pressurized stimulation treatment.
While the above contribution to gold recovery by enhanced oxygen solubility and sweep
efficiency may be significant, the key may be in the pressurized solution itself.
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Effects of pressure
When a viscous fluid is injected within unconsolidated and non-cohesive particulate matter, the flow
regime will depend on the ratio of inertial to viscous forces as described by the Reynolds number. At
low Reynolds numbers, less than ten, the flow can be described by Darcy’s Law with the hydraulic
gradient (i) proportional to the seepage velocity (q):
i = -Rq

(1)

Where R is the hydraulic resistivity (reciprocal of hydraulic conductivity). Fluid pressures within the
host media in this regime are sufficiently low that the overburden principle effective stress that holds
the media rigid is not exceeded and the fluid simply flows away from the injection source as leak off.
When pressures are increased and inertial forces greatly exceed viscous forces, the flow is considered
non-Darcian and the gradient is proportional to a nonlinear seepage velocity (Basak, 1977):
i = -aqm

(2)

Where m is a fitting parameter that relates, empirically, the relationship between gradient and
velocity, and a is the hydraulic resistance. At low Reynolds numbers the value of a approaches the
value of R in Equation 1, but at progressively higher Reynolds numbers, the turbulence itself adds a
head loss due to friction (Bordier and Zimmer, 2000), causing the value of a to diverge from R. At
this stage, the mechanical drag forces imposed by the higher velocity are still too low to move
particles away from the wellbore and the pressure is still lower than the overburden principle effective
stress caused by the weight of the overlying heap. Wu (2006) refers to this as a fixed bed flow.
As injection pressures are increased further, the internal fluid pressures eventually exceed the
overburden pressures and the flow regime changes dramatically. Wu (2006) explained that for these
pressures and fluid velocities, cavities can form near the injection point, and three stages of cavity
evolution can be explained as: (1) cavity initiation in the vicinity of the injection point when the
velocity of fluid reaches a certain critical value (a schematic of the cavity formation near the wellbore
is shown in Figure 15 A; (2) stable cavity development and fracture initiation in response to each
increment of velocity increase (Figure 15 B); and (3) unstable cavity propagation after the injection
velocity reaches a second critical value. Furthermore, Wu (2006) explains that these stages can be
explained by considering the drag forces applied to the particles by the fluid continuously seeping
through the particle assembly. The drag forces cause particles to move away from the injection point,
thus the particulate material is unloaded which causes a tensile volumetric strain in its vicinity. Once
this strain reaches a critical value, corresponding to the loss of contact between the particles in all
directions, a cavity forms. This critical strain value corresponds to the “fluidization” of the particlefluid mixture (Wu, 2006). When the injection velocity increases, the cavity or fracture begins
propagating until it reaches a stable state, Figure 14.
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Figure 15 shows the surface pressure imparted to the formation via Hydro-Jex treatment where
pressure is measured in time. Note the fracture initiation and formation breakdown in the curve, the
two drops in pressure sections.
Thus, the hypothesis for testing in the laboratory is to determine the effect of pressure on
cyanide leaching of a typical gold ore as compared to room pressure.

Methodology
High pressure cyanide leaching experiments were conducted on two different samples, Golden Days
oxide ore and flotation tails (CIL Feed). The Golden Days ore total gold (AuFA) and cyanide soluble
gold (AuCN) contents were 0.222 and 0.213 troy ounce per ton, respectively, whereas flotation (flot)
tailings samples AuFA and AuCN amounts were 0.028 and 0.0124 troy ounce per ton, respectively,
which is refractory. Fire assay analyses showed that Golden Days oxide ore has nearly eight times
more gold content than the flotation tailings. The cyanide leachable gold content (AuCN) for the
Golden Days samples was 96% of the total gold content. The cyanide shake tests showed that 44% of
the total gold amount was amenable to cyanide leaching for the flot tails sample (Duru, 2014). This
flot tails sample nearly reflects a post heap leach sample in grade and recoverability.
Standard metallurgical laboratory procedures of crushing, splitting, grinding and fresh sample
preparation prior to the leaching experiments were utilized, so the test data can be compared. Pressure
cyanidation tests were conducted in order to determine the kinetics of the gold extraction with
pressures higher than atmospheric conditions at room temperatures. The pressure leaching
experiments were carried out in a stainless steel Parr Instrument pressure reactor which could
maintain a maximum pressure of under 690 Kilopascal (100 psi). The rotational speed of the impeller
inside the pressure vessel was controlled by a variable stirrer motor.

Figure 14: A) Cavity generation and B) fracture initiation during injecti on.
P =pressure and σ =effective stress (adapted from Chang, 2004)
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Figure 15: Surface pumping pressure profile at the CC & V mine (Seal et al., 2011)
All the pressure experiments were compared to an industrial standard cyanide bottle roll test
(BRT), with initial rotational speeds for both the BRT (81 rpm) and pressure reactor (400 rpm)
adjusted to establish near identical kinetics prior to any high pressure leaching. The pressure for the
reactor was supplied from a standard commercial air and nitrogen gas cylinder and desired pressure
was maintained by means of a two-stage regulator mounted on the cylinder. Care was taken to leave
the head space air in place for the gold leach reaction. Slurry samples were withdrawn from the
reactor through a dip tube shared with a gas inlet valve. An illustration of the pressure reactor is
displayed in Figure 16.

Figure 17: Pressure reactor (Autoclave) cross section
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Cyanide bottle roll tests were conducted in order to assess gold recoveries by the standard
cyanide leaching technique. Ore was fed to a 1 gallon glass bottle with pre-determined amounts of
water, cyanide and base (Duru, 2014). Care was taken to have identical ground ore samples (P 80<200
mesh), precent solid pulps and reagent quantities in the leach experiments for comparison of only the
effects of pressure. Solid gold analyses were conducted by an outside industrial metallurgical lab.
Pulp solutions were centrifuged and freshly analysed using a standard atomic absorption spectrometer
(Varian Specta 55B). The average room pressure in Reno, Nevada was 85.5 kilopascals (12.4 psi).

Results and discussion
Heap leach kinetics on large particles for short time intervals of minutes and hours is beyond the
ability of the laboratory facilities at the University of Nevada, Reno (UNR). Thus, ground samples
were cyanide leached and studied to determine the effect of pressure by comparing the kinetic leach
curves from standard BRT tests with those conducted in a pressurized reactor (autoclave). The kinetic
leach curve for the higher grade oxide ore is presented in Figure 17.
Gold extraction was 42% higher at 2 and 4 hours at 621 kilopascals (90 psi) when compared to a
standard BRT at 85 kilopascals (12.4 psi), room pressure at the same grind size, percept solids,
reagent concentration, temperature and near identical stirring speeds. Another way to examine the
effects of pressure is the 621 kilopascals (90 psi) test extracted 64% of the gold in 4 hours compared
to 66% extraction in 8 hours for nearly a 50% reduction in time. It is important to note that the leach
grind size is much smaller than the size of material in a heap leach pad, but merely displays the
improved leach kinetics displayed with increasing only the pressure on this oxide ore. To investigate
the possibility of oxidation of ore material with compressed air during the cyanide leaching process, a
duplicate experiment was run with compressed nitrogen gas instead of air as presented in Figure 18.
No discernible differences were observed.
Further cyanide leach experiments were conducted on the lower grade, lower recovery ore
material, a flot tail, CIL feed as displayed in Figure 19. Gold extraction was 360% higher at 2 and
250% at 4 hours at 621 kilopascals (90 psi) when compared to a standard BRT at 85 kilopascals (12.4
psi), room pressure at the same grind size, percent solids, reagent concentration, temperature and near
identical stirring speeds.
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Figure 17: Bottle roll vs pressure experiments – air, CaO

Figure 18: Bottle roll vs pressure experiments – N2, CaO
Another way to view these experiments is that at 621 kilopascals (90 psi) and two hours
leaching time the gold extraction was 18%, slightly higher than room pressures experiments at 8 hours
leaching for a gold extraction of 16%, thus 25% of the normal retention time of normal BRT leaching.
Definitely faster leach kinetics! Additional experiments were conducted where the use of nitrogen gas
was substituted for compressed air in the pressurized experiment and showed no significant difference
from air experiments.
It is clear for the experiments conducted at UNR that pressure cyanide leaching shows
substantially improved leach kinetics and recovery when compared to leaching at room pressure and
temperature on ground ore. It is theorized that similar enhanced leach kinetics are present during the
zonal high pressure stimulation used with the Hydro-Jex technology.
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Figure 19: Bottle roll vs pressure experiments – air, CaO
This improved recovery experienced with Hydro-Jex is a combination of improved sweep
efficiency, enhanced dissolved oxygen solubility for the leach reaction and the impact of in situ
pressure to significantly improve the leach kinetics and metal recovery of un-leached and under
leached metal as inventory in a mature heap leach pad.

Conclusions and recommendations
Further experiments are planned to infuse the pressure in a UNR laboratory setting with solution
pumping instead of by an introduced gas. A new larger reactor is being assembled for larger samples
and higher pressures. Additional experiments on the kinetics of leaching and oxidation of ore material
will be conducted using a host of lixiviants and various ore types beyond just precious metals. This
technology is being called Hyper-LeachTM. Financial support for this research at UNR is encouraged.
Several heap leach operations are experimenting with single zone barren solution injection or
solution feed systems. It is becoming very clear that these systems can impart a perched water table in
the interior of a heap and will significantly dilute the preg grade of the solution flowing to the
recovery system if conducted over an extended period of time. In addition, these systems only treat
one elevation per well. The key to the efficiency of the patented Hydro-Jex technology is imparting
high pressure to a zone to rechannel the heap’s material for a short period of time, enhancing oxygen
solubility and sweep efficiency plus newly understood and improved leach kinetics due to elevated
pressure. The technology can easily move up and down the well and stimulate zones selectively and
then rinse the zones equally selectively in the heap material treated, as shown in Figure 20.
During normal heap leaching of ore using unsaturated flows, no additional pressure is added to
the leach solution during the leach cycle. In fact, the Hydro-Jex technology supplies sufficient
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hydraulic energy to mobilize the particles and rechannel the internal heap solution migration profile to
allow efficient reagent delivery and expand sweep efficiency, while eliminating any perched solution
build up in the heap by providing new channels for solution infiltration and migration. This
technology is the answer to heap blinding where the solution migration is horizontal to the pad’s
exterior, where it can exit as seeps. Thus using Hydro-Jex will reduce heap slope instability and the
need for inter-lift liners.

Figure 20: Hydro-Jex zonal treatment in a heap leach pad
Hydro-Jex offers a new solution management tool for operators of heaps by targeting,
stimulating, and leaching dry zones of under-leached inventory containing recoverable metal values
and has the ability to change the internal heap leach chemistry while shortening the rinse and closure
cycle. This technology should be used on every mature heap leach operation prior to closure.
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Estimating costs of cyanide
consumption for gold heap leaching
Aleksandr Stoopin, University of Arizona, USA

Abstract
Due to the low capital investment required for heap leaching and the current price of gold, many lowgrade gold deposits are now economical to mine. However, no two ore bodies are identical and costs
estimations for projects may be difficult to determine. Problems that can be encountered when heap
leaching gold deposits include the presence of clay, a pregnant-gold-solution-robbing material, or
deposits with high concentrations of heavy metals. These problems can greatly complicate the process
of estimating costs and recoveries, especially with low-grade gold deposits. Fortunately, many deposits
can be grouped into categories with similar characteristics for the purpose of analysis and cost
estimation.
Sodium cyanide (NaCN) costs were broken up into two distinct tables. The first looks at the
average costs by the deposit type, and the second looks at the sodium cyanide consumption by the grade
of the ore in the heap. Table 1 shows the results of comparing sodium cyanide costs with deposit type;
no clear correlation stood out between the costs between the different deposits. When ore grade and
sodium cyanide costs were compared, the data suggests that an increase in ore grade will lead to a
decrease of sodium cyanide cost per tonne ore; however, this is only true up to a grade of 1.0 gram/tonne
(g/t).
Along with sodium cyanide costs, the costs of some essential materials used in heap leaching are
presented. While those costs may not directly relate to cyanide consumption, the way in which heaps
are irrigated can affect the rate at which solution is pumped out and sodium cyanide solution is lost due
to evaporation.

Introduction
Heap leaching is a low capital cost approach to economically mine low-grade deposits. The process of
heap leaching, at its most basic, consists of stacking crushed and/or run-of-mine material onto an
impermeable layer, allowing solution to percolate through, and then collecting the pregnant solution
(solution with dissolved metal/s) and extracting the metal/s. The process of heap leaching may take
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weeks, months, or years depending on a variety of factors such as the composition of the ore, the grade
of the ore, local climate, temperature, and rainfall (Barratt et al., 2002).
With the reduction in numbers of high-grade deposits, the industry is looking to heap leaching as
an economical method to extract gold from low grade ore. Out of a sample of 61 mines that produce
gold from heap leaching, the average grade of these deposits was reported at 0.779g/t ± 0.371g/t
(IntelligenceMine, 2015). The use of cyanide in the heap leach process is essential to extraction of gold
from low grade ore. Below is the chemical reaction that occurs when cyanide solution comes in contact
with gold in ore.
2𝐴𝑢 + 4𝑁𝑎𝐶𝑁 +

1
𝑂 + 𝐻2 𝑂 + 2𝑂𝐻 − → 2𝐴𝑢(𝐶𝑁)−
2 + 4𝑁𝑎𝑂𝐻
2 2

2𝐴𝑢 + 4𝑁𝑎𝐶𝑁 + 𝑂2 + 2𝐻2 𝑂 → 2𝑁𝑎𝐴𝑢(𝐶𝑁)2 + 𝐻2 𝑂2 + 2𝑁𝑎𝑂𝐻
Figure 1: Chemical equations for gold and sodium cyanide
(Bouffard and Dixon, 2007;
Chamberlain and Pojar, 1984)
Although heap leaching is considered a low cost extraction method, the costs are still significant.
The total cost of reagents, including sodium cyanide, typically accounts for 2.8%-4.3% of the total costs
of heap leaching (Darling, 2011). At a price of $3.44/kg NaCN (sodium cyanide) and with a
consumption rate of 0.5kg/tonne, leaching 10,000 tonnes of ore could cost an estimated US $17,200.00
for just NaCN (InfoMine USA, 2014b).

Effects of cyanide concentrations
The rate of gold dissolution increases linearly with cyanide concentrations; i.e., the more cyanide, the
more gold will be in the pregnant solution over a period of time. However, there is a maximum rate at
which gold can be dissolved, and adding more cyanide after this point can have a retarding effect:
reducing gold recovery and increasing costs and leach times (Habashi, 1967). The amount of cyanide
that is considered too much varies on the grade of the ore and its components. Habashi estimated that
the maximum cyanide concentrations for gold dissolution at atmospheric pressure and room
temperature is 0.05% NaCN.

NaCN costs varied by deposit type
The purpose of the following was to identify trends between gold deposit types and the consumption of
NaCN. The following table depicts the results of comparing costs reported for 38 mines by each
company or estimated by the author. Mines were classified into one of six categories as defined by the
IntelligenceMine database.
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Table 1: Expected cost of sodium cyanide (NaCN) based on gold deposit type
NaCN cost US $/tonne
Deposit type

Number of mines

Minimum

Average

Maximum

Carlin/Sed. hosted

7

$0.71

$1.02

$1.34

epithermal

12

$0.34

$1.35

$2.41

Epithermal high sulfidation

4

$0.69

$1.17

$1.73

Epithermal low sulfidation

3

$1.03

$1.35

$1.70

Orogenic

4

$0.89

$1.46

$2.33

Porphyry

8

$0.88

$2.31

$3.74

$0.99

$1.44

$1.90

Average (38 mines)

Costs were estimated using InfoMine’s Intelligence Mine Database as well as InfoMines’s Mining
Cost Service. Data was compiled from a total of 61 heap leach gold mines, worldwide. Out of the 61
mines, 38 mines reported NaCN consumption rates. Each of the 38 operations was classified into one
of six categories. It is important to note that the grades of the deposits were not taken into consideration
in this table. A price of US$ 3.44/kg NaCN taken from InfoMine’s Mining Cost Service, was applied if
no cost was reported (InfoMine USA, 2014b).
Table 1 suggests that there is little correlation between the type of deposit and the NaCN
consumption. This is expected because the concentration of NaCN typically depends more on grade
than deposit type. However, this information should not be dismissed, because with each deposit type,
there are new obstacles in the heap leaching process that can increase NaCN consumption.

Carlin/sedimentary hosted deposits
In Carlin type and other sedimentary deposits, gold is generally microscopic and hosted in limestone or
shales. Clay and carbonaceous materials rob pregnant solution and may be encountered in varying
amounts (Darling, 2011). Pregnant solution robbing is the phenomenon whereby the gold cyanide
complex, Au(CN)2-, is removed from the solution by the constituents of the ore (Rees and van Deventer,
2000). As noted by Bernardo-Sanchez et al., clay has the “capacity to adsorb gold and silver ions from
solution and over greater time periods … the gold began detaching itself from the clay toward the liquid
cyanide solution. In testing, gold adsorption of the clay varied between 1.68% and 7.48%” (BernardoSanchez et al., 2010).
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Table 2: Average values for Carlin/sedimentary hosted deposits (IntelligenceMine, 2015)
Gold grade

0.869 g/tonne

US $ 29.34/tonne*

NaCN consumption

0.297 kg/tonne

US $ 1.02/tonne

Lime consumption

1.410 kg/tonne

US $ 0.22/tonne**

pH

10.5

Leach period

69 days

Number of mines

7

*Gold at $1,050/oz
**Lime at $156.53/tonne (Infomine USA, 2014b)

Epithermal deposits
Epithermal deposits are lode deposits that have either disseminated gold throughout the ore or in a
network of veins. Often ore is agglomerated with cyanide to start the leaching process earlier. With the
addition of cyanide to the agglomeration process, recovery was shown to increase by as much as 5.5%
(Lewandowski and Komar Kawatra, 2009). There have also been reports that adding sodium cyanide,
up to 1 kg/tonne, to the ore while agglomerating can reduce the leach cycle by 4 to 10 days (Bouffard,
2005).
Table 3: Average values for epithermal deposits (IntelligenceMine, 2015)
Gold grade

1.101g/tonne

US $ 37.17/tonne*

NaCN consumption

0.393 kg/tonne

US $ 1.35/tonne

Lime consumption

1.356 kg/tonne

US $ 0.06/tonne**

pH

10.7

Leach period

116 days

Number of mines

12

*Gold at $1,050/oz
**Lime at $156.53/tonne (Infomine USA, 2014b)

Epithermal high sulfidation
Epithermal high-sulfidation deposits are classified separately from epithermal deposits because of the
increased concentrations of sulfide-bearing minerals. Minerals commonly found in an epithermal highsulfidation deposit include, but are not limited to, pyrite, chalcopyrite, and sphalerite. Heavy metal
components such as Cu, Fe, and Zn, significantly increase the consumption of both cyanide and oxygen
(Dai and Jeffrey, 2006). The addition of 20 mg/L of lead nitrate, Pb(NO3)2, to the solution can mitigate
the effects of the high concentrations of sulfides (Dai and Jeffrey, 2006).
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Table 4: Average values for epithermal high sulfidation deposits (IntelligenceMine, 2015)
Gold grade

0.773 g/tonne

US $ 26.10/tonne*

NaCN consumption

0.339 kg/tonne

US $ 1.17/tonne

Lime consumption

1.538 kg/tonne

US $ 0.24/tonne**

Leach period

95 days

Lead nitrate

US $ 120.75/kg

Number of mines

4

*Gold at $1,050/oz
**Lime at $156.53/tonne (Infomine USA, 2014b)

Epithermal low sulfidation
Epithermal low-sulfidation deposits are classified separately from epithermal deposits because of the
decreased concentrations of sulfide-bearing minerals. While epithermal low-sulfidation deposits may
have lower concentrations of sulfides than deposits classified as either epithermal or epithermal highsulfidation, there may still considerable concentrations in the ore.

Table 5: Average values for epithermal low sulfidation deposits (IntelligenceMine, 2015 )
Gold grade

0.740 g/tonne

US $ 24.98/tonne*

NaCN consumption

0.393 kg/tonne

US $ 1.35/tonne

Lime consumption

1.12 kg/tonne

US $ 0.02/tonne**

pH

11

Leach period

90 days

Number of mines

3

*Gold at $1,050/oz
**Lime at $156.53/tonne (Infomine USA, 2014b)

Orogenic deposits
Orogenic deposits are defined by quartz veins that contain 3 to 5% sulfide material and 5 to 15%
carbonate material. The veins are typically found in greenschist or another metamorphic rock (GebreMariam, 1998).
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Table 6: Average values for orogenic deposits (IntelligenceMine, 2015)
Gold grade

0.685 g/tonne

US $ 23.12/tonne*

NaCN consumption

0.424 kg/tonne

US $ 1.46/tonne

Lime consumption

2.600 kg/tonne

US $ 0.41/tonne**

pH

10.25

Leach period

130 days

Number of mines

4

*Gold at $1,050/oz
**Lime at $156.53/tonne (Infomine USA, 2014b)

Porphyry deposits
Porphyry deposits, typically mined for copper can contain economic concentrations of gold. They are
typically split up into oxides, secondary sulfides, and primary sulfides (Darling, 2011). Due to the
presence of copper-bearing minerals, the formation of copper cyano-complexes and soluble sulfides in
solution can occur and result in increased consumption of NaCN. Depending on the concentrations of
copper in ore, NaCN consumption can range from 0.2 to 2.0kg/tonne NaCN (Coderre, 1999).

Table 7: Average values for porphyry deposits (IntelligenceMine, 2015)
Gold grade

0.715 g/tonne

US $ 24.14/tonne*

NaCN consumption

0.672 kg/tonne

US $ 2.31/tonne

Lime consumption

4.000 kg/tonne

US $ 0.63/tonne**

pH

10.6

Leach period

70 days

Number of mines

8

*Gold at $1,050/oz
**Lime at $156.53/tonne (Infomine USA, 2014b)

The purpose of comparing the gold deposits was to show correlation between the deposit types and the
costs of sodium cyanide, NaCN. However, as shown in Table 1, there is variation within each category
of deposit that overlaps with other deposits. This suggests that there is no direct correlation between
NaCN costs and the gold deposit type.
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NaCN cost by gold grade
The purpose of comparing sodium cyanide costs and gold ore grade was to show correlation between
the two. The table below was produced using the reported gold grades, sodium cyanide consumptions,
and sodium cyanide costs of the same 38 mines used above.

Table 8: Expected costs of NaCN by gold grade
NaCN Costs by ore grade US $/tonne
Gold grade (g/t)

Number of mines

Minimum

Average

Maximum

<0.40

4

$0.89

$2.38

$3.87

0.40≤×<0.50

4

$0.36

$1.91

$3.47

0.50≤×<0.60

5

$0.48

$1.21

$1.93

0.60≤×<0.70

5

$0.26

$1.21

$2.16

0.70≤×<0.80

5

$0.72

$1.10

$1.48

0.80≤×<0.90

4

$0.76

$1.02

$1.28

0.90≤×<1.00

4

$0.45

$0.94

$1.44

≥1.00

7

$0.99

$2.42

$3.85

$4.50
$4.00

Cost US $/tonne

$3.50
$3.00
$2.50
$2.00

Minimum

$1.50

Average

$1.00

Maximum

$0.50
$0.00

Gold Grade (g/t)
Figure 2: Cost of NaCN based on gold ore grade
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$3.50

Cost US $/tonne

$3.00
$2.50
$2.00
-20%

$1.50

-10%
$1.00

+10%
+20%

$0.50
$0.00

Gold Grade (g/t)
Figure 3: Variable cost of NaCN based on gold ore grade
Costs were estimated using InfoMine’s Intelligence Mine Database as well as InfoMine’s Mining Cost
Service. Data from 38 heap leach mines were used for the table. Each of the 38 operations was classified
into one of eight categories based on the average ore grade. It is important to note that the deposit type
was not taken into consideration for this table. A price of US$ 3.44/kg NaCN taken from InfoMine’s
Mining Cost Service, was applied if no cost was reported (InfoMine USA, 2014b). As shown in Figure
2, the expected cost of NaCN (per tonne leached) decreases with ore grade up to a grade of 1.0 g/tonne.
A possible reason for this relationship is ore grades less than 1.00 g/t may not have enough gold to
warrant increasing NaCN consumption due to the cost of NaCN and the gold recovered. In Figure 3 the
costs of NaCN were increased and decreased by a value of 10% and 20% to represent a change in price.

NaCN solution irrigation
Solution losses due to evaporation will occur and are unavoidable. Sodium cyanide, lime, and other
reagents typically cost from 2.8% to 4.3% of total price for heap leaching, and losses in solution can
cost a considerable amount of money. For most heap leach operations the solution is applied with either
a drip or wobbler system. However, it is important to note that a sprinkler system can be used as well.
If evaluators assume an application rate of 10 L/m2/hr, they can anticipate that solar evaporation
accounts for 2 to 5% solution loss when using wobblers and 1 to 4% when using drip irrigation. Under
the same conditions a solution pond can evaporate 5 to 13 mm/day. Drippers can be buried or placed
on the surface and are typically placed every 0.5 m to 1.5 m. Wobblers are generally placed in a 6 × 6
m pattern across the top of the heap (Darling, 2011).
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Irrigation systems are important to look at as well; each has advantages and disadvantages because
of evaporation losses, which impacts cyanide consumption. Figures 4 to 6 provide cost estimations for
the tubing needed on top of the heap as well as the irrigation attachments, e.g., dripper or wobbler.
Variables such as ore grade, climate, and temperature all have to be taken into consideration when gold
heap leaching. The cost estimations do not take those factors into consideration, so the true price may
differ.
25000

Cost US $

20000
15000
200x200m
10000

100x100m
300x300m

5000
0
0

1

2

3

4

5

6

7

Spacing of Irrigation Piping (m)
Figure 4: Cost of irrigation tubing at US $36.34 per 304.8 m (1,000 ft)
(Southwest Irrigation, 2015)

60000

Cost US $

50000
40000
30000

100x100m
200x200m

20000

300x300m

10000
0
0

1

2

3

4

5

6

7

Spacing of Irrigation Piping (m)
Figure 5: Cost of irrigation tubing at US $96.23 per 304.8 m (1,000 ft)
(Southwest Irrigation, 2015)
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45000
40000

Cost US $

35000
30000
25000

0.5m Spacing (Dripper)

20000

1.0m Spacing (Dripper)

15000

1.5m Spacing (Dripper)

10000

6.0m Spacing (Wobbler)

5000
0
0

20000

40000

60000

80000

100000

Area of Heap Leach m²
Figure 6: Cost of irrigation attachments, for a wobbler and dripper system
(Senninger, 2014; OreMax, 2008)

Conclusion
Sodium cyanide consumption varies depending on deposit type and gold ore grade. While every deposit
is different, this study shows that there was no direct correlation between cyanide costs and deposit
types for the 38 mines examined. When grades for the same 38 mines were compared, ore grade and
cyanide costs showed a distinct trend. As the grade of the ore increased the costs of cyanide decreased.
This is true up to a grade of 1.0 g/t. Ore grades greater than 1.0 g/t will require increased amounts of
sodium cyanide, thereby increasing costs.
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Estimating costs of agglomeration
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Abstract
The purpose of this article is to compare pre-feasibility-level budgetary purchase prices and operating
costs of equipment, with the effects of common binders on the unadjusted gold ore value during the
agglomeration phase of gold heap leaching. The unadjusted gold ore value is defined as the sole value
of the combined precious metals within one tonne of ore. Graphs for sizing both belt agglomerators and
rotary drum agglomerators were produced, along with trends presenting their estimated budgetary
purchase prices and operating costs, using information provided by Infomine USA, FEECO
International, and Milligan’s (1983) article. As the throughput of each agglomerator is increased, a
decrease is seen in the cost margin of both the budgetary purchase prices and the operating costs –
meaning the larger the throughput, the more cost effective the agglomerator becomes. The use of binders
in dosages recommended by several researchers shows how effective agglomeration is at reducing the
difference between the unadjusted gold ore value and the adjusted non-agglomerated ore value. In the
case of crushed ore, the difference can be reduced by as much as 15% (McClelland and Hill, 1981;
McClelland et al., 1985; Bouffard, 2005). The reduction of the difference between the unadjusted gold
ore value and adjusted gold ore values for tailings material can be as high as 76%, when the material is
agglomerated. In order to heap leach tailings material, this study concludes that it is mandatory to first
agglomerate the material in order for the project to be economic.

Introduction
Gold heap leaching is, simply put, a process in which gold ore is stacked onto pads where a cyanide
solution is sprayed or dripped onto the heap and allowed to percolate through, where it is then collected
in a pond at the base. The pregnant leach solution (gold-bearing solution) is then sent through a
processing plant where the gold is extracted from the solution so it can be sent to a refiner. One of the
greatest inhibitors of timely gold recovery is the presence of large amounts of clays or fine materials
(<74 µm or 200#) which reduces the rate of percolation through the heap (Garcia and Jorgensen, 1997).
These fine materials tend to migrate through the heap, causing channelling or blinding; wherein
the solution only flows through select channels, never wetting gold-bearing ore, or the solution stops
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flowing altogether. To prevent percolation problems from occurring, a method known as agglomeration
is used to bind fine particles with coarse particles to form agglomerates or bind fine particles, such as
tailings, together to form pellets (Lewandowski and Kawatra, 2009; Bouffard, 2005). Lewandowski and
Kawatra’s study shows that out of 22 non-agglomerated heap leach projects, only 11 were successful
operations.
This paper will discuss two pieces of equipment, the drum agglomerator and belt agglomerator,
along with the consumption rates of binders for both crushed ore and tailings type heap leach projects.
Tailings material typically requires the use of more binders to create an adequate agglomerated material.
The costs of equipment operations and the effect of binder consumption on the unadjusted gold
ore value are impacted by hourly power, labor, and consumable costs, along with per-tonne ore binder
consumption. For this study, values used to calculate the operating costs and effect of binders are listed
in Table 1.
Table 1: Unit cost values used for estimating operating costs and effects from binders
(InfoMine, 2014 and 2015b)
Repair labor

$ 39.29*

/hr

Electric power

$ 0.073

/kWh

Lubricants

$ 6.31

/liter

Portland Cement (bulk)

$ 0.127

/kg

Lime (bulk)

$ 0.157

/kg

Sodium cyanide

$ 3.44

/kg

* Includes a 39.3% burden

Agglomerators
The drum and belt agglomerators are two of the most common methods of agglomeration. They both
allow relatively high feed throughputs, without hindering their ability to produce stable particles. These
particles need to be able to withstand transport, stacking, and the leaching process, for the subsequent
production requirements.
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Belt agglomerator

Figure 1: Belt agglomeration (Lewandowski and Kawatra, 2009)
A belt agglomerator, shown in Figure 1, is comprised of belt conveyors that drop the ore to be
agglomerated at designated transfer points. The amount of fine particles (or fines) determines how many
transfer points are needed. Belt agglomerators generally allow a higher throughput of feed when
compared with drum agglomerators; however, they are limited by the amount of fines within the feed.
Chamberlin (1986) stated that if 5% or less of the feed is minus 150 µm (minus 100#) then there would
need to be two to three transfer points, whereas if 10% to 15% of the feed is minus 150 µm (minus
100#) there will need to be four to five transfer points. If more than 15% of the material is smaller than
the previously stated size, Chamberlin (1986) recommends using a drum agglomerator.
Relationships between belt sizing, throughput, estimated budgetary purchase prices, and operating
costs can be estimated by using McClelland and van Zyl’s (1988) article, “Ore preparation: crushing
and agglomeration” and InfoMine USA’s (2014 and 2015b), Mine and mill equipment costs and Mining
cost service. These relationships are presented in Figure 2 and Figure 3. Figure 2 gives the belt width
needed to meet the hourly production requirements of the belt agglomerator. A known belt width can
then be carried over into Figure 3 and 4, where the value is intersected with the curve of the desired belt
length. From that intersection point, a horizontal line drawn to the Y-axis indicates an estimated
budgetary purchase price or hourly operating cost from either Figure 3 or 4, respectively. The sizing
graph was designed by taking sizes from the Mine and Mill Equipment Costs and points from the Belt
agglomerator sizing graph (Milligan, 1983), found in McClelland and van Zyl’s (1988) article. The belt
price graph represents the results of using geometric regressions to relate the belt prices, found in the
Mine and Mill Equipment Costs, and belt width for each belt length. The belt operating costs, found in
Figure 4, include maintenance, parts, power consumption, and lubrication. To determine the estimated
budgetary purchase price and hourly operating cost of the belt agglomerator, the value taken from each
respective figure will need to be multiplied by the number of transfer points required to effectively
agglomerate the ore, if all conveyor lengths are equivalent. Budgetary purchase prices values do not
include delivery and installation costs.
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Figure 2: Belt agglomerator sizing (adapted from Milligan, 1983 and InfoMine, 2014)
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Figure 3: Budgetary purchase prices for a single length of a portable jump conveyor,
varied with a range of belt lengths. The belt agglomerator is based on the portable jump
conveyors (adapted from Milligan, 1983; InfoMine, 2014)
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2014 Operating Cost (UD$/hr)

$9.50
$8.50
$7.50
$6.50
$5.50
$4.50
$3.50
$2.50
50

60

70

80

90

100

110

120

130

140

150

Belt Width (cm)
40 ft (12.2 m) Length

60 ft (18.3 m) Length

80 ft (24.4 m) Length

100 ft (30.5 m) Length

Figure 4: Hourly operating costs for varied lengths of a belt agglomerator.
The values are based on a single transfer requirement (InfoMine, 2014)

Rotary drum agglomerator

Figure 5: Interior of a rotary drum agglomerator
The method of drum agglomeration requires feeding the ore into a long rotating drum that allows the
ore to roll as it moves through the drum. If dry binders have not yet been added in the crushing phase,
as discussed by Lewandowski and Kawatra (2009), they are added within the first 3 to 5 feet (0.91 to
1.52 meters) of the drum. The solution is added to the dry mixture in the form of large drops throughout
the first two-thirds of the drum (Bouffard, 2005).
Drum agglomerators, seen in Figure 5, are typically used for relatively large throughputs where
much of the ore consists of clays or finely ground material. Bouffard (2005) states that commercial
sized drums average 21 ft (6.4 m) in length and 6.8 ft (2.1 m) in diameter, while rarely exceeding 50 ft
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(15 m) in length. For the purpose of the cost estimation, the length will be assumed to be three times
the diameter of the drum, as recommended by Bouffard (2005).
The drum diameter, budgetary purchase price, and operating cost of the drum agglomerator will
all be varied by the throughput of the rotary drum. The following drum agglomeration information has
been either derived from or provided by FEECO International’s (2015) data. The budgetary purchase
price is the total price of the drum, and thus it includes the protective liner. It does not, however, include
site installation costs. The liner represents a relatively large cost and tends to be 25% to 40% of the total
budgetary purchase price, where the liner’s percentage of the price tends to decrease in relation to the
increase in throughput. If a flexible rubber liner is preferred over a dual vulcanized neoprene liner, the
liner’s percent cost can be subtracted out of the total price. A reason why one might choose a flexible
rubber liner over the more durable liner would be a short mine life, where the life of the liner could
extend through the mine life and the throughput or material size is relatively small. Flexible rubber
liners also might be preferred when agglomerating less abrasive ore. The relatively small throughput or
material size would cause less damage to the liner and thus extend the flexible rubber liner’s life.
Figures 6 through 8 should be used to size the drum agglomerator and to find the related estimated
budgetary purchase prices and operating costs of the agglomerators. This is done by choosing an hourly
throughput that will meet the necessary production requirements, then finding the point where the
throughput and curve of the respective figure intersects. At the intersection point, a horizontal line to
the Y-axis indicates either the drum diameter, the budgetary purchase price, or the hourly operating cost
of the drum agglomerator. The density of the material should be assumed to be between 1.6 and 2.0
tonnes per cubic meter. Hourly operating costs will include parts, labor, power, and lubricants.
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Figure 6: Drum agglomerator sizing based on hourly throughput
(adapted from FEECO International, 2015)
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Budgetary Purchase Price (US$)
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Figure 7: Estimated budgetary purchase price of a drum agglomerator, including the price of
the protective liner, relative to the throughput requirement (adapted from FEECO
International, 2015

Hourly Operating Cost (US$/hr)

$350.00
$300.00
$250.00
$200.00
$150.00
$100.00
$50.00
$0

500

1,000

1,500

2,000

2,500

3,000

Hourly Throughput (Tonnes/hr)

Figure 8: A total of estimated hourly operating costs of a drum agglomerator varied by
hourly throughput (adapted from FEECO International, 2015)

Binders
A binder is a material that aids in the process of agglomeration by adhering fine particles to coarser
particles through methods of capillary forces and bridging. Dry binders such as lime and cement are
used for maintaining alkalinity of the ore and forming bridges through chemical reactions that improve
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the porosity of the ore. Lime is often used with Portland cement, since lime alone is generally
insufficient in binding the material unless there are very few fines or clays (Bouffard, 2005).
Wet binders are also used to provide a capillary force that creates liquid bridges that bond the
material together. Water or cyanide solution is generally used in heap leach projects to act as wet
binders. Cyanide addition to agglomerates aids in jump-starting the leaching process, thus reducing the
required leach period. Studies showed that when cyanide is combined with cement, as opposed to
leaching without agglomeration, gold recovery increased by 5.5%, while silver recoveries increased by
15.4% (Lewandowski and Kawatra, 2009; McClelland and Hill, 1981).
McClelland and Hill’s (1981) column leaching data indicates that the use of cement as a binder
increased the recovery rate of gold by 3.2%. Silver recovery, with the addition of cement, was more
dramatically improved from a 15.6% recovery to a 26.7% recovery, when compared to a nonagglomerated ore. The data also shows that the use of cyanide and cement together increased the gold
recovery by 8.1% and the silver recovery by 98.7% in relation to the non-agglomerated test. McClelland
and other researchers (1985) also performed column leach testing for finely ground tailings to determine
the benefits of using agglomeration for heaping tailings. The data that will be discussed came from
samples McClelland and other researchers obtained from the Montana and Nevada 1 mines, as described
in their paper (1985). The gold ore sample from Montana experienced a 100% increase in recovery
when compared to its baseline, while the Nevada 1 sample showed a 400% increase in recovery when
the samples were agglomerated. It should also be acknowledged that these increases in recoveries during
the column leach tests were also accompanied by decreases in leaching periods, where the percent
decrease in leaching periods ranged anywhere from 50% to 89%. Leaching tailings material generally
requires two times the amount of cement required for crushed ore, and it was also found by McClelland
and other researchers (1985) that a mixture of equal amounts of lime and cement prove to be effective
binders when agglomerating tailings material.

Effect of binders on unadjusted gold ore values
By taking into consideration the recovery increases found in McClelland and Hills’s (1981) article,
McClelland and other researchers’ (1985) article, along with information gathered using InfoMine
USA’s IntelligenceMine Database (2015a) and Mining Cost Service (2015b), a relationship between
the effects of binders and the unadjusted gold ore value was constructed. The unadjusted gold ore value,
as discussed in this paper, is the value of the gold within one tonne of ore, before costs are taken into
consideration. In the case of gold and silver, the unadjusted gold ore value is the product of the grade
in parts per million and the metal price, after the appropriate conversions are taken into consideration.
The gold grade and silver grade used will be the average grades of over 260 deposits for gold and 24
deposits for silver, all of which are related to gold heap leaching. For gold, the average grade is 0.99
grams/tonne (g/t) while silver is 14.84 g/t.
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To determine the effects of the binders on the unadjusted gold ore value, the best pre-treatment
conditions of binder consumption from each of McClelland’s documents will be considered and
compared with their respective baseline, along with the binder recommendations found in Bouffard’s
2005 article. Table 2 lists the assumptions and binder recommendations used in these calculations.
Figure 9 represents the precious metal value within one tonne of average grade ore for both crushed ore
and tailings. The crushed ore value includes both the value of silver and gold, whereas the tailings value
only represents the value of gold within the ore, since insufficient data prevents the interpolation of
binder effects on silver for tailings projects.
Table 2: Assumptions used to calculate the effects of binders on unadjusted gold ore values
Value

Unit

Reference

Average gold grade

0.99

ppm

(InfoMine USA, 2015)

Gold price

$ 1,100.00

/troy ounce

Market Value, July 2015

Average silver grade

14.83

ppm

(InfoMine USA, 2015)

Silver price

$ 15.00

/troy ounce

Market Value, July 2015

Cement consumption
(crushed)

5

kg/tonne

(McClelland and Hill, 1981; Bouffard, 2005)

Cyanide consumption
(crushed)

50

g/tonne

(Bouffard, 2005)

Cement consumption
(tailings)

7.5

kg/tonne

(McClelland et al., 1985; Bouffard, 2005)

Lime consumption (tailings)

7.5

kg/tonne

(McClelland et al., 1985; Bouffard, 2005)

Unadjusted Ore Value (US$/tonne)

$50.00
$45.00
$40.00
$35.00
$30.00
$25.00
-20%

-10%

0%

10%

20%

Change in metal Price
Crushed Ore

Tailings

Figure 9: The unadjusted ore values for crushed ore and tailings projects, varied by precious
metal values (adapted from data in McClelland and Hill, 1981; McClelland et al., 1985)
When discussing the adjusted ore values in Figures 10 and 11, the associated increase in recoveries
with each type of binder along with the cost to use the binder in the recommended dosages are taken
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into consideration. Changes in binder consumption can steepen or shallow the associated slopes, which
could make it more cost effective to decrease the use of cyanide solution or lessen the consumption of
cement. Figure 10 does not discuss the effects of lime, for McClelland and Hill’s (1981) crushed ore
data on column leaching did not specify the amount of lime used in the experiment, although lime is
generally consumed at 1.5 to 25 kg/tonne according to Bouffard (2005). The cyanide consumption at
50 grams NaCN/tonne ore was also used instead of McClelland and Hill’s (1981) 8.6 lbs/ton (3.9
kg/tonne) NaCN consumption value, because Bouffard (2005) suggests that consumptions greater than
50 g/tonne did not improve recovery and only increased the overall consumption. Figure 11 represents
the effect of equal amounts of lime and cement on unadjusted gold ore values for tailings projects. The
Montana and Nevada samples discussed in this article represent data found in column leach testing done
by McClelland and other researchers (1985). The Montana tailings sample was taken from a former
cyanide mill in Montana, while the Nevada 1 sample was obtained from a tailings resource in Southern
Nevada (McClelland et al., 1985). For the Montana samples, 20 lbs/ton (10 kg/tonne) of cement and
lime were used, while the Nevada 1 samples used only 10 lbs/ton (5 kg/tonne) of cement and lime.
Figure 11 depicts clearly that agglomerating the tailings is absolutely necessary to have an economic
gold heap leach, based on assumptions used for this analysis. By agglomerating the tailings, the adjusted
gold ore value increases by at least 50% when compared to the baseline, the baseline being the adjusted
gold ore value of a non-agglomerated tailings sample.

Ajdusted Ore Value (US$ /tonne)

$31.00
$29.00
$27.00
$25.00
$23.00
$21.00
$19.00
$17.00
-20%

-10%

0%

10%

20%

Change in Metal Price
Not Agglomerated

Agglomerated W/ Cement

Agglomerated W/ Cement and Cyanide

Figure 10: The adjusted values of gold-silver ore varied on respective metal prices,
comparing non-agglomerated ore and ore agglomerated using cement or cement with
cyanide solution. This graph represents McClelland and Hill’s (1981) crushed ore column
leaching data
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Nevada 1 Baseline
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Figure 11: The adjusted values of gold ore varied by metal prices. The graph is used to
represent how each sample compares the agglomerated value to its respective non agglomerated value. Data obtained from McClelland’s and other researcher’s (1985) article
on finely ground tailings
Due to losses in precious metal recovery and the cost of binders, the adjusted gold ore value will
always be less than the unadjusted gold ore value. However, the difference between the unadjusted ore
value (UGOV) and the adjusted non-agglomerated ore values can be greatly reduced by agglomerating
the ore, and this can be better understood when reviewing Equation 1. The variables An and A , in
Equation 1, are the non-agglomerated adjusted gold ore value and the agglomerated adjusted gold ore
value, respectively. To obtain the percent reduction values, one would pick a UGOV from the crushed
ore or tailings curve in Figure 9, then pick a non-agglomerated and agglomerated adjusted gold ore
value from either Figure 10 or 11, depending on the type of material, and plug them into Equation 1.
The difference in the case of crushed ore can be reduced anywhere from 4% to 15%. In the case of
tailings, Montana samples would see a reduction ranging between 29% and 42%, whereas the Nevada
samples would see a reduction of 76%.
𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = (1 −

𝑈𝐺𝑂𝑉 − 𝐴𝑛
) × 100% 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1
𝑈𝐺𝑂𝑉 − 𝐴

Conclusion
For a heap leach operation that has a lot of fine material or clays, agglomeration is necessary. Belt and
rotary drum agglomerators are discussed in this paper as they are commonly used and are able to process
large throughputs. Both agglomerators become more cost effective as the hourly throughput
requirements increase. As for the consumption of binders, agglomeration using binders in recommended
dosages can greatly reduce the difference between an ore’s unadjusted value and the adjusted nonagglomerated ore value. For crushed ore projects, introducing cyanide as the ore is being agglomerated
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can further increase recovery of gold and silver by jump-starting the leaching process. In tailings
projects, using an equivalent amount of lime and cement produces agglomerates that greatly improve
percolation rates, increase recovery, thus making an economically feasible heap leach project.
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Abstract
Molecularly Imprinted Polymer (MIP) beads that were imprinted for dicyanoaurate were prepared by
suspension polymerization techniques. An imprint molecule, one capable of being chemically
incorporated into a polymer, was prepared by chemical condensation of the desired molecule with a
hard base ligand featuring a vinyl group. The imprint molecule was characterized by FT-IR, NMR and
microanalysis. The imprint molecule was polymerized under suspension polymerization conditions
with styrene and a cross-linking agent to give high quality beads about 500 microns in diameter. The
conditions of the suspension polymerization were varied with the following variables: temperature,
agitation, imprint molecule loading, solvent ratios, and degree of crosslinking. The overall yield, bead
size, metal loss during polymerization, and the accessible metal content were measured. Beads with
favorable characteristics were then studied for their selectivity towards dicyanoaurate found in synthetic
gold-cyanide process (GCP) aqueous solutions. The MIP beads were found to be mechanically strong
and capable of undergoing numerous adsorption, elution, and regeneration cycles without loss of
performance or notable breakdown of the resin despite wide swings in pH or ionic strength. Gold
loadings of 40 g/kg of beads or higher were realized with some formulations, while retaining good
mechanical strength. When the MIP beads were loaded with gold using a synthetic flotation-concentrate
GCP solution containing high concentrations of free cyanide and base metals, the gold was found to be
concentrated to greater than 96% purity. It is hoped the optimization of a dicyanoaurate MIP would
significantly narrow the development time for other types of metal isolating MIPs for mining, waste
water treatment, and drinking water safety. First prototype beads for selective extraction of mercury in
mining solutions already have been developed.

Background
Almost without exception, it is difficult to selectively extract a single element from a chemical cocktail
found in natural or in anthropogenic solutions. Instead, a variety of chemicals needed to remove a sought
element will also carry along undesirable elements, after which still another chemical concoction is
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applied to separate out the desired element from these natural or industrial solutions. While the
processes and chemicals are different for treating hydrometallurgical solution, waste water, and
drinking water, the basic approach is the same – elaborate mechanical and chemical processes, often in
long sequences.
The availability of a simple method for extracting a specific element from a fluid waste effluent
promises enormous benefits for society (e.g. improved environment, lower capital and operational
expenses, etc.), as well as tremendous industrial and economic value by reducing materials and
processes currently being used to process the hazardous waste effluent.

Molecularly imprinted polymers
The investigations of Wulff (2002) indicate that polymers with stereochemically specific cavities can
be produced. Wulff indicated that to be useful these polymers must exhibit the following characteristics:
1. The cavity geometry and the binding group arrangement should be preserved after the
removal of the template molecule. This may be accomplished by high degrees of
crosslinking.
2. The cavities must retain enough flexibility to permit rapid uptake and release of the
template molecule. This property decreases with increasing crosslinking, so a balance
must be sought.
3. A large fraction of the template molecules should be removable after polymerization. This
implies good accessibility to the cavities, which calls for polymers with large surface
areas.
4. The polymeric materials should be chemically and mechanically stable to permit
regeneration and reuse.
The work of Wulff and the others also suggest two basic approaches to the preparation of sitespecific polymers: (firstly) to polymerize monomers which contain binding groups with set geometries
by virtue of attachment to a template molecule, and (secondly) to produce binding groups located on a
flexible polymer chain, and then to fix them in a definite geometry by attachment to a template molecule
followed by crosslinking.

Figure 1: Steps involved in developing a molecularly imprinted polymer.
The template molecule is represented as (T). The template represents
the size and shape of the target analyte
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Original work by Murray et. al. (1998) in the area of MIPs was based on making extractants for
Pb2+ ion. Pb2+ was chosen because of its health hazards and the lack of selective extractants available
for Pb2+. This choice is due to the properties Pb2+ ion, intermediate hardness, varying size with
coordination number, variety of possible coordination geometries and resistance to hydrolysis. Pb2+ ion
selective resins containing carboxylic acid ligands in a polystyrene-divinylbenzene copolymer matrix
were synthesized by the template synthesis method. Characterization of the resins showed that the
selectivity of the imprinted resins for original template Pb2+ ion is considerably higher than that of the
unimprinted resins. Blank resins, that are prepared without an imprint metal ion, exhibit a degree of
selectivity based upon thermodynamic affinity. Thus, a comparison of the selectivity () values of the
imprinted resins with those of the blank resins provides an estimate of the overall effect of imprinting
on selectivity. As a measure of efficiency of imprinting:

where the non-imprinted polymer is prepared without a metal ion template.
The selectivity, Pb,Cd, was found to be 174 for the 1 mole % imprinted polymer. The high
preference for binding the original template ion demonstrated that the template method indeed makes
the cavities lined by functional groups retain some of the coordination and size information originally
present in the template assembly. The polymer was used for removal of Pb2+ from aqueous solutions of
tap and seawater. The results were compared with results obtained using three other ion exchange resins:
Chelex-100, thiol-based Duolite GT-73, and a proprietary NASA polyacrylic acid resin. The MIP resin,
being most selective toward Pb2+ ion, provided a fast and virtually interference-free removal procedure.
The percent recoveries from the imprinted resin were greater than 95% over a broad range of pH’s. The
MIP did not suffer from interferences from other metal ions in a seawater matrix.
Selective ion exchange resins based on molecular imprinting for uranyl ion followed the Pb2+
work. Initial work by Bae et al. (1999) was based on the vinyl benzoate ligand used for lead. This effort
was followed by the inclusion of vinyl salicylaldoxime, a more selective ligand for uranyl ion. During
that project highly selective resins and ion selective electrodes for uranyl ion were produced. Several
discoveries of importance to the current proposal were obtained during this work. Firstly, when testing
the ion exchange resin loading versus other resins at varying pH, it was found that the imprinted resins
could extract uranyl efficiently at pH values much higher than other resins. This result shows that the
uranyl MIP would be effective at sequestering the uranyl ion at higher than expected pH values. The
effect of imprinting is most dramatic in the case of uranyl ion imprinted polymers using vinyl benzoic
acid. In this case the selectivity of the blank polymers is favorable to first row transition metals. Thus,
imprinting the resins results in selectivity values of 10 or greater for uranyl against ions tested; Cd2+,
Cu2+, Ni2+, Zn2+ and Fe3+ as compared to the one (1) to three (3) fold selectivity against exhibited by a
blank polymer.
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Table 1: Effect of imprinting (α’) of the uranyl imprinted benzoate resins *
Polymer resin

α’ UO22+, Cd2+

α’ UO22+, Cu2+

α’ UO22+, Ni2+

P12

19.05 ± 0.38

10.1 ± 0.2

24.5 ± 0.4

P22

21.4 ± 0.53

15.6 ± 0.4

29.5 ± 0.3

P32

33.0 ± 0.9

21.4 ± 0.3

33.5 ± 0.9

P42

37.2 ± 1.3

23.2 ± 0.5

36.2 ± 1.4

* The identity code for these polymers is as follows: the first digit is the mole % complex and the second digit is
the mole % divinylbenzene

Owens et al. (2005) also investigated the sequestering of Fe3+ using vinylbenzoic acid as a
template ligand in a polystyrene/divinylbenzene matrix. Figure 2 demonstrates the influence of the
degree of cross-linking upon the selectivity and capacity of the MIP. The figure clearly shows that a
lightly cross-linked MIP has increased selectivity towards Fe3+, while its capacity for Fe3+ is
significantly less than a highly cross-linked Fe3+ MIP. Conversely, the highly cross-linked MIP suffers
from decreased selectivity towards Fe3+. The graph shows that the optimal point lies somewhere
between the two extremes.

Figure 2: Ion loading capacity for Fe 3+ imprinted polymers showing
higher capacity but lower selectivity with high degrees of covalent cross-linking
(% refers to the amount of crosslinking)
Despite the progress shown in selectively removing metals from aqueous solutions there has been
a general shift away from molecular imprinting for inorganic compounds, especially when in concert
with suspension or emulsion polymerization techniques. The likely reasons for the shift are the
incorrectly perceived difficulties in polymerizing metals, the perceived difficulties of incorporating
inorganic species in o/w suspension polymerizations, and the focus on the biomedical or pharmaceutical
separations resulting from the biotech explosion. However, it has been shown that with careful selection
of the ligand that the perceived detrimental properties of polymerizing metals under suspension
polymerization conditions may be obviated.
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Original work at The Johns Hopkins University has shown that copper (II) (Southard, unpublished
results) may be ligated with vinyl thenoyltrifluoracetone and be successfully polymerized under
suspension polymerization conditions. Suspension polymerization gives large beads instead of the
powders as often found with traditional MIPs. The beads can be generated with fewer process steps and
have superior hydrological flow characteristics, which reduces the need for pumps and other equipment.
Copper (II) has shown to be an excellent model for the success of the MIP concept. Copper (II) has
historically been very difficult to polymerize because of its redox properties and its very good solubility
in water prevented its use under suspension polymerization conditions. The ligand, vinyl
thenoyltrifluoracetone, was capable of stabilizing the copper (II) oxidation state, prevented its
hydrolysis by water, and carried the metal into the oil phase of the polymerization.

Mining industry
Roughly 60% of all gold produced annually has been through some variation of the Gold-Cyanide
Process (GCP). For suitable GCP solutions activated carbon is the most common sequestering substrate
for the removal of dicyanoaurate, accounting for over half of all gold extracted (or over 1,250 tons in
2004). Activated carbon is cheap to manufacture, absorbs gold readily, is fairly selective for gold, and
has a large gold loading capacity. Unfortunately, activated carbon also has a high affinity for mercury
(II) tetracyanide and under some conditions mercury (II) tetracyanide may actually displace
dicyanoaurate from the activated carbon. Additionally, regeneration of activated carbon is energy
intensive and requires a fair amount of capital layout. Like dicyanoargentate (the silver species found
in GCP), mercury (II) tetracyanide desorbs with dicyanoaurate when eluted from the activated carbon.
Mercury (II) tetracyanide is also reduced to elemental mercury during the electrowinning process that
isolates metallic gold.
The elution process is not 100% efficient for activated carbon and some traces of mercury remain
on the activated carbon. Subsequently, upon thermal reactivation of the activated carbon, the mercury
is thermally reduced to mercury metal, which then volatilizes and escapes into the atmosphere. The
reactivation step is unavoidable as activated carbon also absorbs organic matter, which can foul and
substantially reduce its capacity.
Mercury that has been condensed with gold during the electrowinning process may be removed
from the gold by retorting. The impure gold is heated to 600°C to 700°C under a slight vacuum to
volatilize the mercury metal. The gaseous mercury is then condensed into a water bath, but because of
its high vapor pressure between 0.2% and 0.4% of the mercury is lost during each distillation. Small
amounts of gold are distilled with the mercury as well. The mercury vapor then permeates the
atmosphere of the refinery, which can only be removed by ventilation of the facility into the atmosphere.
It has been recognized that retorting and activated carbon reactivation are major source of airborne
mercury from the mining industry. A good deal of research has gone into finding complements or
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replacements for the activated carbon. For instance, selective elution of mercury (II) tetracyanide from
activated carbon has proven difficult and not practical for field use. Precipitation methods often require
selective precipitation of other species before the precipitation of mercury, sometimes co-precipitate
gold with the mercury, may need very expensive precipitants, and require settling ponds and/or filtration
systems. Ion exchange resins have little affinity for mercury (II) tetracyanide, are not selective for gold
and absorb large quantities of other metals in GCP solution. The complicated elution systems for ion
exchange resins result in their deleterious mechanical breakdown and prevent their use throughout most
of the world with the exception of a number of countries from the former Soviet Union.
The mining industry would clearly benefit from having a highly selective ion exchange resin that
would not suffer from the issues associated with activated carbon, ion exchange resins, or the
complication of precipitation techniques in general. Specifically, the mining industry needs a method
for preventing mercury from being isolated with gold. Having a high specificity ion-exchange resin
would also lower the energy consumption and waste associated with gold refining because of the
increased purity of the feedstock.
6th Wave Innovations Corporation (6WIC) has responded to the need by developing the gold MIP
bead for dicyanoaurate and dicyanoargentate. Dicyanoaurate and dicyanoargentate are both formed in
GCP solutions by reaction of the native metal or metal oxide with oxygenated sodium cyanide solution.
The process of extracting gold or silver from ore with cyanide is called cyanidation. The reaction,
known as Elsner's Equation, is:
4 Au + 8 CN- + O2 + 2 H2O = 4 Au(CN)2- + 4 OH-

The dicyanides of these metals are known to be very stable and can be reacted with ammonium
salts to form ammonium dicyanometallate salts. We have found a suitable ammonium salt that contains
a polymerizable group and have made polymerizable ammonium surrogate salts of both gold and silver
cyanides. The polymerizable ammonium surrogate salts have been shown to form 1:1 salts in high
purity and yield.

Suspension polymerization
The polymerizable ammonium surrogate salts were polymerized under suspension polymerization
conditions where the aqueous phase was polyvinylalcohol and boric acid in water, and the organic phase
consisted of the polymerizable ammonium surrogate salt, styrene, divinyl benzene (cross-linking
monomer), organic solvents, and AIBN (initiator). The binary mixture was agitated with an overhead
stirrer. By varying the temperature, agitation, polymerizable ammonium surrogate salt loading, solvent
ratios, and degree of cross-linking we were able to test a large number of formulations, but only a few
stood out as being significantly better than the overall set. Some of the disqualifying parameters were
complete formulation breakdown (no or very small beads), high metal losses to the aqueous phase, low
overall yield, and insufficient accessibility to the metal imprinted site.
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Heap leach type extraction
An example of a somewhat successful early Generation 1 formulation imprinted for dicyanoaurate was
shown to be effective at removing all detectable gold under continuous flow conditions even in the
presence of equimolar amount of dicyanoargentate (Figure 3). Addition of potassium hexacyanoferrate
(III) (1 ppm Fe, not shown) also did not affect the removal of dicyanoaurate from solution. Potassium
dicyanoaurate (800 ppb Au) was shown to have consistent breakthrough at different flow rates and
interferences. The green line represents the curve with a flow rate of 0.925 mL/min (0.5 BV/min) with
equimolar amount of dicyanoargentate present, the pink line represents gold only at 0.925 mL/min (0.5
BV/min), and the blue line represents gold only at 0.471 mL/min (0.25 BV/min). Contact times between
1.4 and 2.8 minutes, pH = 9.5.

[Au] ppb
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Figure 3: The three curves represent the breakthrough of gold in the presence of silver or iron

Competitive extraction of Au vs commercial resin
The same beads were tested competitively against Amberlite-400 in the extraction of gold from a
cyanide leach solution containing large amounts of base metals (Table 2). The 1st generation MIP beads
and the Amberlite-400 were placed into two inch columns and a natural GCP solution containing the
elements on the far right hand column (the Feed) were passed through the columns at a flow rate of 0.6
bv/min. The ratios are the relative mass of the contaminant metal to the mass of the gold present, for
instance there was 43.6 times more copper mass than the gold mass. The flow of the GCP solution was
stopped, the columns rinsed with water, and the columns were stripped of all metals with 2 M NaSCN.
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The NaSCN solution was analyzed for all metals found in the feed solutions and the results again
expressed in mass ratios. The beads were able to concentrate the gold despite the presence of a large
excess of other base metals such as copper and iron, while no detectable amounts of other metals, such
as calcium, zinc, molybdenum, nickel, or cobalt were found. The selectivity improvement was over 10
times greater for beads over the Amberlite-400 resin. Despite the successful demonstration of the 1st
generation MIP beads high selectivity for gold it was also found that the beads sizes were small,
averaging about 150 microns in diameter and the capacity for gold was very low (0.25 g Au/kg beads)
indicating that most of the imprinted sites were masked within the resin.

Mercury uptake
2nd generation MIP beads were developed with improved formulations and were found to have a similar
selectivity for dicyanoaurate as found with the 1st generation bead. The 2nd generation MIP beads were
tested for dicyanoaurate selectivity vs mercury dicyanide. Equimolar aqueous solutions (app. 10 ppm
for both metals) of gold and mercury cyanides were exposed to a 2nd generation MIP bead for 24 hours.
The supernatant was analyzed by ICP-OES and CVAA after the MIP beads were removed. It was found
that virtually all of the gold had been removed by the MIP resin, while the mercury level was the same
as the stock solution. The MIP beads were then stripped of all metals with 1 M hydrochloric acid/brine.
Analysis of the strip solution showed nearly all of the gold was recovered during the strip, while the
mercury level was just above the detection limit at 1.8 ppb (Table 3).
Table 2: The ratio of metal eluents between 1 st generation MIP bead, Amberlite-400,
and the feed solution, pH = 10.4
Element

GES 2-10 Au
beads rel. ratio

Amberlite400 rel. ratio

Feed rel. ratio

Al

0.000

0.000

0.035

Ca

0.000

0.034

16.080

Fe

0.070

1.123

6.631

Co

0.000

0.004

0.001

Ni

0.000

0.083

0.282

Cu

0.117

10.520

43.427

Zn

0.000

0.047

1.385

As

0.000

0.000

0.007

Se

0.000

0.004

0.011

Mo

0.000

0.008

0.053

Ag

0.044

0.083

0.022

Ba

-0.019

0.000

0.007

Au

1.000

1.000

1.000

Pb

0.000

0.000

0.028

% Au

82.553

7.748

1.450
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Table 3: The separation of mercury dicyanide from dicyanoaurate with the MIP beads.
Conditions: pH = 10.5, 25C, 24 hours exposure, strip volume = 50 mL
Solution

Metal

Reported amount (ppm)

Reporting limit (ppm)

Feed

Au

9.4

0.1

Hg

12.4

0.4

Au

ND

0.01

Hg

12.4

0.2

Au

8.5

0.1

Hg

0.0018

0.0014

Extraction
Strip

Resin performance improvements
The average bead size increased to over 300 microns for the 2nd generation MIP beads. Also, while the
capacity for gold increased by six-fold over the 1st generation bead, the capacity remained low (1.5 g
Au/kg beads). While no lifetime studies on the 2nd generation beads performance has been performed,
one set of beads have been run through several cycles of extraction and regeneration under varying
conditions without noticeable wear or degradation in performance.
A 3rd generation MIP beads was formulated and analyzed with the emphasis of increasing the
porosity. The yields and bead sizes increased along with substantially increased beads loading capacity
(9.31 g Au/kg beads). The increased performance has been attributed to an improved organic phase
solvent system and to an improved polymerizable ammonium salt, which is more tolerant towards
suspension polymerization.
Encouraged by the improvements found with the 3rd generation beads, a 4th generation bead was
developed and is now considered to be 6WIC prototype resin and is being considered for pilot testing
in the field. The overall production yield has reached 99%, and the bead capacity for some formulations
has exceeded 35 g/kg for gold.

Figure 4: A SEM image of a set of 3 rd generation beads. Note the glassy
appearance of the right hand bead and the porous left hand bead
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Table 4: Summary of the Au MIP bead formulations by generation
Bead type

Yield
(%)

Metal loss during
poly’n (%)

Au capacity
(g Au/kg beads)

1st Generation

66

36

0.25

2nd Generation

50

10

1.53

3rd

Generation

80

2

9.31

4th

Generation

99

Nil

25+

Generally, the performance of the 4th gen MIP beads has improved dramatically over the first three
(3) sets of formulations. The yields have increased substantially. The beads have continued to be
selective for gold while their capacity for gold has increased by over 100 times from the 1 st to the 4th
generation. The empty bed contact times have remained steady at between 0.36 and 1.0 BV/min.

Flotation-concentrate conditions versus activated carbon
A formulation of 4th generation beads (300 to 850 micron diameters) was evaluated head to head against
activated carbon (2 mm grain size) with a synthetic flot-con solution containing 1200 ppm of cyanide
as well as large amounts of calcium, sodium and potassium. The synthetic solution was based on the
hydrometallurgy of a Merrill-Crowe system located in Colombia. The solution contained a very high
amount of total dissolved solids (Table 5).
Table 5: Concentration of major metals and relative percentages found
in synthetic flot-con pregnant solution
Metals

Au

Ag

Cu

Fe

Zn

Hg

Concentration (ppm)

21.67

27.34

476.4

3.49

237.7

4.19

Relative %

2.81

3.55

61.81

0.45

30.84

0.54

Equal amounts of 6WIC beads and activated carbon (2 × 1 g portions) were placed into two sets
of two columns in series and the synthetic flot-con solution was allowed to flow the columns with a
flow rate 0.5 BV/min. The barren solution was monitored for gold breakthrough with ICP/OES. When
breakthrough occurred the beads were stripped with thiocyanate and the activated carbon was stripped
using standard Zadra elution parameters.
It was found that while activated carbon was able to absorb more gold than the 4 th generation
beads, it was far easier to strip the absorbed gold from the MIP beads. In the end the beads showed a
capacity for gold of 18 mg/g resin, while the recoverable capacity for gold from activated carbon was
3 mg/g carbon. The bead’s selectivity for gold was 95% versus activated carbon’s selectivity of 21%.
The elution time for the beads was much shorter than activated carbon (two hours versus 22 hours)
while the elution temperature for the beads was room temperature. Another important result was the
beads absorbed only very small amount of mercury compared to the activated carbon (Figure 5). The
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selectivity, Au,Cu, was found to be nearly 40, while the other values versus other metals were even
higher.

Figure 5: Comparison of various performance metrics of 6WIC beads
vs activated carbon when exposed to a synthetic flot-con solution
The beads and activated carbon were run through a 2nd cycle with the synthetic flot-con solution.
The beads retained their performance characteristics, while the activated carbon activity fell off
dramatically. The beads also appeared to maintain their volume through the various loading, elution,
and regeneration cycles.

Preg robbing conditions
A 4th generation set of beads (1 g) were placed into a vessel containing attrited activated carbon (0.054
g, 2 mm grain size, Calgon Gold Plus 6 X 12) along with dicyanoaurate containing solution (500 mL,
63.7 ppm Au, pH = 10.7, 100 ppm free cyanide, 1-5 ppm Ag, Hg, Cu, Zn, and Fe) and the mixture was
stirred at 350 rpm for 24 hours. The solids were then separated by filtration, the activated carbon
removed, and the beads placed into a column. The beads were then stripped with 2 M KSCN and the
gold content of the KSCN solution was measured to be 29.5 g Au/g beads by ICP-MS. The activated
carbon was digested in nitric acid and the resulting solution was found to have a gold content of 0.07 g
of Au total, or 1.3 g Au/ g activated carbon.

Lifetime performance
One of the latest formulations of the 6WIC beads was run through 14 simulated cycles for gold recovery
from a pregnant solution. The cycles simulated loading, stripping, and regeneration of the MIP beads
for their next use. The cycles required large changes in pH (from 10.5 to 1.5) and ionic strength, from
millimolar to two molar solutions. The beads were shown to retain a very good gold capacity 25 g
Au/kg of resin over the 12 cycles.
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The final cycle was performed with a gold concentrate provided by a major mining operator. The
concentration of Au and other metals can be seen in Table 6. The solution was loaded through the
heavily used column at a rate of 1 BV/min until total breakthrough was observed. The column was then
stripped of metals with 2 M KSCN at flow rate of 1 BV/min at 50°C until the column was exhausted of
metals. Despite the beads undergoing a simulated year of operations, the beads were capable
maintaining both a high capacity for Au of 25.2 mg Au/g resin and a very high selectivity for Au;
98.23% (Table 6).
Table 6: The relative percentages of major metals found in the feed solution and the KSCN
strip from a gold concentrate cycled through an aged 6 th WIC resin column
Metal

Au

Ag

Hg

Cu

Ni

Zn

Fe

Feed (%)

43.97

1.68

0.37

1.1

0.67

51.34

0.87

Eluent (%)

98.23

0.41

0.83

0.17

0.35

0

0

Other lixiviants
6WIC beads were also tested for gold uptake with gold complexes with other lixiviants, chloride and
thiosulfate. Tetrachloro auric acid (40 ppm Au, 190 mL) was dissolved in dilute hydrochloric acid (pH
= 4) and stirred for 24 hours with 300 mg of 6WIC beads. It is interesting to note that the beads gradually
turned a golden yellow from their normal snowy white color as they absorbed the tetrachloro aurate
(Figure 6). ICP-MS analysis of the supernatant indicated that 97% of the gold was absorbed from the
solution, giving a gold capacity of 24.4 mg Au/g of resin. Determination of the optimal conditions for
stripping is in development. Competitive absorption versus other metals under chloride leach conditions
will then be attempted.

Figure 6: Beads in their tetrachloro aurate form, left, beads in their nitrate form, right
Gold thiosulfate (50 ppm Au, 190 mL) was dissolved in a solution containing sodium thiosulfate
(100 ppm, pH = 8.5) and was stirred for 24 hours with 300 mg of 6th WIC beads. ICP-MS analysis of
the supernatant indicated that only 22% of the gold was absorbed from the solution, giving a gold
capacity of only 7.3 mg Au/g of resin. There could be several explanations for the relatively low loading
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for the gold thiosulfate. One could be the overall charge of the complex of 3-, which in theory could
occupy up to three hard base sites within the resin. The 2nd would be overall size of the complex, which
may block it from accessing binding sites within the interior of the resin. The third may be due to the
effects of molecular imprinting and the equilibrium does favor the binding of the gold thiosulfate
complex. A MIP bead specifically designed for gold thiosulfate will be soon synthesized and tested for
its gold sorption properties.

RIP/RIL
It was found that during a parametric study of polymerization solvent ratios versus bead size that very
large non-spherical particles could be regularly formed (Figure 7). The particles formed from this
particular formulation were found be in 1.5 mm in diameter on average. The particles were irregular in
size, with a striking resemblance to cottage cheese curds. The particles were found to be very strong,
while their performance in extracting dicyanoaurate from solution to be similar to the smaller beads,
albeit with a reduced overall capacity for gold (ca. 20 mg Au/g resin) and a somewhat longer
regeneration time. It is thought that MIP particles of this sort would make a suitable replacement for
activated carbon in CIL/CIP circuits. Roller tests are currently being performed to determine the
particles performance and abrasion resistance.

Figure 7: MIP particles suitable for RIL/RIP systems

Mercury
Mercury is present in many gold ore bodies and is also leached alongside gold in the GCP system. The
most common speciation for mercury found in GCP solutions is mercury (II) tetracyanide, which has a
tetrahedral shape and anionic with two negative charges. Complexes of mercury (II) tetracyanide with
ligands capable of being polymerized have synthesized in high yield and purity has been attained. A
prototype MIP for mercury (II) tetracyanide, based on similar conditions for the dicyanoaurate MIP,
has also been synthesized and is currently being evaluated for its capacity and selectivity towards
mercury.
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Waste water treatment
The types of waste water are widely varied and are peculiar to the industry that has caused their
formation. However, some industries have left larger footprints than others. One such industry has been
mining, especially open pit coal mining. Open pit coal mining exposes large ore bodies to natural
hydrologic phenomena from which it would have been normally shielded. Metals from the exposed ore
body are then leached into pools resulting from the open pit mining. Depending upon the local dominant
soil type, these pools may become very acidic from its high metal content and the combination of acidity
and heavy metal content can cause significant harm to local flora and fauna.
Besides the obvious environmental benefits of removing the heavy metals from these pits these
pits, it could also be seen as an excellent opportunity for harvesting the base metals that compose of
most of the metal load in the pits. The harvested metals would be then part of a product stream and not
another waste product to dispose.
Other potential markets are the potable water, nuclear waste, electro-plating, arms manufacturing,
battery recycling, and silicon chip manufacturing sectors. Another industry that may apply would be
the recovery of metals from used electronic goods, while not remediation problem unto itself, does
become one when unskilled recovery techniques (such as found in China) are implemented in the
metal’s recovery.

Summary
It has been shown that molecular imprinting may be successfully mated with suspension polymerization
to give dicyanoaurate selective MIP beads. The beads are produced in good yield, have high gold
removing efficiency, have a good loading capacity for gold, are kinetically fast, and are easily
regenerated. With some modification, the formulation for a gold MIP would be applicable for a gold
RIP system, or for a number of inorganic elements such as copper, manganese, nickel, mercury, lead,
uranium, cobalt, chromium to name a few of the more toxic or valued elements.
6WIC envisions utilizing it in CIC type system where the leach contains large amounts of
dissolved solids, carbonaceous materials or significant amounts of mercury. 6WIC wishes to partner
with an active operation to test its beads with synthetic solution that is similar to the operator’s
hydrometallurgy, and if successful, field test the beads (mounted in columns with suitable pipework) at
the operator’s location for a pilot study.
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