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InfoMine Inc. is the world leader in providing mining knowledge online, delivering content via our website,
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 one is developing mineral properties, investing in mining, or selling products and services,
industry research and knowledge are vital. Reliable, focused information is necessary to keep a
competitive advantage, and InfoMine is equipped to conveniently provide the requisite knowledge. To
learn more visit http://www.infomine.com.

ConferenceMine, a division of InfoMine, 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 the latest research, and propose innovative solutions to technical challenges. Our
conferences include technical sessions, trade shows, and social functions, enabling personal exchanges
and networking in formal and informal settings.
ConferenceMine conferences are a very important medium for fostering discussion, developing
technology, building relationships, and gathering information.
Please visit www.conferencemine.com for more information.

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 work 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.
Please visit www.mining.ubc.ca for more information.
vi

Anddes specializes in providing advisory and consulting services for the development and supervising of
environmental, civil and construction projects mainly in the mining industry. Anddes is led by professionals
with many years of experience in the development of mining projects in Peru, Argentina, Chile, Brazil,
Mexico and Colombia. The experience of the company and staff, along with Anddes’ strategic
partnerships, allows the company to provide services with high standards of quality, innovative and
efficient solutions, and generate added value for clients.
To learn more visit www.anddes.com.
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Heap Leach Solutions 2016 came back to this beautiful coastal city of Lima, Peru, where the second in this
conference series created by InfoMine was held in 2014. Heap leach operations present unique challenges
in Peru due to its high level of vulnerability to seismic activity. This year, the Heap Leach Mining Solutions
Conference continues a tradition of bringing together academia and industry to share knowledge and
experience in various aspects of heap leach practices, and to revive old friendships and make new ones.
Regardless of the cycle of excitement and gloom in the metal markets, the need for new ideas, new links
and aspiring engineers and scientists remains as important as ever. The collective efforts we make to
advance scientific knowledge and accumulate operational experience in the field of heap leaching are
reflected in this proceedings volume. This proceedings volume contains papers fully reviewed by experts
in the field of heap leaching from America, Canada, Chile, China, France, Peru, Spain, and UK. The papers
cover a diverse range of topics such as seismic analysis and geotechnical design of heap leach pads, heap
leach operations under extreme climatic conditions and challenging mineralogy, geophysical heap
characterization and subsurface leaching, mathematical modelling for process optimization, and water
balance and conservation. In addition to the contributed papers, invited keynote presentations given by
Denys Parra of Anddes, Peru, Augusto Chung of Rio Alto Mining, and Igor Gonzales of Buenaventura
Mining Company, Phillip Dalke of Tahoe Resources, and Dirk van Zyl of the University of British Columbia,
shed light on challenges faced and opportunities presented in heap leaching practices.
This Proceedings volume will furnish researchers, academics, and professionals in the field of heap
leaching with an excellent reference book. I trust that the valuable knowledge we collectively gained along
the journey will not make us complacent, but be an impetus to stimulate further collaborative study and
research in all aspects of heap leaching.
We greatly thank all authors and participants for your contributions and your willingness to share, which
help to make this conference as outstanding and memorable as it has been.
Wenying Liu, Ph.D.
Conference Technical Committee Chair, Assistant Professor, The University of British Columbia
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The Organizing Committee acknowledges with gratitude the authors’ contributions of high quality,
detailed and innovative papers. Their papers showcase new technologies and leading operational
practices that support successful heap leach projects in a range of conditions and climates.
Our sincere gratitude and appreciation goes to everyone who made this conference possible: authors,
committee members, and volunteers. The Organizing Committee also wishes to thank all of our sponsors
and partners.
The support of the committees is greatly appreciated. We are especially grateful to Mr. Augusto Chung,
Conference Chair and Mr. Denys Parra, Conference Vice-Chair and Organizing Partner, for their tireless
efforts to make this conference the best one yet. We also wish to extend a special thanks to Dr. Wenying
Liu, who has chaired the Technical Committee and rendered expert technical advice for months. And
finally, we are grateful to Prof. Dirk van Zyl, the inaugurator of this conference series, who has been
instrumental in developing the conference into what it is today – an internationally acclaimed forum in
the field of heap leaching.
We would also like to thank the technical reviewers and the employees of InfoMine, as well as all those
involved in the organization of this conference and the preparation and production of these proceedings.
Finally, we would like to thank all the delegates who attended the conference to exchange their valuable
knowledge and expertise, thus contributing to the great success of the 4th International Conference on
Heap Leach Mining Solutions.

4th International Conference on Heap Leach Mining Solutions
Lima, Peru, October 2016
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Anddes specializes in providing advisory and consulting services for the development and supervising of
environmental, civil and construction projects mainly in the mining industry. Anddes is led by
professionals with many years of experience in the development of mining projects in Peru, Argentina,
Chile, Brazil, Mexico and Colombia. The experience of the company and our staff, along with our
strategic partnerships allow us to provide services with high standards of quality, innovative and
efficient solutions, generating added value for our clients.

Netafim USA Mining manufactures and sells a broad selection of products that support heap leaching
activities. This includes dripline, supply piping, air valves, filters, valves, and flow meters. We also supply
industry-leading technical support. With Netafim’s global presence and manufacturing facilities around
the world, we provide mines of all sizes with the latest technology, timely delivery, and support.

Our engineering team with vast experience in hydrometallurgy, jointly with our clients, comes up with
practical and innovative solutions to add value to heap leaching operations. Since 1996 we have
contributed to innovation and change through design and implementation of substantial improvements
in irrigation, air injection, thermal lining, drainage systems and control & automation projects in
hydrometallurgical processes.

xiii

GSE Environmental manufactures the most durable, long-lasting geosynthetic containment systems
designed to prevent leakage and corrosion in mining applications. Our geosynthetics install faster,
perform better, and are more cost effective than using natural materials such as stone or compacted
clay. Learn how GSE geosynthetics help you stack more ore, quickly and safely.

Drawing on 150 years’ experience in the industry HUESKER is uniquely positioned to provide state-ofthe-art engineered Geosynthetic solutions to the mining industry. HUESKER’s reinforcement,
containment, dewatering and filtration solutions offer opportunities to reduce construction time,
reduce construction and operational risk and provide Geosynthetic solutions which contribute to the
economic, social and environmental sustainability of mining projects and operations.

With over 20 years of experience, hydroGEOPHYSICS, Inc. (HGI) is a leading geophysical service provider,
contributing geophysical understanding and solutions to mining exploration, operations, closure, and
reclamation projects. Our leach pad monitoring services provide valuable information on the hydraulics
of surface and subsurface irrigation, providing diagnostics for potential problems such as compacted
areas, phreatic surfaces, and preferential flow channels.

American Wick Drain develops, manufactures, and distributes a wide range of geocomposite drainage
products to collect and transport liquids in subsoil conditions. AWD is actively investigating and pursuing
the innovative use of Prefabricated Vertical Drains as a means to improve drainage of Heap Leach pads

xiv

that may have permeability issues. Ask us about the research we are doing regarding wick drain
performance and longevity in the Heap Leach environment.

6th Wave is a nanotechnology company focused on the gold mining industry. Our products provide
significant advantages in cost and performance, derived from application of our technologies in the
highly specialized field of molecularly imprinted polymers. Field tests using the IXOS™ line of extraction
polymers with some of the world’s largest gold mining companies against activated carbon yield
outstanding results.

Cyanco began producing sodium cyanide in Nevada 25 year 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 3 production plants and over 150,000 metric tons of capacity.

HLC is a leading company in the provision of Engineering, Manufacturing and Construction solutions.
Our 15 years of experiences developing projects in Peru and overseas, gave us the confidence to be able
to develop all types of projects in the mining- metallurgy, hydrocarbons and industrial sectors. HLC
believes in their staff, in their technical excellence, their quality and our commitment to our customers,
without considering safety and the environment as our first priority.

xv

Ore-Max personnel have over 20 years of experience in the design of heap leach distribution systems
including the complete hydraulic layout and a selection of critical system components. Our engineers
will provide the most cost effective and practical design for the leach pad distribution from the pump to
the end plug. The correct hydraulics and pressure control are critical to the optimum performance of the
leaching system and therefore maximum ore extraction.

ConeTec is an international company specialized in in-situ site characterization. From our offices in
Canada, USA, Guatemala, Peru and Chile we provide global sub surface data collection, interpretation
and reporting services for mining, energy, environment, infrastructure, construction, research and
development, among other sectors. We work to deliver the high quality data that our clients need to
make the best decisions in their projects.

ChemTreat is one of the world’s largest providers of water treatment products & services. We develop
customized programs with sustainable solutions to improve operating efficiencies, minimize
expenditures, reduce carbon footprints, and improve energy and water management delivered through
the most experienced sales and service team in the industry.

Productos Químicos Andinos manufactures and sells geomembranes for the Mining Industry. We have
two (02) factories strategically located in Peru, one in the North, Piura, and the second one in the South,
Tacna. In both factories we have our own laboratories and GAI LAP certifications.

xvi

GSA has pioneered heap leach hydrology and optimization studies since 1994. Our successes include
designing and installing the first large-scale heap-leach monitoring systems, developing advanced
laboratory techniques to predict heap leach behavior, and integrated laboratory, field and modeling
methods to evaluate the effect of solution and air permeability on heap leach metal recovery.

Itasca Peru is the Peruvian office of Itasca International Inc., an engineering consulting and development
of software founded in 1981 in USA, with 17 offices worldwide. Itasca specializes in solving
geomechanical and hydrogeological issues in the field of mining, civil engineering, environmental,
manufacturing and materials processes and oil and gas industry. Itasca works directly with private
sector, government, research and educational institutions and other consulting firms as specialist
providing relevant scientific and technical knowledge. Numerical simulation software is an integral part
of our consultancy.

The experience and expertise of both AFITEX (France) and TEXEL Technical Materials inc. (Canada) stand
for excellence in the design, development, manufacture and marketing of high quality specialized
synthetic materials – such as DRAINTUBE™ – destined primarily for drainage markets in mining,
environment and civil engineering. Located in Canada, the company transforms basic textiles into
enhanced flow drainage geocomposite products.

Megaplast is a leading manufacturer and exporter of geomembranes from India, ISO 9001-2008
certified. We are manufacturing GM13 spec geomembranes and have got our product certified from TRI
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in USA. Our laboratory is GAI-LAP certified and we conduct all tests for geomembranes in house. We
manufacture geomembranes that are 8 meters wide and up to 3.0 mm thick.

Ausenco is a global, diversified engineering, construction and project management company providing
services in Minerals & Metals, Process Infrastructure, Program Management, Environment &
Sustainability, and Oil & Gas. Our North American and South American geotechnical, hydrology and
hydrogeology teams have worked on over 100 major mining projects internationally, specializing in heap
leach and tailings facility studies, design and construction quality assurance.

Compañía Minera Poderosa S.A. is a private mining company which operates an underground gold mine
in north of Peru. Poderosa was founded in 1980 and is dedicated to the exploration, extraction and
smelting of gold. The company´s operations are carried out in the province of Pataz, Trujillo, La Libertad
and is one of the most important private Peruvian company in the exploitation and commercialization
of gold in Peru. The mining rights of the company are comprised in the area named Pataz Batholit.

Sociedad Minera Cerro Verde is one of the leading copper and molybdenum producers in Peru and part
of Freeport-McMoRan Inc., the world’s largest copper producer. SMCV operations are located 30
kilometers from Arequipa city, in the south of Peru. Cerro Verde meets the highest safety, socioenvironmental, management, and quality standards.

xviii

MINING.com is an award-winning digital publication covering the global mining sector. Stay up to date
by following the news via desktop, mobile friendly website or by downloading the app.

Minería & Energía is a Lima-based magazine specialized in mining and energy topics. It was created six
years and has quickly become a useful tool for those seeking fast and reliable sector-specific
information. The magazine covers important topics through articles, reports and interviews, produced
by highly skilled professional team.

Horizonte Minero is the main source of information and analysis for the mining and energy sectors.
Since our first publication in 1999 we have been committed to bringing you the most important news.
We offer a wide coverage of topics ranging from mining operations, exploration, management, health
and safety, environment, technology, social responsibility, energy, machinery, supplier engagement and
other topics of both technical and business nature.

Energiminas is a magazine based in Lima, Peru, specialized in mining and energy topics, with seven (07)
editions per year. The target public of Energminas are managers involved in projects, mines, plants,
purchase, maintenance of small, medium and large mining; as well as companies in the energy sector,
such as, oil, gas and electricity.

Rumbo Minero, published by Grupo Digamma, with twelve years in the market, has become the leading
magazine of the Peruvian mining sector specializing in the analysis of the sector progress and needs.
Through the dissemination of updated information, we seek to promote investment and the importance
of the sector in Peru’s economy. Rumbo Minero is recognized by its readers and clients as an excellent
business and information tool. It is the official magazine of EXPOMINA PERU, the country’s largest
mining trade show and mining suppliers meeting.
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Keynote 1: Evolution of heap leaching processes
Igor Gonzales, Buenaventura Mining Company, Peru

About Igor Gonzales
Igor Gonzales, VP, Operations, Buenaventura Mining Company, Peru, delivered the Opening Keynote. Igor
Gonzáles is a chemical engineer who graduated from the University of Cusco, Peru. He holds a MSc degree
in Metallurgy from the New Mexico Institute of Mining and Metallurgy. He started his mining career in
1980 at the Southern Peru Corporation, where he held various positions for 18 years. In 1998 he joined
Barrick Gold Corporation where he spent 16 years, 7 of them in Chile as the President of Barrick South
America. During this time he was responsible for managing four mines, two projects, and a workforce of
3,500. After spending some time at the Barrick’s Corporate Office in Toronto, Igor returned to Peru in 2014
and joined Buenaventura as the company’s VP Operations. He also serves as the Board Member for Hudbay
Minerals, Sierra Metals, Buenaventura and El Brocal.
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Keynote 2: My heap leach journey
Phillip Dalke, Tahoe Resources, Peru

Abstract
In 1984, Phillip was offered a job working in the mountains of SW Colorado, at a very small gold operation,
where heap leach technology was used. Unfamiliar with this process, he jumped at the opportunity. Over
fifteen heap leach operations later, he would like to share lessons learned about being a good neighbour,
promoting safety, mitigating environmental risks, and maximizing value in heap leach operations.

About Phillip Dalke
Phillip Dalke, VP Peru Operations and Managing Director, Tahoe Resources, Peru, spent over three decades
working on heap leach operations throughout the Americas. He was educated at Colorado School of Mines
and ISU, graduating with a degree in Metallurgy and an MBA. Phillip is passionate about giving back to
the community, caring for the environment, teaching the next generation of engineers and operators, and
leaving a mine site in better shape than when he arrived. He is currently assigned to Rio Alto in Peru,
operator of the La Arena and Shahuindo mines.
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Keynote 3: Heap leach operations and water footprint
Augusto Chung, Rio Alto Mining, Peru
Oswaldo Tovar, Ingeniería y Recursos, Peru

About Augusto Chung
Augusto Chung, VP, Projects, Rio Alto Mining, Peru, is a metallurgical engineer with over thirty years of
experience in the mining industry. He obtained his first degree from the National University of San Marcos,
Peru. He also holds a Master’s degree in Mineral Processing from Montana Tech, USA; and a PhD in
Mining and Project Management from the University of Oviedo, Spain. He is an accredited member of the
Metallurgy Chapter, the Association of Mining Engineers and Metallurgists of Australia (AUSIMM).
Currently Augusto is Vice President, Projects at Rio Alto Mining. In addition, he serves as a Professor at
the University of San Marcos and the School of Management and Economics
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Keynote 4: Modelling copper recovery,
total iron concentration and acid balance
in chalcocite heap bioleaching
Wenying Liu, The University of British Columbia, Canada
Mohsen Hashemzadeh, The University of British Columbia, Canada

About Wenying Liu
Wenying Liu is Assistant Professor of the Department of Materials Engineering at The University of British
Columbia, Canada. Her research areas are within the broader field of hydrometallurgy and environmental
engineering. Specifically, she focuses on heap leaching, a series of chemical reactions for extracting
valuable metals, such as copper and gold, from ore and separating toxic elements from mine waste
materials. Her research utilizes fundamental knowledge in fluid mechanics, transport phenomenon, reaction
kinetics and bioengineering. Her current projects include:
 Use of sea water in heap leaching of copper sulphides to save freshwater.
 Release of selenium and associated elements from mine waste materials.
 Mathematical modelling of heap leach.
 Bioheap leaching of gold from refractory gold ore.
Prior to joining the UBC Industrial Research Chair in Hydrometallurgy in July 2015, Wenying
completed her PhD degree in Mineral Processing and Environmental Engineering at the University of
Queensland, Australia and a postdoctoral fellowship at UBC. She received her B.Eng and M.Eng degrees
in China.

Abstract
Chalcocite heap bioleaching is a complex process that utilizes oxidative chemical leaching and microbial
activities to extract copper from an ore bed. Mathematical modelling is an effective tool for identifying key
parameters that control the leaching performance to achieve optimization. HeapSim is a modelling tool that
incorporates multiple sub-processes that occur in a heap under leach, such as the movement of leaching
solution, chemical and microbial reactions, and heat transfer, to predict the leaching behavior of the heap.
In this study, the HeapSim model was applied to simulate chalcocite heap bioleaching at the Quebrada
Blanca mine located in the northern Chile. The Quebrada Blanca mine currently processes secondary copper
sulfides, mainly chalcocite, but is considering the processing of primary sulfides, mainly chalcopyrite, in
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the next few years. The objective of this study was to simulate the current chalcocite leaching and identify
the key parameters that control heap temperature, which would provide insights into the possible leaching
of chalcopyrite by increasing heap temperature.
The main findings are that the leaching performance indicators used by the model, including copper
recovery, copper concentration, total iron, acid consumption, pH and Eh, could be calibrated using the site
historical leaching data with relatively high precision. Heap temperature was sensitive to the raffinate
temperature and the extent of reaction of finely divided pyrite flotation tails blended with agglomerated ore.
When the raffinate flow rate was high (9 L/m2/h), heap temperature was controlled by the raffinate
temperature; when the raffinate flow rate was low (1.8 L/m2/h), heat removal by the raffinate solution flow
was insignificant, and the heat generated by pyrite reaction accumulated and led to a sharp increase in the
heap temperature. For the current chalcocite leaching, aeration was stopped at 250 days and the raffinate
temperature was around 25°C. It is recommended that raffinate be heated up to a higher temperature and
aeration be maintained for the entire life of a heap.

Introduction
With decreasing ore grades and limited freshwater availability, heap/dump leaching is becoming a
promising, environmentally-friendly way of processing large tonnages of low-grade copper ores (Ehrlich,
2001; Petersen, 2016). The successful application of heap leaching depends on a comprehensive
understanding of the complex fundamental processes underlying it. These fundamental processes include
the transport of fluid, solutes and heat, and the kinetics of chemical and microbial reactions. Significant
progress has been made towards understanding the fundamentals of heap leaching with the aid of
sophisticated mathematical models (Cross et al., 2006; Dixon, 2003). HeapSim is such a modelling tool
that incorporates these hydrological, chemical, biological and thermal factors that may affect mineral
leaching rates (Bouffard, 2008; Bouffard and Dixon, 2009; Petersen and Dixon, 2007). The two objectives
of this project were to simulate chalcocite heap leaching by using the HeapSim model at the Quebrada
Blanca mine, a copper heap bioleaching operation located in northern Chile, and to identify key operating
parameters that control heap temperature. The ultimate goal was to predict chalcopyrite leaching at high
temperatures using the information obtained through modelling.

Method
The above objectives were achieved using the HeapSim model. The work was carried out in the following
aspects:


Calibrate the model using the historical chalcocite leaching data provided by the operation.
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Validate the model using the historical chalcocite leaching data provided by the operation.



Test the response of the heap temperature to the change in the raffinate temperature and to the
addition of finely divided pyrite to the agglomerated ore.



Provide recommendations for the current chalcocite leaching and future chalcopyrite leaching.

The HeapSim model
The HeapSim modelling tool is a user-friendly Microsoft Excel package. The model incorporates key
fundamental processes that occur in heap leaching, including water and solute transport that mobilizes
lixiviants from leaching solution to ore surfaces and reaction products from ore surfaces to solution; gas
and gas species transport that provides oxygen and carbon dioxide for microbial activities; chemical
reactions that extract copper from ore; microbial activities that convert ferrous to ferric and elemental sulfur
to sulfate; and heat transport that moves heat within and across heaps. A user can provide all the input
parameters through a graphical user interface that includes various modules, such as “Heap Parameters,”
“Transport Parameters,” etc. Figure 1 shows a snapshot of the user interface, with “Heap Parameters” as an
example. If the user clicks that button, a window is open allowing the user to enter values for all input
parameters in this module.

Figure 1: The graphical user interface of the HeapSim model
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Model inputs and outputs
Model input parameters fall broadly into three basic categories:
 Design parameters: these are user-defined operating parameters and vary with each mine
operation, such as irrigation rate. Their values can be varied in the sensitivity study to test the
magnitude of the influence of each design parameter on the leaching performance.
 Empirical parameters: these parameters are typically estimated based on operational experience
and laboratory or on-site testing. Their values can be adjusted in the model calibration process
in order to fit the model outputs with the site monitoring data.
 Fundamental parameters: these are the parameters that represent the intrinsic properties of
materials and processes and are not expected to change from one operation to another, such as
reaction activation energy. The values for these parameters are typically available in scientific
literature.
Multiple indicators were used as model outputs to evaluate the performance of the leaching process.
These indicators fall into three categories: (1) PLS volume; (2) copper recovery, copper concentration, total
iron, acid concentration, pH, and Eh; (3) Heap temperature.

Heaps used 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).
There are 23 heaps (advances) in total, of which there are 11 to 15 operating at any one time. The geographic
location of the 23 heaps is shown in Figure 2. Historical heap leach data from the past 14 years of operation
were provided by the mine.

Figure 2: Advances (heaps) operating at Quebrada Blanca mine
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The HeapSim model was calibrated by adjusting various model parameters (the third category) until
the results gave a close fit to the historical heap leach data. Four heaps were selected for model calibration:
G-14, H-1, H3, and H-11. The validity of the calibrated model was then tested using data from another two
heaps: H-6 and H-9. These characteristics of the six heaps are shown in Table 1. The selection criteria
reflected the diversities in terms of irrigation area, geographic location, operation start date, and ore grade,
to ensure that the calibrated model is robust in describing chalcocite leaching.
Table 1: Characteristics of heaps selected for model calibration
(G-14, H-1, H3, and H-11) and validation (H-6 and H-9)
Heaps

Irrigation area, m2

Start date

Leaching days

Cu grade

Cu recovery

G-14

66,018

5-Feb-2006

444

1.48%

66.11%

H-1

28,179

16-Oct-2006

416

1.25%

65.19%

H-3

59,067

17-Nov-2006

429

1.21%

71.39%

H-11

32,240

8-Jun-2007

453

1.18%

68.95%

H-6

51,060

17-Feb-2007

447

1.13%

70.49%

H-9

30,497

7-May-2007

449

1.02%

71.20%

The height of all six heaps was 8 m. Irrigation was provided by drip emitters arranged in a 55 by 55
cm grid. The whole heap was divided into various number of modules irrigated sequentially. Aeration and
irrigation were started at the same time, but aeration was stopped after 250 days. The average aeration rate
was 0.23 m3/m2/s. The average irrigation scheme, with variations among heaps, was: 0.20 L/m2/min for the
first 100 days; 0.15 L/m2/min from day 101 to day 245 (approximately); 0.03 L/m2/min from day 246 to
day 450 (approximately). The model handles varying leaching conditions through an “Event Manager,” the
interface of which is shown in Figure 3.

Research findings
Model calibration using chalcocite leaching data
The objective of the model calibration was to adjust the model parameters (from the third category) to fit
the simulated model outputs with the historical monitoring data. Figure 4 and Figure 5 show the calibration
results using Heap G-14 as an example. The calibrated results on PLS flow rate has been published
previously (Liu and Dixon, 2015). The model could satisfactorily describe copper recovery, copper
concentration, total iron, acid concentration, pH, and Eh, as shown in Figure 4. In the acid balance
calculation, the gangue acid consumption was not considered for the ore type at the Quebrada Blanca mine.
Pyrite oxidation was considered to generate 70% of sulfuric acid and 30% of elemental sulfur (Bouffard
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and Dixon, 2009). Figure 5 shows the simulated average heap temperature and temperatures at the depths
of 2 m and 8 m.

Figure 3: Snapshot of the Event Manager for handling varying leaching conditions

The initial temperature of the heap was set at 12°C, which was the same as the ambient temperature
at that time of the year (February). After irrigation was started, the heap temperature increased from the
initial temperature of 12°C to 26°C, similar to the raffinate temperature, within a month. The temperature
remained at around 26°C until around day 245, after which the heap temperature started to decrease. This
was caused by less amounts of heat being carried by the raffinate to the heap resulting from the decrease in
the raffinate flow rate. The temperature at the depth of 2 m was lower than that at 8 m due to the heat loss
from the exposed surface to the environment through convection and radiation. This difference was
particularly obvious after day 245 when the raffinate flow rate was significantly reduced, with 20°C on the
top and 27°C at the bottom. The simulated temperature was very close to the top and bottom temperature
measured at QB previously. Their data show that the top temperature was around 17°C and the bottom
27°C. Therefore, the model can be used to describe heap temperature profile.
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Figure 4: Model calibration results comparing model outputs (copper recovery, copper
concentration, total iron, acid concentration, pH, and Eh) with historical data for Heap G -14
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Figure 5: Simulated average temperature and temperatures at 2 m and 8 m for G -14

Model validation using chalcocite leaching data
The calibrated model was validated using H-6 and H-9. Figure 6 and Figure 7 show the validation results
using H-9 as an example. The model outputs fit very well with the monitoring data. Therefore, it is
concluded that the calibrated model was robust in describing the leaching of chalcocite.
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Figure 6: Model calibration results comparing model outputs (copper recovery, copper
concentration, total iron, acid concentration, pH, and Eh) with historical data for Heap H -9
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Figure 7: Simulated heap average temperature and temperatures
at the top 2 m and the bottom 8 m for Heap H-9

Sensitivity of heap temperature to key operating parameters
A sensitivity study was carried out to test the response of the heap temperature to two key operating
parameters: raffinate temperature and the blending of pyrite flotation tails with agglomerated ore. The
raffinate temperatures simulated were 20°C, 30°C, and 40°C. The pyrite contents simulated were 2%, 3%
and 4%. Pyrite content means the amounts of pyrite blended with the agglomerated ore, not the pyrite
originally present in the ore. The latter typically does not leach to any significant extent (less than 5%),
possibly because of it being encapsulated by chalcocite. The contribution to heap temperature by pyrite
reaction was based on the assumption that the blended pyrite could react 100% over a time period of 450
days. In reality, the blended pyrite may only partially react during the heap lifetime or react completely
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within a shorter time frame. When testing the effect of raffinate temperature, all sulfides reactions were
turned off; when testing the effect of blended pyrite, no sulfide reactions other than pyrite reaction were
turned on.
Figure 8 (upper left graph) shows the effect of raffinate temperature on heap temperature. All three
raffinate temperatures tested (20°C, 30°C, 40°C) were higher than the heap temperature (12°C). In these
cases, the heat carried by the raffinate solution transferred to the heap, leading to an increase in the heap
temperature. The amount of heat carried and therefore its contribution to the heap temperature was
determined by the raffinate flow rate. When the flow rate was high (initial 245 days), the heat carried by
the raffinate was sufficient to maintain the heap temperature similar to the raffinate temperature. After day
246, the flow rate was significantly reduced and therefore the heat carried by the raffinate solution
decreases. In this case, heat loss to the colder ambient plays a more important role, resulting in a gradual
drop in the heap temperature. The heap temperature would eventually drop to the same as ambient
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Figure 8: Simulated heap average temperature and
temperatures at the top 2 m and the bottom 8 m
The remaining three graphs in Figure 8 show the effect of both raffinate temperature and pyrite content
on heap temperature. At a high flow rate, any heat contributed by pyrite reaction would be carried away
from the heap by the raffinate flow. Therefore, the heap temperature was mainly determined by the raffinate
temperature and was just slightly higher than the raffinate temperature. When the raffinate flow rate was
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low (from day 246 to day 450), the amount of heat removed by raffinate flow was insignificant. Therefore,
heap temperature was determined by pyrite reaction. In this case, heat was accumulated in the heap, leading
to a sharp increase in heap temperature.

Recommendations for chalcocite and chalcopyrite leaching
The findings of this work have implications on the current chalcocite leaching. It may not be feasible for
the QB operation to blend pyrite with the ore being leached. Three what-if scenarios were tested to improve
the current operation: maintain the aeration for the entire heap life in comparison with terminating aeration
at day 250; the increase in the raffinate temperature to 40°C in comparison with the current 26°C; a
combination of both scenarios. Figure 9 shows that all three scenarios had positive effects on the leaching
recovery to different extents. The recovery increased by roughly 3% by maintaining aeration for the entire
heap life. The increase in the raffinate temperature to 40°C had a pronounced positive effect on copper
recovery, with an increase of 15%. Maintaining aeration had a more pronounced effect in the case of higher
raffinate temperature where faster leaching kinetics and therefore higher oxygen demand were expected.
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Figure 9: The impact of three hypothetical scenarios on current chalcocite leaching
(1) maintain aeration; (2) increase raffinate temperature to 40°C and
(3) apply both scenarios at the same time

Conclusion
The HeapSim model was calibrated using historical chalcocite leach data, with pregnant leach solution
(PLS) flow rate, copper recovery, copper concentration, total iron, acid, pH, Eh, and temperature as leaching
performance indicators. The calibrated model was capable of describing the chalcocite leaching at the
Quebrada Blance mine with relatively high precision. Heap temperature was sensitive to the raffinate
temperature and to pyrite reaction (assuming external reactive pyrite can be blended with agglomerated
ore). When the raffinate flow rate was high, heap temperature was controlled by the raffinate temperature;
when raffinate flow rate was low, heat removal by raffinate solution was insignificant, and the heat
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generated by pyrite reaction was accumulated, leading to a sharp increase in the heap temperature. It was
recommended that aeration be maintained for the entire leach cycle of a heap and raffinate be heated up
from the current 26°C to a higher temperature. The findings of this research also have implications for the
future leaching of chalcopyrite at QB. To simulate chalcopyrite leaching performance at higher
temperatures, the HeapSim model will need to be calibrated using experimental data from chalcopyrite
leaching.
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Keynote 5: Seismic behavior of heap leach pads
Denys Parra, Anddes, Peru

About Denys Parra
Denys Parra, General Manager, Anddes, Peru, is a civil engineer who graduated from the National
University of Engineering (UNI) in Lima, Peru, with a specialization in geotechnical engineering in Japan.
He holds a Master’s degree in geotechnical engineering from the Catholic University of Rio de Janeiro
(PUC Rio), Brazil. Denys has 25 years of experience, most of it in mining projects. His experience includes
the development of geotechnical investigations and geotechnical analysis for all civil and mining facilities,
including stability analysis, liquefaction, seismic response analysis, consolidation of tailings, numerical
modeling, among others. Currently, Denys Parra is an Associate Professor at the UNI in Lima; he is a
registered member of the Society for Mining, Metallurgy and Exploration (SME) in the United States.

Abstract
There are many heap leach pad projects located in highly seismic regions; however, little is known about
the material dynamic properties and seismic behaviour of the heap, despite the fact that heap leach pads are
much more sensitive to seismic-induced displacements than other mine facilities, due to the critical potential
for tearing of the geomembrane liner during seismic events. Topics to be covered during this presentation
include dynamic properties, seismic coefficient discussion, seismic records and spectral matching, 1D-2D
and 3D seismic response analysis, seismic induced displacement calculation, comparison between rigorous
and simplified approach, among others.
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Keynote 6: The forum for heap leach
technology and practice of the 21st century
Dirk van Zyl, The University of British Columbia, Canada
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of experience in research, teaching and consulting in tailings and mine waste rock disposal and heap leach
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life cycle, from exploration to closure and post-closure, in a large range of climatic and geographic
environments. Most of this work has been focused on geotechnical and environmental mining engineering
aspects to provide solutions for environmental and human health protection.
Dirk has more than one hundred publications to his credit; these include papers and book chapters.
He has also presented numerous short courses on heap leach design, mining environmental management
and mine closure in the US and other countries. He is the recipient of three awards from the Society for
Mining, Metallurgy and Exploration (SME). These are the Robert Peele Award (1985), the Distinguished
Service Award (1992) from the Mining and Exploration Division, and a President’s Citation (1998). Dirk
became a Distinguished Member of SME in 2003. He received the Bureau of Land Management
Sustainable Development award in 2005 and the Adrian Smith International Environmental Mining Award
in 2006.
Dirk received a B.Sc. in Civil Engineering in 1972 and a B.Sc. (Honors) Civil Engineering in 1974,
both from the University of Pretoria, South Africa. He also received M.S. and Ph.D. degrees in Geotechnical
Engineering from Purdue University in 1976 and 1979, respectively. In 1998 he completed an Executive
MBA at the University of Colorado. He is a registered professional engineer in three States in the USA.
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Talvivaara to Terrafame –
Nickel heap leaching in Finland
Antti Arpalahti, Terrafame, Finland

Abstract
The Talvivaara mine in Finland has been ramping up production since autumn 2015, under new
administration and using the operational name of Terrafame. The original operation suffered from various
green field, new technology issues, and eventually was forced into bankruptcy in late 2014.
Several factors differentiate the Terrafame operation from other heap leach operations. First, roughly
half of all heap leaches are gold leaching with cyanide, and the majority of the rest of the operations work
with copper ore. Terrafame produces nickel and zinc by heap leaching. Second, the mine faces extremely
difficult weather conditions – hardly any other site operates with both net positive rainfall, and a winter that
is extreme, given its geographical location. Difficulties in permitting a new mining technology have led to
challenges with the overall water balance, which was already difficult purely because of the positive net
rainfall.
In terms of mineralogy, the most unique factor at Terrafame is the main sulfide present in the ore:
pyrrhotite. This easily reactive iron sulfide allows significant heat generation to alleviate winter operation,
but creates a demanding, changing heap structure. Furthermore, in comparison to most operations, there is
a heavy demand for aeration, as the majority of the sulfides present in the ore are reactive.
In addition to the special factors present at the Terrafame operation, all the typical issues related to
heap leaches apply: agglomeration quality is essential, uniform irrigation requires careful design, and proper
sampling must be arranged to understand the inner life of the heap as well as is feasible.

Introduction
The Talvivaara mineral deposits were confirmed in the 1980s by the Geological Survey of Finland in a
continuation of the geological mapping of Finland that was started in the early 20th century. Outokumpu
acquired the deposits in 1986, and further studied areal geology and extraction concepts at the end of the
second millennium. The Talvivaara Project took over the deposits in 2004. Following a successful pilot
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heap demonstration in the summer of 2005, it was able to draw enough funding to commence full-scale
heap leach operation (Riekkola-Vanhanen, 2013).
The first ore mining and heap construction was started in 2008. As the pilot heap promised high
leaching recoveries after a year of leaching, a two-staged leaching concept was designed with the following
plan: the first stage (primary leaching) consists of four primary dynamic heaps with 5 to 6 million tons of
ore each. The target was to achieving a 1 to 1.5 year leaching period at the primary heaps. The second stage
of leaching (secondary leaching) would leach the residue of primary leaching heaps for several years in a
multi-lift heap, and would serve as the final resting place of leached residue once the majority of valuable
metals was extracted from it.
The Talvivaara operation suffered from typical Greenfield issues. The nickel price was at its peak in
2007 and financing was flexible. As time progressed, costs started to add up while production lagged.
Problems came one after another, and at first were solved. By 2010 the first wave of commissioning issues,
mainly related to crushing and aeration fans, had been dealt with, and production was rising. By the end of
2011, Talvivaara achieved a net positive cash flow, and annual capacity was already over half of the nickel
production nameplate capacity. However, 2011 also brought a second wave of problems, as the dynamic
heaps became full and the first reclaim started. Ultimately, three incidents led the Talvivaara operation to
bankruptcy:
1. The first heaps of the second dynamic round failed, causing a long-term decrease in
production.
2. The nickel price decreased constantly.
3. A pond bottom failed, causing the contamination of the surrounding area and forcing the
Talvivaara operation to handle excess water in an already difficult net positive rainfall water
balance.
After Talvivaara went bankrupt, the Finnish-government-owned Terrafame took over the bankrupt
estate on August 2015, and restarted mining in September 2015. While this paper is being written in May
2016, the production is being ramped up, and the operation is on schedule to be in full production by 2018.
This paper focuses on the special features of the operation (previously called Talvivaara, now called
Terrafame). The purpose is to focus on heap leaching phenomena occurring in the heaps and caused by the
heaps.

Special features of the operation
The special features of the Talvivaara/Terrafame operation can be divided into the following categories:
 Climate conditions: sub-zero operation and a net positive rainfall.
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 Amount of reactive sulfides, demand for reagents, and implications on morphology.
 A long, two-stage leaching cycle, and its implications for operation.
These factors are of course interconnected. Note that the bacterial aspect of the process will not be
covered in this paper.

Climate conditions and their implications
The Talvivaara/Terrafame operation is located in the middle of Finland, in northeastern Europe, as shown
in Figure 1.

Figure 1: Location of the Talvivaara/Terrafame operation (Talvivaara, 2009)
The operation is located approximately 300 km south of the Arctic Circle. Not only is there extreme
temperature change throughout the year, but also the length of the day varies from four hours in mid-winter
to twenty-two hours in mid-summer.
The ambient temperature varies from −40 to 0°C in January, and from +5 to +25°C in July. The rainfall
varies from 550 to 1,000 mm per year, while ground evaporation varies from 200 to 400 mm per year
(SYKE, 2016). Conventionally, such conditions have been avoided for heap leach operations. Heap leaches
can handle cold climates if care is taken to ensure the protection of the irrigation system for the winter, and
the mining plan is limited to warm season stacking only. In the Talvivaara/Terrafame operation, the plan
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has been and continues to be to operate around the year without ceasing heap construction. This plan would
not be possible were it not for the large amount of reactive sulfides in the ore, which proving substantial
heating to the heaps and the circulating solution.
In the original design of the operation, there was little provision for protecting heat. Open ditches and
ponds were installed. The idea was to allow for evaporation from the hot solution, and to reduce the costs
of thermal insulation. Experience from the pilot run through 2005-2007 indicated that temperatures
remained high even through reclaim was conducted during the winter of 2007 (Riekkola-Vanhanen, 2013).
During the operational life in Talvivaara and later Terrafame, it has become apparent that conservation
of energy is essential for operation during winter. Freezing of irrigation lines placed on top of heaps has
been an issue, especially on older heaps where heat generation has decreased. The long leach cycle requires
most of the dynamic heaps to survive two subsequent winters, and requires secondary leaching to survive
several winters. This became quite obvious in the trying times of 2014 and the beginning of 2015, when
mining had stopped due to procedures similar to United States’ chapter 11 bankruptcy procedures that had
begun in November 2013, which means that the operation partially continued under reorganization and
strict debtor surveillance. The mining operation was at a standstill, while irrigation and leaching continued
on the heaps.
Covering the heaps was trialed on several occasions. This was found to be a rather cumbersome
practice as relatively heavy machinery needs to be used on top of the leaching cells (or combs, as they are
called at the operation). Typically a heap surface requires ripping after heavy machinery has operated on
top of it. However, if the heap is covered, ripping is not feasible for obvious reasons. Heavy machinery is
needed not only for the logistics of the covering materials, such as plastic mats, but also to deliver
weighting, such as coarse gravel, to place on top of the covering materials. As the covering is not tied or
welded to the heap and has a large surface area, it catches the wind quite easily – and there is no shortage
of wind at Talvivaara. Also, as the dynamic heaps need to be reclaimed at some point, there is a double cost
related to the covers. While covering is feasible in a small-scale operation, or on permanent heaps in low
wind conditions, it is not a suitable option for the dynamic pads in the windy conditions of
Talvivaara/Terrame, as is shown in Figure 2.
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Figure 2: Practical problems with laying cover plastics in windy conditions
In autumn of 2015, staff began to evaluate new methods for heat preservation. They cooperated with
Russian and Turkish heap leach operations, and consequently selected dripline burial in the heaps as the
most promising method. The coldest regions in which heap leaching is done are in eastern Siberia. Such
operations have found that a dripline must be buried down to 1 to 1.5 m from the top, as frost strikes deep
during the harsh winter. These operations are predominantly gold cyanide leaching, where there is little to
no heat generation. At Talvivaara, such depth is not considered necessary as the leaching reaction will
generate heat inside the heap, and any formed frost will not reach deep inside the heap. In fact, it has been
found that it is sufficient to bury the lines just enough to allow for protection against the wind. The first
results of burying trials are promising; however it must be stressed that this practice is still considered to
be in the testing phase.
Due to the long leaching time on the dynamic heap and both high heat generation and cooling during
winter, it has been found that the irrigation driplines must be changed a number of times during the 1.5
years of primary leaching. The main reason for plugging of the driplines has been gypsum in the drippers.
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As all solutions are saturated by gypsum and there is a drop of temperature from the outlet of the heap to
irrigation, it is only natural that supersaturated gypsum crystallizes.

Figure 3: Ca/gypsum solubility in Talvivaara/Terrafame PLS-solution
Figure 3 presents an example Pregnant Leach Solution (PLS) solution with variable temperature
across years. It can be clearly seen that the concentration of calcium varies with temperature. As the
temperature drop can be 10 to 15 °C from hot heap outlet to irrigation, gypsum has the potential to be
supersatured by 100 mg/L calcium right on the irrigation driplines.
The effect of net positive rainfall is important to understand as it defines a significant part of the
overall water balance in Talvivaara/Terrafame. From the climate information above it can be seen that net
rainfall is between 350 to 600 mm per year. In the long term, the operation should have roughly four
secondary heaps of 1,400 m × 400 m in operation with the 1,200 m × 400 m four dynamic pads. Allowing
for a 10 % increase of area by pond demands, there is roughly 4,600,000 m2 of area where precipitation
turns into PLS. What this means is that the annual effect of rainfall on the leaching circuit is between
1,600,000 and 2,800,000 m3. This amount of solution must be handled by an increased evaporation rate due
to hot heaps and solutions and/or constant removal of solution from the leaching circuit.
It should also be mentioned that one cannot simply take the potential effect of rainfall and split the
amount of solution to be handled equally across the year. It is important to understand the typical variation
of rainfall, which tends to occur more heavily during the growth season. But in addition to understanding
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the variation of rainfall, it must be understood that there is a period of time during spring when a large snow
mass melts and causes an increase of volume in the PLS circulation. This is profoundly difficult to model
as the heaps will melt more snow during winter than usually occurs in nature, and moreover the heaps tend
to retain more moisture over long periods of operation. Also it has become apparent that extreme flood
seasons should be taken into consideration in design to avoid water flooding into the PLS system, diluting
and causing a need for more bleed of solution through expensive treatments.
The elements of ambient temperature, variation of rain and snow accumulation to flood season cause
an added difficulty in general water (PLS) balance in Talvivaara. Modeling has been developed since 2013
to include weather reports and historical variation. As the solution needs to be treated continuously in the
worst case rainfall, the timing of a treatment plant shutdown well beforehand might cause operational
difficulties in such cold, wet conditions.

Reactive sulfides in the ore and their implications
The Talvivaara ore contains in the magnitude of 20 %-w reactive metal sulfides. This is unique for a heap
leach operation. However, half of the sulfides are pyrite and chalcopyrite, which one would not expect to
react as vigorously as the easier-to-leach sulfides.
Pyrrhotite makes the leaching process especially interesting. This readily and quickly reactive sulfide
leaches in more reductive conditions than both sphalerite and pentlandite (Riekkola-Vanhanen and
Heimala, 1993). It also carries roughly one-fourth to one-third of leachable nickel. Therefore:
1. pyrrhotite must be leached before the valuable metals; and
2. pyrrhotite contains nickel, therefore it should be leached to achieve good nickel recovery.
A high amount of pyrrhotite means a high demand for aeration and either acidification or generation
of acid inside the heap from the formed elemental sulfur, signifying an even higher aeration demand.
To understand the scale of reagent demand, the earlier published pilot head and residue grades can be
used for estimation. These numbers are presented in Table 1. For these minerals and precipitates, reaction
equations (1) to (11) are used to calculate estimated oxygen demand and acid consumption (or generation
in some cases).

𝐹𝑒4,5 𝑁𝑖4,5 𝑆8 + 9 𝐻2 𝑆𝑂4 + 4.5 𝑂2 (𝑔) → 4.5 𝑁𝑖𝑆𝑂4 + 4.5 𝐹𝑒𝑆𝑂4 + 9 𝐻2 𝑂 + 8 𝑆
Fe4,5Ni4,5S8

= assumed average composition of pentlantide

𝐹𝑒7 𝑆8 + 7 𝐻2 𝑆𝑂4 + 3.5 𝑂2 (𝑔) → 7 𝐹𝑒𝑆𝑂4 + 7 𝐻2 𝑂 + 8 𝑆
Fe7S8

(1)

(2)

= assumed average composition of pyrrhotite

𝐹𝑒𝑆2 + 𝐻2 𝑂 + 3.5 𝑂2 (𝑔) → 𝐹𝑒𝑆𝑂4 + 𝐻2 𝑆𝑂4

(3)

𝐶𝑢𝐹𝑒𝑆2 + 4 𝑂2 (𝑔) → 𝐹𝑒𝑆𝑂4 + Cu𝑆𝑂4

(4)
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𝑍𝑛𝑆 + 𝐻2 𝑆𝑂4 + 0.5 𝑂2 (𝑔) → 𝑍𝑛𝑆𝑂4 + 𝐻2 𝑂 + 𝑆
ZnS

(5)

= assumed and simplified composition of sphalerite

𝐹𝑒𝑆𝑂4 + 1.5 𝐻2 𝑂 + 0.25 𝑂2 (𝑔) → 𝐹𝑒𝑂𝑂𝐻 + 𝐻2 𝑆𝑂4

(6)

8 𝐹𝑒𝑆𝑂4 + 10 𝐻2 𝑂 + 2 𝑂2 (𝑔) → 𝐹𝑒8 𝑂8 (𝑂𝐻)6 𝑆𝑂4 + 7 𝐻2 𝑆𝑂4

(7)

Fe8O8(OH)6SO4 = assumed composition of Fe-sulfates as schwertmannite
6 𝐹𝑒𝑆𝑂4 + Na2 SO4 + 9 𝐻2 𝑂 + 1.5 𝑂2 (𝑔) → 2 𝑁𝑎𝐹𝑒3 (𝑂𝐻)6 (𝑆𝑂4 )2 + 3 𝐻2 𝑆𝑂4

(8)

𝐶𝑎𝑆𝑂4 (aq) + 2 𝐻2 𝑂 → 𝐶𝑎𝑆𝑂4 ∗ 2𝐻2 𝑂(𝑠)

(9)

𝑆 + 𝐻2 𝑂 + 1.5 𝑂2 (𝑔) → 𝐻2 𝑆𝑂4

(10)

𝐶 + 𝑂2 (𝑔) → 𝐶𝑂2

(11)

As can be seen from the reactions above, (1), (2) and (5) consume acid and (3), (6), (8) and (10)
produce acid. Consumption of acid is a positive number in Table 1 and production of acid is a negative one.
Formation of elemental sulfur is presented as a percentage, so as to be able to compare the formed sulfur
with analyzed sulfur and force oxidation of excess via reaction (10) above for more accurate total oxygen
and acid consumption. Overall it is assumed for the purposes of simplicity that the ore mass does not change
drastically during leaching. This assumption is not exactly correct, but the accuracy achieved is sufficient
for the purpose of this demonstration calculation.
Table 1: Mineralogy of pilot material before and after bioleaching in
both primary and secondary; the total demand for air and acid for each
component and generation of elemental sulfur, (Riekkola-Vanhanen, 2013
for mineral data with Fe-sulfate assumed as mainly schwertmannite)
Mineral

% before
leaching

% after leaching

Elemental sulfur
formed, %

Air demand,
Nm3/ton ore

Acid demand,
kg/ton ore

Pentlandide

0.57

0.07

0.17 (1)

3

5.7

Pyrrhotite

10

0.27

3.85 (2)

58

103

Pyrite

11.85

3.26

–

277

–70

Chalcopyrite

0.45

0.14

–

7

0

Sphalerite

1.05

0.13

0.3 (5)

5

9.3

Goethite

–

3.34

–

10

–37

Schwertmannite

–

6.90

–

19

–59

Jarosite

–

9.57

–

16

–29

Gypsum

–

4.07

–

0

0

Elemental sulfur

–

0.98

165

–98

Graphite

9.6

7.72

–

191

0

4.32

752

–174

Total
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The implications of this simplified calculation are quite interesting. The heaps have the potential to
create more than enough of the acid required for leaching. However, the reality is not as quite as simple.
As the sulfides leach in order of reductivity, there is a demand for acid at the beginning stage of primary
leaching with pyrrhotite present in the ore. Also, any gangue minerals consuming acid will act during the
starting phase of leaching. As pyrrhotite is diminished and the heap loses reductivity by its presence, the
heap will generate acid for itself with the help of sulfur oxidating bacteria. Table 1 shows quite clearly that
while leaching is limited by acid, there is significant iron precipitation into the heap. What will be further
reviewed at Terrafame and could be reviewed in similar bacterial assisted processes is what is realistically
important on pH and redox. These values are typically checked at a heap outlet for convenience.
However, what is happening at the heap outlet and on particle surfaces might not be the same thing.
As the aeration to irrigation volumetric ratio is close to 200:1 at Terrafame, a surface of a particle might
have a bacterial assisted reaction occurring, while the droplet leaving this spot will eventually find a balance
of a suitable iron compound precipitation as there is plenty of air around it. It seems that pH keeps the iron
precipitation level as long as there is pyrrhotite present in the ore. Table 1 supports this, as pyrrhotite
leaching requires (at the least oxidizing reaction) nearly 100 kg of acid per ton ore, and added acid over the
primary leaching cycle is 15 to 20 kg of acid per ton of ore. Oxidation of sulfides to create acid and iron
precipitations to maintain acidity (albeit at a relatively high level) are required for the process to work at
all.
As can be clearly seen in Figure 4, after successful primary leaching the residue already has a
significant amount of iron precipitates present. The material lump in Figure 4 had two years of primary
leaching with ~80 % nickel recovery and near 100 % pyrrhotite transformation to precipitates. Pyrite
dissolution was not high in the sample, although results varied by location.
Using excavation data and assuming the pyrrhotite reaction produces heat during primary leaching,
and calculating Gibb’s energy for reaction (2) to be –1463.99 kJ/mol at 298 K (Warner et al., 1996) and
enthalpy of reaction (2) to be -3133.344 kJ/mol at 298 K (Pankratz et al. 1984 and Zeleznik, 1991), heat
energy produced can be estimated. If a similar percentage of pyrrhotite is assumed in the ore, this would
produce roughly 470 MJ/ton ore. With a leaching time of 1.5 years, this would mean an average heat
generation of about 10 W/ton. However, observations from the operation indicate that solution heats from
irrigation to outlet by up to 50 °C during the starting phase of leaching. As the irrigation rate is 5 L/m2h and
1 m2 contains about 14.5 tons of ore, giving a 0.34 L/ton ore/h irrigation rate, 1.1 kg/L solution density and
approximated near water heat capacity of 4 kJ/kg°C, the solution must be heated by 50°C × 1.1 kg/L × 0.34
L × 4 kJ/kg°C = 74.8 kJ per ton ore per hour, signifying heating of 21 W/ton ore. Naturally there is room
for error within this approximation, as there are heat losses from the heap and the heap has a moisture
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content and heat capacity of its own as well. However, it fits the observation that pyrrhotite reacts
predominantly during the first part of leaching, in the beginning stage of primary leaching.

Figure 4: Reclaimed material lump with vast iron precipitates. Note that this is a broken piece of
the heap, which had few individual particles
It should be noted further from Figure 4 above that the material stacked on the heap has a particle size
of p80 8 mm. When primary leaching works well, as has been the case for the material presented in Figure
4, the primary heaps are practically cemented lumps of porous material. It must be stressed that while the
material is quite hard, it does pass solution and air when in this cemented condition.

Figure 5: Sulfide leaching potentials vs. standard calomel electrode (SCE) (Riekkola -Vanhanen
and Heimala, 1993; with alabandite added by the author as an approximation)
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Sulfide leaching occurs in an order based on its nobility. This is presented in Figure 5 (but note that
the alabandite leaching potential is approximated based on experiences at Terrafame). The order of leaching
is very apparent at the Terrafame operation. The very first days of leaching show a consistently high
manganese leaching burst, which dissipates after a month. By then, the iron leach rate climbs and the heap
reaches the most extreme temperature generation. At the peak of alabandite and pyrrhotite leaching, nickel,
zinc and copper precipitate into the heap. It is apparent that at least part of the pyrrhotite present in the ore
is reductive enough to generate nickel and zinc sulfide precipitates into the heap. This phenomenon has not
been widely observed in laboratory tests, presumably due to starting the test work with a fresh water solution
rather than a solution containing nickel; however, it is noted as a possibility in high concentrations
(Riekkola-Vanhanen and Heimala, 1999). The presence of this phenomenon with the constant net positive
rainfall creates a challenge for solution management for the operation, as a fresh heap will in effect draw
nickel temporarily to itself; consequently, feeding rich solutions to new heaps should be avoided.

Long leach cycle and its implications
While typical leach cycles in gold heap leach operations are under 100 days, the Terrafame process aims to
leach 450 days on the dynamic primary pads and another 1,100 days on secondary multi-lift pads. Such a
long leaching period will add complexity to the operation of the heaps. Figure 6 describes in a simplified
way the stages of the Terrafame leaching process, based on experience at the operation. In comparison to
Figure 5 which showed the theoretical leaching order, Figure 6 shows that at the operation, nickel and zinc
leaching occur almost simultaneously. The author suspects that there are also at least two forms of pyrrhotite
present: more and less reactive, of which the latter leaches at the same time as pentlandite without causing
nickel from solution to precipitate.

Figure 6: Stages of leaching in the Talvivaara/Terrafame process
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Obviously, any long-term effects that are perhaps slight or non-existent in a short leach cycle become
apparent over time. Precipitations can build up to require cleaning or change of irrigation system. The heaps
will have more chance to deteriorate, and any eroding effect of a leak will have a longer lifespan. Fines
might start to migrate with high irrigation and/or rainfall, leading to partial wetting of the heap, eventually
ponding, and then surface rivers. In Terrafame, the effect of the transforming heap is another unpredictable
factor. Moving from agglomerate material with ~20 %-w total metal sulfides to 20 %-w iron precipitates
that join together the mass of solids is a fundamental occurrence on the Terrafame heaps. This formed
material is very porous and passes gas and solution quite well. Partially due to transformation and
deformation of the heaps, the moisture content increases over time. The combined effect of this
transformation and wetting swells the heaps over time, and as precipitation can expand to drainage gravel
layers, can expand them with the heap, not to mention change flow dynamics in the drainage.
For an idea of the swelling effect, let us consider for simplicity the following:
 10 %-w pyrrhotite in ore and 100 % conversion of leached iron to goethite [reactions (2) and (6)].
This leads to an increase of mass of +4.1%.
 As the density of pyrrhotite is 4.6 kg/L and those of goethite and sulfur are 3.8 and 2.0,
respectively, the increase in volume is more profound, +7.5%.
 Stacked ore has a specific gravity of solids of 2.9 kg/L and a bulk density of 1.7 kg/L, hence void
space is roughly 41 %-V at the beginning of leaching. If the ore does not swell, void space
decreases to 37 %-V at the end of leaching, or by 10 %.
The calculation above is presented to give an idea of the changes in mass (and volume) that can occur. A
clear swelling effect can be observed at the heaps and also a decrease in void space as the bulk density
increases notably.
Part of the increase in bulk density is due to the increased moisture content of the material. The
precipitates tend to draw more solution to them and the moisture content increases from agglomerated 5 %w up to 12 %-w on a mature heap. This in effect decreases the usable void space for air as the leaching
duration continues.
The two-staged leaching used has a clear benefit as there is re-mining of the heap, ripping apart the
clumped material and re-stacking it randomly on a new location. This enables material that was left in poor
contact during primary leaching to have a second chance for contact in secondary leaching. For this reason,
Figure 6 above does not describe the full truth of leaching at Terrafame, but rather a perfect case.
The design of primary and secondary leaching is an interesting question of balance. From the
perspective of metal extraction and leaching, the highest effort should be put into primary leaching and
maximizing the new heap area on both primary and secondary. Obviously, this means the heaviest
investment should be in heap pads. At the time this paper is written, Terrafame has little experience in
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leaching multi-lift secondary heaps, or to put it more precisely: leaching the lower layers of a multi-lift
heap. There is an unknown risk associated with multi-lift operation and long duration of leaching. Optimally
(in terms of leaching) secondary leaching would continue to expand until it has pad space for the material
to lay as the top layer for as long as the leaching takes. From the perspective of water balance and investment
economics, this option is unrealistic. Net positive rainfall means every new area of leaching will add to the
accumulated rainfall and require more from the solution treatment facilities. This means more costs for
neutralization and more solution to be permitted for discharge, eventually. Therefore, the design of the pads
is not only defined by the leaching needs, but is a compromise between costs, water balance, and leaching.
An open question and added complexity for the future remains sampling on a multi-lift heap, which
expects to leach in several layers. Enabling as uniform flow as possible through several layers and acquiring
representative areal samples is a challenge the author and the entire operation will face during the coming
years.

Conclusion
The Finnish operation of Terrafame is quite a unique case of heap leaching. Nickel and zinc can be produced
from a rather low concentration ore in a harsh climate. The operation is both enabled and chemically
dominated by the presence of a high quantity of pyrrhotite, the transformation of which to ferric precipitates
demands the majority of oxygen, and creates most interesting morphological changes across the heaps.

References
Pankratz, L.B., and Stuve, J.M. and Gokcen, N.A. 1984. Thermodynamic data for mineral technology, Bulletin 677 United States
Department of the interior, Bureau of Mines.
Riekkola-Vanhanen, M. 2013. Talvivaara mining company – from a project to a mine, Minerals Engineering, 48:2-9.
Riekkola-Vanhanen, M. and Heimala, S. 1993. Electrochemical control in biological leaching of sulfidic ores.
Biohydrometallurgical technologies, Proceedings International Biohydrometallurgy Symposium, Jackson Hole,
Wyoming, USA, August 22-25, 1993.
Riekkola-Vanhanen, M. and Heimala, S. 1999. Study of the bioleaching of a nickel containing black-schist ore.
Biohydrometallurgy and the environment toward the mining of the 21 st century, Proceedings International
Biohydrometallurgy Symposium IBS’99, San Lorenzo de El Escorial, Madrid, Spain, June 20-23, 1999.
SYKE. 2016. Finnish Centre of Environment, Measurement point at Jormasjärvi, retrieved from
http://wwwi2.ymparisto.fi/i2/59/l598821001y/wqfi.html
Talvivaara. 2009. Location of the mine, retrieved from http://www.talvivaara.com/toiminta/Talvivaaran_kaivos
Warner, T.E., Rice, N.M. and Taylor, N. 1996. Thermodynamic stability of pentlandite and violarite and new Eh-pH diagrams for
the iron-nickel Sulphur aqueous system, Hydrometallurgy, 41: 107-118.
Zeleznik, F.J. 1991. Thermodynamic properties of the aqueous sulfuric acid system to 350 K. Journal of Physical Chemistry
Reference Data, 20:6.

33

HEAP LEACH MINING SOLUTIONS, 2016 ● LIMA, PERU

34

Proceedings of Heap Leach Mining Solutions, 2016
October 18-20, 2016, Lima, Peru
Published by InfoMine, © 2016 InfoMine, ISBN: 978-1-988185-03-3

Geophysical heap characterization throughout
construction and operations of the Carlota Mine
Brian Cubbage, hydroGEOPHYSICS, Inc., USA
Dale F. Rucker, hydroGEOPHYSICS, Inc., USA
Bob Zaebst, KGHM, USA
Jim Gillis, Independent Consultant, USA
Joseph Cain, hydroGEOPHYSICS, Inc., USA

Abstract
The fines-rich, run-of-mine heap at the Carlota Mine, in central Arizona, has undergone many changes
during construction and operations (C&O). The changes have mainly been driven by the need to increase
production. Since production is directly tied to the ability of the ore to drain and the fines content has limited
the mobility of the leachate, deviation from the original C&O plan has concentrated on better stacking
practices and focused raffinate delivery. Specifically, the mine has undergone three major C&O phases,
listed in order from oldest to newest: advanced truck dumping, retreat conveyance stacking, and deep well
rinsing (or subsurface leaching). Truck dumping was part of the original mine design, but it became
apparent that the traffic on the heap’s surface increased the ore compaction and density, which ultimately
led to lower irrigation rates. Construction then switched to retreat stacking, which allowed for better
irrigation rates and little surface ponding. The subsurface leaching program was initiated at the end of active
mining and is being used to target older areas where copper is abundant and surface leaching is unable to
reach.
Throughout the life of the heap, geophysical mapping with electrical resistivity tomography and ore
samples obtained from sonic drilling have been used to help spatially define hydraulically troubled areas
along with specific hydraulic properties that give rise to the low drainage. These methods have also been
used to guide C&O practices and provide a level of confidence in expected outcome. In this paper, we
present the data and findings from seven years of geophysical investigation at the Carlota Mine. In general,
the characterization data show improved drainage conditions through newer stacked ore, but poor drainage
remain in parts of the older truck dumped material. Subsurface leaching (SSL) has been shown to push
raffinate to areas that have been underleached and favorably change the hydraulic conditions to allow for
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additional drainage. We expect that geophysical data obtained in the future, well into closure and
reclamation, will be used in helping determine draindown conditions, effective cover design, and stability
of the heap.

Introduction
A heap leach pad is constructed from rubblized ore that is conveyed and stacked onto a pile. The pile is
then wetted with a barren reagent to dissolve the metal. The metal rich (pregnant) leach solution is collected
at the base of the pile and sent to processing. In an ideal scenario, the pile is homogeneous and the wetting
process is uniform throughout the entire vertical section; the saturation is equal across all portions of the
leach pad once the system reaches steady state. In reality, the process of stacking, mineralogical and
physical properties of the ore, and the specific method of solution application will affect how the internal
wetting process occurs and it is rarely uniform (Rucker, 2010). For example, the pad will undergo various
degrees of densification, decrepitation, and mineral precipitation that will cause inhomogeneities over
multiple length scales, and these inhomogeneities will concentrate solution movement through relatively
small areas of the pad by preferential flow paths.
The problem of preferential flow has long been recognized. Eriksson and Destouni (1997) reasoned
that the only explanation for low metal concentration in the pregnant leach solution (PLS), despite high
grades of metal in the ore, was due to preferential flow. The preferential flow was the result of a wide grain
size distribution, where the makeup of rock piles can be from the very finely textured silty material to large
boulders. Orr and Vesselinov (2002) were able to recreate the phenomena in an unsaturated flow model.
They showed the application rate relative to saturated hydraulic conductivity can also have profound
implications on the distribution of saturation and preferential flow.
To capture the flow regime within leach pads and to understand the degree to which preferential flow
may be happening, many have turned to the use of geophysically based methods (e.g., Webb et al., 2008).
In particular, electrical resistivity tomography (ERT) is well suited for mapping leach pads because the
hydraulic and mineralogical properties of saturation, porosity, ionic strength of the PLS, and fines content
will influence ERT measurements. Geophysical data are desirable from the standpoint of acquiring data
quickly and noninvasively and over areas that are larger than that of small assay samples taken from drilling.
Typically, geophysical studies are conducted over short duration with only a few profiles across the pad to
get a general understanding of electrical properties as they relate to more detailed studies of heap hydraulics
using lysimeters, buried moisture or pressure sensors, or other instrumentation that are familiar to
hydrogeologists. Other studies have conducted broader investigations over areas spanning 8ha (Rucker et
al., 2009; Rucker 2010).
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In this work, we present a heap leach study whereby ERT has been used throughout the construction and
operations (C&O) period. The ERT data were collected over seven years at the Carlota Mine in an effort to
understand internal electrical structure of the heap as it relates to the roles of preferential flow versus
uniform wetting. During this period, the heap construction changed from truck dumping to retreat stacking
and operations began to incorporate subsurface leaching. The objective of this study is to show the value
of such a continuous dataset to help with the process of information-based decision making.

Site description
The characterization project was conducted at the Carlota Mine, located within the Globe-Miami mining
district of central Arizona (Figure 1). The mine is an open-pit comprising two nearby deposits that include
the Carlota and Cactus; these deposits straddle the Pinal Creek with the Cactus on the east side and Carlota
on the west side. The two deposits are hosted in a landslide breccia of Pinal schist (Peterson, 1962; Cook,
1994), with a southern bounding fault of brecciated diabase. The deposit is overlain by Apache Leap
volcanics, such as dacite and tuff.
Copper mineralization mainly occurs in the breccia, the overlying dacite, and along the clay-rich
southern bounding fault. Chrysocolla is persistent across the site, with malachite found locally abundant in
the eastern portion of the Cactus deposit and sporadically along the fault. Chalcocite is the only significant
copper sulfide mineral present and is restricted to the lower parts of the deposits. Chalcocite is commonly
found rimming or partially to totally replacing pyrite, which is often found as veinlets or individual grains
within brecciated clasts. Secondary sulfide mineralization is generally quite uniform and consistent, often
grading about 0.70 percent copper. The oxide ore is are more erratic in distribution and grade.
A single heap, divided into two phases, is created from a run-of-mine process through blasting,
loading, and truck haulage of ore, followed by SX/EW processing to produce cathode copper. The ore has
high levels of fines in the ore matrix (up to 26% of material passing a #200 sieve), relatively low
compressive strength in-situ, and is sufficiently pulverized by the blasting and transport processes. The
friable character of the ore has resulted in reduced percolation rates, which is ideally set to 6 L/hr/m2 (0.0025
gpm/ft2). Midway through the heap creation, however, construction switched from truck dumping to retreat
conveyed stacking. Other changes included pre-wetting the ore prior to stacking and sporadic crushing of
larger rocks to create a more uniform grain size. These changes have improved percolation through the
upper material.
Approximately three years ago, a pilot test was conducted on the leach pad to test subsurface leaching
(Rucker, 2015). The tests were successful at liberating extra copper that would have otherwise remained in
the pad’s inventory. Since the tests, SSL has continued to expand across the site to include 81 deep rinse
wells and 27 monitoring wells.
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Figure 1: Site location for the Carlota Mine, in Central Arizona

Description of Electrical Resistivity Geophysics
ERT comprises both field data and numerical models. To acquire data, DC electrical current is transmitted
through the ground. To accomplish this, stainless steel electrodes are driven into the ground at regular
intervals and connected to a resistivity meter through a cable. Electricity flows by way of an electrolytic
conduction mechanism. The resistivity meter controls which pair of electrodes are to pass current at any
time. At other electrodes along the line, the voltage is measured and data for a full profile is acquired by
sequencing between many possible electrical current transmitting electrode pairs and voltage receiving
pairs; the distance between electrodes is typically 3 m. The specific sequencing of pairs is called an array;
the Schlumberger array was used at the Carlota Mine for characterizing the truck dumped and retreat
stacked ore. A pole-pole array was used during monitoring of SSL with electrodes spaced more broadly at
12 m. A more thorough description of electrical resistivity methods can be found in Loke et al. (2013).
Automated inverse methods applied through numerical models are used to convert the measured
current and voltage data to an estimate of the electrical resistivity structure. The inverse method relies on
nonlinear optimization, requiring an iterative procedure to march towards a solution. Its objective is to
minimize the difference between the modelled and measured data, usually in a weighted least squares sense.
The objective function has been updated many times over the years to also include other terms, such as
smooth model constraints (i.e., a smooth model based on minimizing the second spatial derivative of the
resistivity) and known boundaries such as those posed by liners beneath a leach pad.
Implementing resistivity on the Carlota leach pad had a few minor issues related to logistics and noise.
Laying out the cables in active irrigation areas was impossible due to safety. For cable layout, the irrigation
was ceased temporarily and restarted after layout was complete. In addition, the data were not collected on
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side slopes, again due to safety concerns. As for noise, the leach pad is highly conductive and the voltage
measurements were low. Low values for voltage were compensated by taking many repeat measurements
and stacking the signal to increase the signal-to-noise ratio.
Figure 2 shows the locations of the resistivity data acquired for characterizing the ore at the throughout
the different C&O periods. The data were acquired along 51 profiles to create two-dimensional slices into
the heap’s internal structure and the data can be used to correlate to other known information from drilling,
such as moisture, copper content, etc. End-to-end, the line distance of data acquired over the heap was
approximately 11.5 km. When several parallel lines are acquired within a short period of time, these data
can be incorporated into a three-dimensional model to obtain higher fidelity in target location. Both 2D and
3D are presented in color contoured sections that highlight high and low resistivity values.

Figure 2: Resistivity data acquisition across the leach pad through different C&O periods

Geophysical characterization of truck dumped material
Issues of poor percolation began early in the C&O period of the mine and electrical resistivity was used to
investigate potential causes. Labelled as ‘Set 1’ in Figure 2, two long resistivity lines were placed across
broad swaths of the leach pad and down to the underliner. Figure 3 shows the results of one line, where the
beginning of the profile exhibits lower resistivity values, especially at the surface where fresh ore under
leach is highly saturated and of high acid strength. The center of the profile shows relative homogeneity as
the ore is undergoing active irrigation. The end of the profile is much more resistive as new ore was just
placed and was not under leach. Sonic drilling was conducted after the resistivity acquisition. The bottom
plots of Figure 3 show examples, taken from locations that were in close proximity to the resistivity profile.
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In B-22 and B-23, the moisture data were uniform along the profiles, similar to the electrical resistivity data
at that location. Theoretically, high moisture results in low resistivity values with an exponential
relationship bridging the two parameters (Rucker, 2015). Total copper is more variable, but the trends
between the drill holes are the same. Furthermore, there is an indirect correlation between the trends of
moisture and trends in total copper. That is, when moisture increases the copper decreases, which suggests
that if the ore is sufficiently wetted then copper leaching will occur.
The second pair of data occurred in the area of the resistivity profile that was more heterogeneous in
nature. B-37 shows the same indirect correlation between moisture and total copper and a very wet zone at
a depth of 1177m is almost depleted of copper. Curiously, the trends in total copper from B-37 and B-38
are opposite but moisture trends are similar, save the one extreme point in B-37.

Figure 3: Resistivity section and drilling data across a portion of the truck dumped material
Approximately one year after the acquisition of data in Figure 3, a small three dimensional survey
was conducted in the center of the leach pad – labelled as “Truck Dump Resistivity (Set 3)” in Figure 2. In
that year, two additional lifts were added to the pad. Significant ponding had occurred in the area and the
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resistivity data were to be used to better understand what was happening in the new material. Figure 4A
shows a two dimensional profile of one line through the study area. Figure 4B shows a horizontal slice at a
depth of 6m through the three dimensional block model of the data. These data show that the new material
likely was not the problem and that it was the older material which was not allowing the PLS to drain
effectively. Even though some lessons may have been learned after the first year of dumping, legacy issues
remain that will affect how the pad operates in the future.

Figure 4: Resistivity data from center of leach pad during truck dump operations.
A) 2D vertical profile. B) Horizontal slice through 3D model at a depth of 6 m

Geophysical characterization of stacked material
Approximately three years after C&O began at the Carlota Mine, ore placement changed from truck
dumping to retreat stacking with a conveyance system. The new stacking strategy was initiated in an effort
to minimize compaction due to the heavy haul traffic. In addition, water was added to the ore as it was
placed to further improve percolation, as hydraulic conductivity is directly related to moisture content. As
the first area for the new stacking method was tested (at the location labelled as ‘Stacked Material
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Resistivity (Set 1)’ in Figure 2), resistivity was deployed to monitor changes in wetting versus what had
been observed in truck dump material. The resistivity was conducted over a period of six weeks while the
ore was actively irrigated. Figure 5A shows the results from one line at the end of the survey period. The
plot has a reference for older truck dump and newer retreat stacked material. The survey data is shown to
be fairly uniform in electrical resistivity within the top lift and no ponding was observed on the surface
during the test period. Below the top layer, however, it appears that issues of preferential flow areas remain
as the PLS drains through segregated portions of the ore.

Figure 5: Resistivity data acquired after transition from truck dumping to retreat stacking.
A) Data acquired early in the transition during active leaching for Set 1 (Figure 1).
B) Data acquired two years after transition during drain down for Set 2 (Figure 2)

Figure 5B was acquired in the area labelled “Stacked Material Resistivity (Set 2)” in Figure 2 and in
the same area that substantial ponding had occurred previously, as presented in Figure 4. The data were
acquired two years after retreat stacking had initiated and a substantial amount of material had been placed
with the newer methodology. As a matter of reference, the stacked ore exhibited higher flow rates and lower
density. From the electrical resistivity data, the material appears significantly more homogeneous in
moisture across the area. One hypothesis for the homogeneity is that the newer stacked material provided
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a more uniform distribution through a significant portion of the ore, which minimized the formation of
preferential flow paths in the deeper and older ore.

Geophysical characterization and monitoring of subsurface leaching
Fresh ore stacked on the pad ceased approximately six years after mining began, with approximately 42
million tonnes placed in both phases. Due to the operational and extraction difficulties, a significant reserve
of copper remained in inventory (between 50 and 100 million pounds) and surface leaching likely was not
the answer for inventory drawdown. Therefore, a pilot test was conducted to leach the ore deep in the truck
dumped material, where rinse wells facilitated the focused delivery of raffinate to areas that had been
underleached (Rucker, 2015). The SSL program was highly successful and approximately 420,000 lbs. of
copper was removed over a period of four months. The accounting of copper extraction was conducted by
measuring the raffinate flow input to the wells and the net copper concentration from monitoring wells near
the rinse wells.
Electrical resistivity data were acquired for the SSL program to characterize the ore for optimal
placement of wells and to track solution movement during rinsing. Figure 6 shows the resistivity profile
labelled as ‘Subsurface Leach Resistivity (Set 1)’ in Figure 2. The data were acquired after SSL had been
initiated towards the end of the line (distance greater than 300m) and before SSL was to begin near the
beginning of the line (distance less than 250m). The data show a clear difference between the retreat stacked
material and the truck dump material. The retreat stacked material appears to be retaining solution and it is
not adequately draining. For new well placement near the beginning of the line, the drier material deep in
the leach pad is a perfect opportunity to extract copper that is underleached. Additionally, the rinse well
can alter hydraulic properties near the wellbore through washout, depositing the fine grained material
several feet away from the well. In this way, the well will increase the drainage of trapped PLS in upper
parts of the leach pad.

Figure 6: Resistivity data acquired during subsurface leaching
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In addition to the characterization effort for well placement, electrical resistivity has been used over
the past three years to directly monitor solution movement during SSL. The monitoring is accomplished by
distributing electrodes on the surface near the wells and along the outside casing of the monitoring and
injection wells. The three dimensional distribution of electrodes allows for a more detailed image of the
subsurface. The data are then gathered repeatedly in snapshots and we typically use the Geotection
resistivity system to acquire a snapshot with 20 to 25 minutes (Rucker et al., 2014). For a complete injection,
several hundred snapshots can be obtained to define highly detailed spatial properties of the solution mass
that is introduced to the leach pad.

Figure 7: Map of monitoring locations used to track solution during SSL.
The colored squares represent location of electrodes on the surface
Figure 7 shows the locations where SSL monitoring has taken place. The pilot scale test is shown
in the center of the Phase I leach pad, and it results has been presented in Rucker and Calendine (2014).
Engineering parameters, such as well depth, rinse duration, flow rate, and well spacing were extracted from
the pilot test to upscale across other parts of the leach pad. The engineering parameters were first applied
to areas labelled “Operational Scale Test” to ensure that the parameters were appropriate for the entire heap.
Through this effort, it was quickly realized that the different locations of the leach pad will behave
differently and adjustments must be made to ensure optimized delivery. For example, the monitoring of the
Operational Scale Test 1 revealed that the transition between retreat stacking and trump dumping was more
significantly compacted than the Pilot Scale Test area. Rinse wells with screens that barely penetrated that
transition had the effect of creating a phreatic surface, and that effect can be seen in Figure 6 by the low
resistivity layer. Therefore new wells were drilled with screens deeper in the pad to ensure that drainage
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could occur. A second issue that caused a redesign was the slower kinetics of sulfide ore in Operational
Scale Test 1. The management of the wells forced us to consider resting times so that the PLS was not
overly dilute.
Figure 8 shows an example set of electrical resistivity data taken during the week long monitoring
event of the Operational Scale Test II (see Figure 7 for location). The data were acquired, modelled, and
are presented in 3-D. The ring of rinse wells consisted of six wells plumbed to a central manifold and each
well could be operated independently. The electric resistivity system was set up to take snapshots every 25
minutes using 168 electrodes distributed on the surface and on borehole casings. Each snapshot consisted
of over 28,000 voltage data values, which were then modelled numerically in an inverse model to produce
the spatio-temporal distribution of subsurface resistivity. Figure 8 shows daily snapshots of change in
resistivity as a per cent, with the change being relative to a baseline resistivity value collected prior to the
initiation of rinsing. Four bodies are shown within the subplots of Figure 8: 3% (green), 6% (red), 9%
(yellow), and 12% (brown) change in resistivity relative background data acquired before rinsing began.
The set of wells were operated such that each well was turned on systematically, with the first well
running an entire day (ST16) before any other well was turned on. Over the next two days, the remaining
five wells were turned on. Figure 8 shows the evolution of the solution migrating around the area away
from the wells. A couple of wells (ST18 and ST19) were in very tight material and the flow rates from these
wells were always low. By the end of the week, the solution had enveloped the area, was pushed down to
the liner, and was headed for the reclaim pond. The set of wells in this test were operated for almost one
year with a total of 1.2x109L of raffinate added to the subsurface. Currently, they are offline, but could be
used to restart SSL, work to flush the ore with fresh water during reclamation, or used to monitor long term
metallurgical and hydraulic processes occurring within the heap.

Conclusions
Electrical resistivity is a fairly common geophysical method to evaluate the internal structure of heaps and
understand the hydraulic consequences of different C&O strategies. In this work, we applied the electrical
resistivity method to the same mine over many years at it changed its C&O from truck dump, to retreat
conveyance stacking, to finally subsurface leaching. The changes in C&O practices over the years were
conducted in order to extract the most copper from difficult ore that had significant fines. The fines
decreased permeability and blinded large areas of the pad from new raffinate for leaching.
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Figure 8: Daily time lapse resistivity results to monitor rinsing in the Operational Scale Test II.
Each of the daily snapshots contain transparent bodies that represent 3% (green), 6% (red),
9% (yellow), and 12% (brown) change in resistivity relative background before rinsing.
The background color contoured surface is the underline. For scale, the distance
between well in the active injection area is 21 m
The resistivity acquired within the truck dump material revealed heterogeneous material as interpreted
from the electrical data. A few areas would be extremely wet, while others appeared to remain dry.
Significant ponding occurred in the material because localized low permeability zones prevented adequate
drainage. When the mine switched to retreat stacking, the newer material atop the truck dumped ore was
more uniform in electrical resistivity, indicating uniform wetting, but drainage was still an issue though
older truck dumped ore. Interlift drain pipes were placed at the interface in anticipation of the problem, with
the drains stubbing out at the toe of the heap. The drains were effective at removing a portion of the PLS
as they were always full.
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At the last of stage of C&O, SSL was initiated to help with inventory drawdown. The electrical resistivity
data showed conclusively that the raffinate could cover broad swaths of ore uniformly and monitoring wells
placed near the rinse wells extracted solution with significantly higher copper and lower free acid than the
raffinate. Over the next three to four years, SSL and electrical resistivity monitoring will continue the
inventory drawdown. It is hoped that at least 40 to 50% of the remaining inventory can be extracted prior
to initiating closure.
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Increasing Au extraction from the leach pad
Cesar Espejo, Metallurgy Head, MINSUR SA, Peru
Bryners Sarmiento, Leaching and Watering Engineer, MINSUR SA, Peru

Abstract
At the beginning of the Pucamarca Project, extraction rates for gold were estimated at 65 % at a P80 5”
grain size. However, as the mine was developed, its metallurgical behavior was evaluated and evidence
pointed to the potential to increase extraction.
Table 1: Extraction by lithology: Pucamarca Project
Ore type

% Au (125 mm)

Hybrid breccia

58%

Tuft breccia

60%

Fragmented tuft

80%

Tuffisite

70%

Quartz porphyry breccia

68%

Huilacollo volcanic

71%

Overall average

65%

To better characterize the Checocollo deposit, in coordination with the geology department we
processed 1,290 sample probes from previous campaigns’ drillings. The assays were made using the Quick
Leach Test (QLT); these are fine screen tests with a high cyanide concentration used to determine the
maximum expected extraction.
In the assays some samples showed outstanding extraction rates, but other samples had low extraction
rates in the same “Checocollo” pit (under 80 %), pointing to some refractability characteristics.
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Figure 1: QLT Assays, Checocollo

Parameter optimization
Lower grain size
To evaluate the influence of grain size on gold and silver extraction cyanidation, certain metallurgical tests
were performed in the pilot pads to demonstrate the advantages of leaching at lower grain sizes.

Column assays
The extraction degree for the same material was evaluated for various grain sizes from project 13C at the
Checocollo pit.
The parameters for the two columns were as follows:
Free cyanide concentration: 80 ppm
Irritation density:

10 L/h – m2

Column circuit:

Open

Column testing yielded a 3% higher gold extraction rate when compared to crushed (p80= 1.98”) and
ROM material (p80= 2.12”). Likewise, comparing the two columns shoed kinetics improved by three days
(Crushed ore: 45 days, ROM Material 48 days).
On average, silver extraction reaches 2.8%, probably influenced by its refractory characteristics and,
additionally by lower head grade. Meanwhile copper extraction rates are slightly higher in crushed
materials, because of higher release rate.
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Table 2

Figure 2: Extraction kinetics

Pilot assays
Metallurgical tests were performed on Pilot Pads using Checocollo ore, both ROM and crushed.
The ore head grade at the pads reached 0.80 g /t for gold and 9.2 g /t for silver.
Extraction from the ROM material reached 56.65 % for Au and 4.22 % for Ag; crushed mineral
resulted in 66.97 % gold extraction and 9.35 % silver extraction, thus demonstrating the advantage of
leaching at lower grain sizes that resulted in increased extraction of 10.32% for gold and 5.13% for silver.

51

HEAP LEACH MINING SOLUTIONS, 2016 ● LIMA, PERU

Test conditions
Table 3: Test conditions: ROM pilot pad – Crushed pilot pad
Pilot Pad 1

Pilot Pad 2

Grain size

ROM

P80
3.12”

Grain size

Crushed

P80 2.43”

Wet ore weight

19,750,000

Kg

Wet ore weight

18,267,370

Kg

Humidity

1,7

%

Humidity

2,2

%

Dry ore weight

19,419,583

Kg

Dry ore weight

17,867,132

Kg

Irrigation density

11

L/h*m2

Irrigation density

11

L/h*m2

CN concentration -

60

Ppm

CN concentration -

60

Ppm

Table 4: Leaching test sampling
Sample

Ratios
NaCN (kg/t)
CaO (kg/t)

Extraction (%)
Au
Ag

Pilot 1 cell - ROM
Material

0.15

0.53

56.65

4.22

Pilot 2 cell – crushed
material

0.11

0.50

66.97

9.35

Figure 3: Extraction kinetics – Pilot Pad N°1 (ROM) – Pilot Pad N°2 (Crushed)
Obvious advantages can be had from using smaller grain sizes in Au and Ag extraction. At present,
the crushing plant’s conveyor belt is equipped with online grain size analysis devices.
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Figure 4: Grain size control during operation

On-off irrigation
The impact of ON-OFF leached mineral irrigation was evaluated after their leaching cycle. These results
were good. This technique increases gold extraction between 0.5 and 1.0 %.

Preliminary column tests
Irrigation of column samples where the irrigation cycle had concluded recently resumed two days later
resulting in a slight increase in rich percolates.

Figure 5: Irrigation of column samples
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These tests were repeated for several columns as they concluded irrigation with an obvious increase
in gold grades, which increased further as residence time increased. To obtain more information, nonirrigated pilots were also monitored, confirming the advantages of the On/Off process.

Figure 6: The on-off effect

Figure 7: Au grade for pilot cell percolation

54

HEAP LEACH MINING SOLUTIONS, 2016 ● LIMA, PERU
Table 5: Additional extraction from Pilot Pad No. 3
% extraction Au
Before ON/OFF

After ON/OFF

Total

69.9

1.7

71.6

The advantage of the On-off method for irrigating leaching pad cells is obvious. However, its success
depends on residence time and the type of ore alteration.

Irrigation optimization
Pucamarca mine suffers from critical water scarcity. It is an extremely dry area. The irrigation operating
ratio was 1.0 m3/Tn; irrigation ratios (m3/Tn) were adjusted without a negative impact on extraction. The
impact of increasing cell lift was also evaluated, as well as the behavior of several column tests. Next the
corresponding kinetic curves were prepared (extraction vs. irrigation ratios).

Extraction vs. irrigation ratios
Figure 8: Kinetic curves for various column tests
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The kinetics’ curves show maximum extractions correspond to irrigation ratios above 0.8
m3/Ton. The curve becomes asymptotic above that rate. Monitoring of fresh pad cells also showed
irrigation ratios close to 0.8 m3/Ton. The percolation figures from one of those cells are shown below:
CELL L14-C06B-F2B
Tonnage

90,865 SMT
Au grade

0.504 gr/ton

Ounces Au

1,472 Oz
1,115 Oz

Estimated recoverable Au ounces

8m

Cell lift

3.43%

Ore humidity

1,105 m3

Humidity volume

Figure 9: Gold grade trends in percolation as a function of time
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Figure 10: Gold grade trend as a function of irrigation ratio

The irrigation ratio defined for a fresh cell is 0.8 m3/Ton. However, if there are old (irrigated) cells
underneath the fresh cell, an additional flow would be required to dissolve the gold ounces to the lower pad
section (Arrival point: PLS).
To identify this Additional Ratio other dilution tests were performed, with a resulting extra ratio for
every lower lift equivalent to 0.044 m3/Ton. The irrigation ratio for a fresh cell is expressed by the following
equation:

R irrigation = R ext. + (N × R Transp.)
Where,
R:

Irrigation ratio (m3/Ton)

R ext:

Irrigation ratio for maximum extraction from a fresh cell (m3/Ton)

N:

N° of depleted lower cells are transported

R transp: Additional ratio required to transport dissolved ounces through the depleted cell (m3/Ton)
Example: For a cell heap on the tenth lift, the irrigation ratio would be as follows:
R irrigation =

R ext. + (N × R Transp.)

R irrigation =

0.8 +

Final Ratio =

(0.044 × 9 gravel layers)
1,196
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Pad fines handling
Pucamarca reserves include materials with significant clay contents. This poses serious issues for pad
handling as the required permeability and percolation characteristics for heap leaching are not met.
Tests were performed to determine the appropriate proportions of this material to send it to the Pad
without a negative impact on recovery.

Sampling
Sampling took into account the moraine’s dip. The pit was divided into two sectors. In sector one, the pit
reached an approximate average of 70 meters whereas in sector 2 the average pit was about 30 meters. A
total 42 samples were collected, and subsequently laid down on a topographic plan.

Figure 11: Division of pit
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A representative approximately 3 ton sample was obtained from each probed sample.
Subsequently, the probes from each sector were composited in a single sample to accomplish
the best representation in terms of grain size and chemical analysis for each sector. The
sample from the Checocollo Pit was provided by the Geology Department. It was considered
the most representative pit to be used for blending. The final sample distribution included a
total seven columns as shown in the following table, including their respective weight
distribution. (See Table 6.)
Table 6: Blending rates for column tests

The column tests adhered to the following parameters for columns measuring 47 inches
diameter and 3 meters height.

Free cyanide concentration:

70 ppm

Irrigation density:

11 L/h – m2

Column circuit:

Closed

test pH:

10.5

Sample grain size:

80% <3.5”
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Findings
Table 7: Results from extraction in column tests

Figure 12: Kinetics of extracted moraine mixes
Testing showed the best gold extractions rates come from blending Checocollo 2: moraine 1 from both
sectors with yields of 71% and 66%, respectively. Tests from previous years in the moraine deposits
reported significant gold extraction fluctuations. (No geological pattern is present.) Stability and
permeability tests were carried out as well. Findings point to a mix with at least 14% fines, mesh below
200, for a 120 m height. This percent of fines is appropriate to ensure the pad’s stability and also for
metallurgy.
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Moraine blending: Industrial level Checocollo (Pilot Pad)
Piloting design
For the test, stacking combined Checocollo ore and moraine material (with a maximum 14% value of fines
in the final mix). Materials (Checocollo / moraines) were mixed in the primary crusher’s dump pocket.
Using the results from grain size assays we define the weight share for each hauling cycle at 2 Checocollo:
1 moraine to ensure fines under 14%. Unloading from the loader trucks were controlled for weight to ensure
the right proportion in the mix. The mix in the crusher was performed on both sites. Additionally, the time
for each hauling cycle was recorded (2 Checocollo trucks and 1 moraine truck) which ranged between 11
and 15 minutes. Fluctuations resulted in moraine fines clumped in the crusher’s intake restricting the
continuous flow of mineral and requiring continually using the rock breaker.

Figure 13: Mixed minerals
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Test parameters
Grain size irrigation:

80% -3.4”

Irrigation density:

1 l/h*m2

Free cyanide concentration:

60 ppm

Percolation solution control (composite)

every 12 hours

Percolation solution sampling (point)

every 3 hours

Irrigation solution dripping control

every 3 hours

Dry tonnage, nº 3 Pilot Pad:

17,782.4 Tn

Pilot findings

Muestra

PAD PILOTO 03

Ley Cabeza
Au (g/t)
Ag (g/t)

0.82

4.7

Ratios
NaCN (kg/t) Cal (kg/t)

3

Cu(g/t)

m /t

37

1.30

0.091

1.280

Extracción por
Solucion
Au
Ag

69.91

5.02

Dias

83

During irrigation of the pilot pad (a Checocollo ore and moraine mix), no puddles were observed.
Irrigation was evenly spread, confirming the mix was appropriate.
Gold extraction from ores used for the pilot pad mix were as follows:
Checocollo ore, (polygon 17E-2):
Au grade:

0.615 g/t

% Extraction, column test: 75.84%
Moraine ore:
Au grade:

1.3 g/t

% extraction, BRT test:

64.78 %

Global pilot pad extraction reached 69.9% (in the first irrigation round). This result is similar (on a
weighted approach) to extractions from pure materials used for the mix. Consequently, it is convenient to
blend materials with a high fines content.

Geo-metallurgical model
Metallurgical tests for the same Checocollo pit show extraction fluctuations. To better characterize the pit’s
ores, a geo-metallurgical plan was prepared, consisting in defining geological Units based on pit alterations.
Next, samples were taken and metallurgical tests performed for each defined GU. The data was handled
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over to the Planning Department to prepare the corresponding blocks and estimate the recoverable Au
ounces. Initially 3,202 QLT tests were prepared using samples from drills at the Checocollo Pit, followed
by column tests.
Defining alterations: the Geology Department prepared a study to determine the best possible
classification of GUs as determined by the type of alteration.
Table 8: Distribution by Pit Alteration

TIPOS DE ALTERACIONES
Argilico Avanzado
AAR
Argilico Intermedio
AR
Silice Granular
Si_GR
Silice Masiva
Si_MA
Silice Pulverulenta
Si_PU
Roca fresca
UA
Silice Vuggy
VUG

QLT tests revealed materials with low Au extraction potential, and falling extraction rates as head
grades fall. (See Graphic nº 7.)
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Figure 14: Au extraction and head grade

Based on this data, extraction by alteration and grade ranges were estimated.

Table 9: Advanced argillic
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Table 10: Intermediate argillic

Table 11: Grain silica

Table 12: Massive silica
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Table 13: Vuggy silica
Based on QLT test results, extractions were initially classified by alteration and grade range.
% Au extraction by alteration

Au grade
range

Si_GR

Si_MA

VUGGY SILICA

AAR

Si_PU

0.1 - 0.3

76.47

69.51

51.52

67.90

70.01

0.5 - 1.0
>1
Ag

77.65
3.52

73.01
76.14

59.27

2.99

3.98

79.90
3.63

71.52
74.49
2.94

Table 14: Au grade range % Au by alteration
These values were adjusted based on column tests results to then determine extractions for reserves
calculations. These tests also confirmed the influence of grain size on extraction.
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Old tailings dynamic heap leaching
La Ventolera Plant – IV Region Chile
Andrés León, Anddes Chile S. A., Chile
Rodrigo Asenjo, Anddes Chile S. A., Chile
Patricio Daneri, Anddes Chile S. A., Chile

Abstract
Ventolera plant has available a dynamic heap leaching plant for old tailings using an old crushing method
(“trapiche”) for gold extraction. Tailings are extracted from an old deposit of about 70,000 tons that are
agglomerated and heaped in piles before irrigation with a cyanided solution. The solution is collected and
sent to pools for processing and removal of minerals. Next, the leached rubble is discharged and sent to a
deposit lined with a leakage-proof geomembrane.
The process’s technical elements, including metallurgical trials and resulting recovery are presented.
After leaching the material from the piles is placed in a dump rising higher than 20 m. The technical
characteristics of the leached material make it susceptible to slides and potential liquefaction, as shown
here.

Introduction
South of the Coquimbo Region (Chile’s IV Region), in the vicinity of the Talca Mineral district,
approximately one million tons of gold tailings from an amalgamation process using an old Chilean
processing method (“trapiches”) had been lying in heaps for over 40 years. Scattered around the property,
some showed a high potential for gold recovery given the large amounts of accumulated mineral. Based on
the accounts of the tailings’ owners, the potential for recovering gold was significant and therefore a
metallurgical study was in order to identify a gold extraction process that would be technically and
economically feasible.
This required designing a number of metallurgical trials to define which process would be technically
appropriate for the tailings with the view at recovering the existing gold and, subsequently, prepare a prefeasibility study for putting this process into practice.
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Before the design of the metallurgical tests, however, samples were taken to determine the amount of
valuable tailings in the piles. The metallurgical trials aimed at identifying a heap leaching process using
sodium cyanide spraying, as well as zinc precipitation tests for recovering existing gold.
In addition, geotechnical studies focusing on the tailings were prepared to determine the stability of
the riprap piles that would be created by the leaching process. This was particularly important because the
study eventually determined very low dynamic piles were involved and, consequently, the leach riprap
should be collected in a specific area destined for such use.
Given the recent seismic event in this area (in September 2015), one of the sides of the riprap pile slid.
The pile was highly saturated because of intense recent rainfall in that area. Moreover, during past
operation, the heap had not been piled following the original design parameters. This condition merited
additional consideration.

Location and climate
Ventolera plant is located on the coast of the (IV) Coquimbo Region, in Chile, 400 km north of Santiago at
latitude: = 30°53'48.83"S and longitude =71°39'52.60"O UTMS coordinates. Figure 1 shows its
approximate location. The local climate is semi-arid, and skies are frequently overcast. Relative humidity
reaches an average 80%, accounting for the denser vegetation and conserved forest associations in the
nearby hills. Rainfall exceeds 100 mm annually.

Local seismic characteristics
Chile’s seismicity is mostly dominated by the convergence of the Nazca and the South American plates,
which collide with each other at a speed of 7 cm/year. South of the Taitao Peninsula, the Antarctic plate
subsumes the South American plate at approximately 1.8 cm/year. (See Figure 2). This relatively high
convergence speed of the Nazca and South American plates accounts not only for the high local seismicity,
among the highest in the planet, but also for the occurrence of large earthquakes in this particular region.
On September 16, 2015, at 19:54 hours, an 8.4 (Mw) magnitude earthquake occurred offshore
Coquimbo Region, at epicenter coordinates 71.741ºW and 31.637ºS, and a depth of 23 km (Barrientos,
2015). The national accelerographs network recorded maximum acceleration values between 0.3 and 0.8 g,
depending directly on the distance to the epicenter and local area conditions. On the day of the earthquake,
the south west side of the riprap dump slipped. As a result, the national inspection body required an
evaluation of the eventual consequences of the earthquake on the talus fault.
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Figure 1: Ventolera Plant project location

Figure 2: South American tectonic context
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Process
Heap leaching uses sodium cyanide as the main reagent for gold extraction from ores. This aqueous solution
creates a gold-cyanide complex that can be easily dissolved. Subsequently, gold is recovered from the
solution using a zinc precipitate, in what is known as the Merrill-Crowe process. Then, the precipitate is
treated in a retort furnace to extract its mercury contents and dried, before starting the fusion process that
will eventually yield the doré metal bars. Figure 3 shows the process’s flow diagram.

Figure 3: Process flow diagram
“Trapiche” tailings processing comprises several significant stages were highlighted in the study. An
explanation follows.

Stage 1: Agglomeration and curing
The process consists in mixing tailings with cement in a large agglomeration drum using a sodium-cyanide
solution at a minimum alkalinity of 10.5 pH. In this stage the tailings are agglomerated to form pellets that
help the solution percolate through the pile and dissolve the gold-cyanide compound resulting from the
curing stage. Certain minimum process parameters must be observed, including humidity and the
agglomerated material’s physical characteristics. This is made possible thanks to the cement mix, which
also allows improved subsequent handling. Figure 4 shows the aspect of the resulting agglomerate.
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Figure 4: Detailed material. Agglomerate maximum size 2”

Stage 2: Heap leaching
Cured tailings materials are transported using a front loader from the agglomerate dump to the pile site
where the same equipment will be used for heaping. (See Figure 5). The pad is lined with a 2mm high
density polyethylene geomembrane (HDPE, 2 mm) and over it a 40 to 60 cm sand overliner protects the
plastic lining from the machinery trampling over it, both during heap building and ore discharging. In
addition, 4” drainage pipes were placed over the plastic sheet to help draining the leachate. The piles are
built to an approximate 1.8 meter height and are dripped with cyanide poor solutions (low gold content) for
30 days. Next, water is used for washing and allowed to drain. Finally, the leached and washed pile is
discharged and moved to the riprap dump, releasing the area for the next pile. The spraying ratio was fixed
at 7 L/h/m2. Spraying is managed to prevent the solution from accumulating on the pile’s surface, which
would prevent appropriate tailings’ leaching.

Figure 5: Pile building and irrigation system
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Stage 3: Zinc-base precipitation (Merrill-Crowe)
The Merrill Crowe process consists in precipitating gold (Au) and other metals by adding zinc dust in a
gold-laden cyanide solution from the leaching stage that has been previously clarified and de-aerated. The
process requires installing a clarifying filter, a de-aeration column and a system for adding zinc, as well as
another for preparing diatomic earths for filtration. Finally, a mesh press filter retains the precipitate.

Stage 4: Precipitate roasting and fusion
The mercury in the precipitate must removed before the fusion stage. Mercury is removed using a specially
designed retort furnace and finally placed in special metal containers complying with international
standards for safe disposal and selling. Materials coming from the retort furnace are mixed manually with
fluxes (sodium carbonate, silica, sodium nitrate and borax) at a previously determined ratio depending on
the amount and characteristics of the materials. The mix is transported manually to a 3-liter propane gas or
diesel fuel (Morgan type) fusion furnace. Melting the metal results in so called doré which is next cool
down, washed, weighed and coded as part of the process’s final output control.

Riprap deposit characteristics
Exhausted piles resulting from processing are washed with water and allowed to rest until drainage ends.
The material is then loaded with a frontal loader and carried by truck to the riprap dump located at a prudent
distance from the facilities’ piles. The material is deposited by overturning, to reach a 1.4 T/m3density.
Average humidity in the riprap dump is approximately 10%. Truck and loader traffic gradually compact
the dump’s material as the deposit gradually fills up. The solutions resulting from this compacting are
gathered in a pool from where they are pumped to the leaching pad pool. The present deposit has reached
280 Mm3 and a maximum 25-m height. It spans 140 x 170 m surface area, approximately. The materials
are turned so the dumps’ slopes fluctuate between 36º and 39°, approximately.

Pile and riprap deposits’ characteristics. Summary
The following tables summarize the characteristics of the leaching heap (Table 1) and the riprap deposit
(Table 2).
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Table 1: Leaching heap design. Summary parameters
Parameter

Value

Material grainsized

100 % below # 65

Maximum height

1.8 m

N° of layers

One layer

Resting angle

36°

Apparent pile material density

1,4 t/m3

Final density (for capacity calculation)

1,4 t/m3

Leaching cycle

30 days

Irrigation rate

7 L/hr/m2

Floor proofing

Simple HDPE, 2.0 mm geomembrane

Support bed

Fine soil layer, compacted at 95% Modified Proctor

Overliner protecting layer

Draining sand layer

Overliner protection layer thickness

0.60 m

Maximum internal layer

0.50 m

Drainage pipes

Perforated single wall corrugated 4” HDPE

Perimeter containment

95% Modified Proctor structural filling

Containment height

0.70 m

Containment slope

H:V = 1,5 : 1

Containment width at top

0,70 m

Table 2: Riprap deposit design. Summary parameters
Parameter

Value

Grainsize

100 % low # 65

Maximum height

20 m

Individual layer height

6m

Resting angle between banks

36°

Talus containment

H:V = 2.2 : 1

Containment talus stability width

4m

Nominal capacity

500.000 ton

Apparent piled material density

1,4 t/m3

Final density (for capacity calculation)

1,4 t/m3

Floor proofing

Simple HDPE, 2.0 mm geomembrane

Support bed

Fine soil layer, compacted at 95% modified Proctor

Protection layer over geomembrane

N/A

Maximum earthquake intensity

Ms = 8.0 Richter

Basal rock acceleration

Maximum 0.77 g

Horizontal seismic factor

0,2 g

Static safety factor

1,5

pseudo-static safety factor

1,1

Perimeter containment

95% Modified Proctor structural filling

Perimeter height

1,5 m

Perimeter in Talus

H:V = 2 : 1

Containment width at top

1m
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Metallurgic characteristics
Metallurgical tailings studies are crucial to determine tailings’ behavior in the cyanidation process. Poor
metallurgical properties and studies can result in a significant money and time loses for investors. Firstly,
it is important to determine the tailings’ origin. Then, to identify potential reserves with a deposit sampling
that should be as representative as possible, together with measurements to determine more precisely the
amount of gold reserves. This will provide the criteria for preparing the project. In this particular case, a
number of tests were performed with various samples from the main tailings heap, and thereby determine
their behavior during leaching with sodium cyanide. The metallurgical tests on the tailings were standard
10 L bottle trials. Their main objective was to determine the maximum reagent use and the potential for
recovering from those tailings. Another tested variable during these trials was the use of “sea water”, as this
tailings deposit lies just a few meters away from the Pacific Ocean. Water is a particularly scarce resource
locally.
Figure 6 shows the recoveries obtained from the bottle rolls test at 48 hours using a standard procedure
(standard industry practice). The only significant difference was the use of seawater in some assays. Tests
#1 to #10 used process water was used. The subsequent assays used seawater. No differences were observed
in the final test outcomes, providing absolute certainty that the tailings’ metallurgical behavior when using
seawater would be identical, excepting for the dosage of reagents needed.
After determining the outcomes of the initial bottle trial assays, additional column tests were
performed, which in addition allowed determining the type of agglomeration needed. Prior agglomerationtype experiences were taken into account as well as consideration of tailings’ particular grain size. Finally
it was decided to add only cement. Cement-based agglomeration was chosen over lime, given the large size
of the tailings (100% <65#). Several cement doses were tested with the 5 to 10 kg/ton cement dosage as the
most effective. These qualitative trials were performed principally to determine the agglomerates robustness
when subjected to the efforts created by mechanical equipment and people. However, one of the most
important assays consisted in irrigating the agglomerate for several days and then examine its physical
characteristics, to verify its consistency after having being subjected to the solution flow.
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Figure 6: Recovery using several bottle metallurgical tests
Figure 7 shows the agglomerated tailings exiting the collection drum. Notice the various sizes of the
agglomerate pellets.

Figure 7: Tailings agglomerate exiting the agglomeration drum
A total seven column tests were performed using tailings gathered at several points in the existing deposits.
These tests were performed using 6” diameter columns at a controlled solution-spraying rate (determined
with agglomerate tests) to prevent impacting the tailings agglomerates when the solution was dripped. Only
in test #1 was process water (and not sea water) used. In all other tests, seawater was used for the solution.
The height of the tailings columns fluctuated around 2 m, in line with prior experiences.
Figure 8 shows the kinetic curves for six of the column tests. They all show similar kinetics. Consequently,
the different type of water used does not seem to have any consequences, including on the consumption of
sodium cyanide. Remarkably in these outcomes recovery peaks before 20 days of irrigation under
appropriate conditions.
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Figure 8: A sample of recoveries from column metallurgical tests
Figure 9 shows a pile going through industrial processing using agglomerate tailings. Keeping the
agglomerated condition of the materials during solution dripping is crucial to prevent process failures in
reaching the expected outcomes. Some solution accumulations are seen on the surface, as well as small and
large mineral pellets, revealing unusual agglomeration conditions.

Figure 9: Pile surface with tailings during industrial processing

Riprap geotechnical characteristics
Two geotechnical characterization campaigns were performed using samples from the deposit’s material.
Table 3 shows the results. As a complement to the materials’ geotechnical characterization program, to the
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extent possible we replicated conditions described in the available technical literature, in particular a fullfledged assay program using a material with similar characteristics to the deposit’s riprap (Santos, E., 2011).
Santos (2011) performed non-monotonic triaxial assays at a dry density of 86% Modified Proctor, and
within a range of effective consolidation pressures between 1 and 30 Kg/cm2. Figure 10 shows the effective
stress curves resulting from those tests. A contractive behavior is observed in all the test tubes and a 34°
friction angle in the materials. In addition, the undrained final resistance ratio as a function of effective
measured pressure was determined to be Su= 0,37*σ’o.
In addition Santos (2011) carried out cyclical load tests for undrained materials using triaxial
equipment to determine the materials’ cyclical resistance (CRR) at various effective consolidation pressures
(between 1 and 30 k/cm2). A similar density was used in monotonic assays (86% Modified Proctor
maximum density). Figure 11 shows the tests’ findings.
Table 3: Geotechnical parameters from riprap laboratory tests
Parameter

Value

%low #4 (4,76 mm)

100

%low #200 (0,075 mm)

67

Liquid limit

17

USCS classification

ML

Modified Proctor maximum density [gr/m3]

1,87

Direct shear

Friction angle, Φ [°]
Cohesion, C

31 - 35

[KN/m2]

3,9 - 10,0

Figure 10: Undrained monotonic triaxial tests. Findings (Santos, 2011)
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Figure 11: Undrained monotonic triaxial tests. Findings (Santos, 2011)
Consequently for materials with characteristics similar to those found in the riprap dump, cyclical resistance
values (CRR) may be determined as between 0,17 and 0,22 (for σo‘= 1 kg/cm2). A 30 equivalent cyclical
resistance (CRR30) of 0.19 (Seed & Idriss, 1971) may be associated to an earthquake stronger than Mw =
8,0.

Liquefaction analysis
The seismic event in this area in September 2015 resulted in the deposit’s southwest talus slide. Saturation
had reached a maximum after intense local rainfall events that created appropriate conditions for soil
liquefaction.
A simplified deposit liquefaction analysis was performed following a procedure proposed by Seed
and Idriss (1971) based on the following background information:
 Cyclical resistance (CRR) resulting from laboratory or field tests.
 Maximum acceleration value (either registered or estimated) for the site.
 Onsite geotechnical characteristics.
The simplified liquefaction analysis method consists in comparing the material’s cyclical resistance
(CRR) under the load created by the earthquake, using the CSR parameter:

Where:
amax =

maximum surface acceleration (for the 2015 earthquake, amáx = 0,3 - 0,8 g.

g

=

gravity acceleration.

rd

= tension reduction coefficient

78

HEAP LEACH MINING SOLUTIONS, 2016 ● LIMA, PERU

The liquefaction potential of a given soil type is given by PL = CRR/CSR, or one security factor; if
PL is lower than 1,0, the soil is may liquefy. The CSR values were found between CSR ~ 0,2 - 0,5 (for
maximum accelerations between 0,3 and 0,8 g). In addition, cyclical resistance (CRR) resulting from
triaxial tests using material similar to the deposit’ riprap was measured at CRR = 0,19. However, this value
should be actually lower because of the stress differences under triaxial tests and field conditions. Studies
point to a real soil value in the order of 50 - 70% of the values found in the triaxial tests (Seed & Peacock,
1971). Consequently, the field real value for CRR should be ~0,10-0,13. Because resulting CSR values are
much higher than the determined CRR values, PL is lower than 1,0, implying the material is prone to
liquefaction under severe conditions (earthquakes stronger than 8,0 and saturated materials).
As a result, the riprap deposits’ conditions at the time of the earthquake (low density, high saturation
resulting from intense rainfall and low cyclical resistance) could lead to soil liquefaction. Nonetheless, it
should be borne mind this analysis does not take into account the potential effect of agglomerates and their
specific conditions as the study did not include a cyclical resistance testing program for materials showing
these specific characteristics.
The findings from our analysis point to a likely talus failure resulting from liquefaction. A
recommendation was made to build a security berm around the dump. To contain eventual slopes, it should
3.5 m high. (See Figure 12.)

Figure 12: Recommended security berm (in mm)

Conclusions
The main conclusions from this study are as follows:
 Recovery from the industrial process reached 60 to 70%, lower than in the metallurgical tests
(80%). This may be due to operational deviations that should be corrected as they may alter the
processes’ agglomeration, layer heights, irrigation rates and leaching times. Another factor to be
taken into account is whether the samples taken from the tailings deposits are truly representative
since their mineral content fluctuated during operations.
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 Generally, reagent, cyanide and cement consumption fell within the estimates resulting from
metallurgical tests.
 An important factor in this leaching process is the agglomerate’s consistency. In the lab tests, the
agglomerate showed ideal characteristics. However, the same results are not accomplished in
industrial processes using an agglomeration drum, which has an impact on good pile drainage.
 The stability analyses in the riprap dump shows potential talus failure above the geomembrane.
Remediation was proposed by designing the deposit’s talus using 6 m height layers on 4 m wide
benches with 26º overall angle.
 Liquefaction analysis for this project points to the liquefaction potential under adverse conditions
(high seismic risk area, high saturation, low compactivity) of fines, principally silt. A liquefaction
analysis is advisable in these projects, including a full-fledged geotechnical testing program for
materials.
 Perimeter safety parapets are recommended to prevent talus deformation in case of eventual
liquefaction because of cyclical transport. In this case, the parapet was determined to have a 3.5
m height and a minimum safety distance of 3 m from the deposit’s foot.
 There is no certainty that material agglomeration effectively reduces the potential for liquefaction
as this latter characteristic seems to improve drainage. Consequently, material geotechnical trials
are advised under agglomeration conditions, since no information is available in this regard.
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Novel cost effective method
for measuring carbon activity
Stefan Smit, MINTEK, South Africa
Zikhona Magaxeni, MINTEK, South Africa

Abstract
Activated carbon is commonly used in the adsorption of gold cyanide complexes in the gold extraction
process. However the measurement of carbon activity is not simple and most gold mining plants use offsite
laboratories to measure carbon activity. This can be expensive and results are typically only available in 24
to 72 hours, which can lead to gold losses as plant corrections are reactive. In the gold mining industry,
carbon activity is normally measured by adding a specific quantity of carbon to an aurocyanide solution
and measuring the rate of adsorption over time (typically 2 to 8 hours). The Mintek Carbon Activity
Analyzer (CAATM) is an on-site laboratory automated activity analyzer based on the adsorption of
aurocyanide over time (60 to 90 minutes).
In 2014 a feasibility study, which focused on verifying the possible use of a modified version of the
CAA to determine iodine adsorption, was completed. A literature survey indicated that it is possible to use
a two-wire platinum electrode to determine iodine concentration. Tests conducted to confirm this showed
that the current CAA platinum electrode can be used for the determination of iodine. Work in 2015, verified
the results obtained in 2014, observed linearity between the three methods (CAA, automated iodine and
manual iodine), and determined the repeatability and consistency of the automated iodine adsorption
method. Laboratory tests conducted produced repeatable results as well as acceptable correlation between
the CAA and the automatic iodine absorption method. Mintek is currently finalizing a new version of the
CAA that will be able to measure carbon activity using an aurocyanide or iodine solution.

Introduction
The iodine number is a fundamental parameter used to characterize activated carbon’s adsorption capacity.
It is the measure of activated carbon loading capacity or activity level by adsorption of iodine from the
solution. The manual iodine adsorption method is achieved by titration of iodine by sodium thiosulfate.
Currently, iodine adsorption tests are carried out manually. The titrimetric determination method contains
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many time consuming preparatory steps and manipulation of activated carbon surface area. To obtain
precise results, the waiting period during which the iodine reacts with the activated carbon, the stirring
speed and the particle size have to be strictly adhered to.
The Mintek Carbon Activity Analyzer (CAATM) was developed by Mintek to measure the activity of
activated carbon in gold adsorption circuits. It uses an electro-analytical technique called anodic stripping
voltammetry to measure the activity of carbon. This involves the deposition of gold from an aurocyanide
solution onto the surface of a platinum wire for a fixed length of time, and measuring the time taken to strip
the gold from the platinum wire’s surface (Paul et al., 1986).
In 2014, a feasibility study which focused on verifying the possible use of a modified version of the
CAA to determine iodine adsorption was completed. A literature survey indicated that it is possible to use
a two-wire platinum electrode to determine iodine concentration. Tests conducted to confirm this showed
that the current Mintek CAA platinum electrode can be used for the determination of iodine. Work in 2015
verified the results obtained in 2014, observed linearity between the three methods (CAA, automated iodine
and manual iodine) and determined the repeatability and consistency of the automated iodine adsorption
method.
The automated method for iodine adsorption by activated carbon (AI) is based upon an amperometric,
two-electrode system with an applied voltage of 0.33 V (Barkley and Thompson, 1960). When designing
the AI method, the main objective was to keep the method as close as possible to the current CAA method,
but replace the measurement of gold concentration with the measurement of iodine concentration. The test
procedure therefore consists of measuring iodine concentration at 5 minute intervals to monitor the
adsorption of iodine by the activated carbon for the duration of the test.
The AI method is performed by adding 2.00 g granular activated carbon into a 500 ml beaker at a
specific iodine concentration whilst stirring. The iodine concentration is measured every 5 minutes for
60 seconds. This is repeated for 90 minutes. At the end of the activity test, data points are fitted to a graph
using Equation 1.
𝐶𝑎 (𝑡) = (𝐶𝑎 (0) − 𝐶𝑎 (∞))𝑒 (−𝑘𝑡) + 𝐶𝑎 (∞)

(1)

𝐶𝑎 = concentration of absorbed substance (iodine or aurocyanide)
𝑘 = rate of decay

Methodology
Samples
A total of thirty carbon samples were used for the tests. Seventeen out of the thirty samples were obtained
from several sites for testing the suitability of the CAA. The rest of the samples were obtained from within
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Mintek. These samples were from test work of the Mintek MinfurnTM (Electric Carbon Regeneration
Furnace). For each sample, the following activity determination tests were performed:
 Three replicates using the automatic iodine determination method (AI)
 Three replicates using the manual iodine determination method (MI)
 Four replicates using the gold CAA determination method
The procedure used for each of these methods is further detailed below.

AI method
Apparatus
The following apparatus are used for conducting the automated iodine adsorption tests:
 500 ml beaker
 1 L amber bottle
 Magnetic stirrer
 1 L Volumetric flask
 two-wire platinum electrode
 Wash bottle containing distilled water to wet the carbon and rinse the probe

Solution preparation
40 g of potassium iodide is transferred into a 1 L volumetric flask containing distilled water. 12.69 g of
iodine granules are added into the potassium iodide solution to dissolve (iodine dissolves in potassium
iodide and is insoluble in water). The solution is allowed to stand for 4 hours before use to ensure that all
the iodine granules are dissolved.

Test procedure
The automated iodine adsorption on activated carbon testing procedure is performed as follows:
 0.05 M iodine solution is added to a 500 ml beaker and diluted to the required concentration of
0.01 M
 A two-wire platinum electrode connected to a potentiostat with an applied voltage of 0.33 V is
assembled in the solution
 The beaker, with the magnetic stirrer bar, is placed on a stirrer
 The first 60 seconds measurement is performed. The measurement value at the end of the
60 seconds is recorded.
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 After the first reading, 2.00 g of pre-wetted activated carbon is added to the solution and run for
90 minutes while measuring at 5 minute intervals and recording measurements.

Carbon activity % calculation
The carbon activity is calculated in the following way:
 The measurements are plotted versus time
 Equation 1 is fitted to the plotted data
 Carbon activity % is calculated by dividing the amount of absorbed iodine at 90 minutes by the
amount of iodine at the start of the test

CAA method
Apparatus
The following apparatus are used for conducting the automated iodine adsorption tests:
 500 ml beaker
 Magnetic stirrer
 1 L Volumetric flask
 CAA electrode
 Wash bottle containing distilled water to wet the carbon and rinse the probe

Sample Preparation
The standard solution has the following composition:
 0.400 g/l NaOH (Sodium Hydroxide)
 1 g/l NaCN (Sodium Cyanide)
 0.147 g/l KAu(CN)2 (Potassium Aurous-cyanide)
 0.005 g/l TlNO3 (Thallium Nitrate)
This makes up a 100 ppm gold solution.

Test procedure
The CAA gold adsorption testing procedure is performed as follows:
 Place 500 ml of standard solution in a beaker.
 The beaker, with the magnetic stirrer bar added in it, is placed on a stirrer.
 A probe consisting of two platinum wires and one gold wire is inserted in the beaker.
 The probe is mounted in a manner so that the probe direction is pointing to the direction of
agitation.
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 The instrument is calibrated before each run.
 2.00 g activated carbon is pre-wetted with distilled water and added into the solution.
 The measurements sequence is started on the CAA instrument.
 The instrument plates gold from the solution for 100 seconds onto one of the platinum wires. It
then records the time taken for the gold to be stripped from the platinum wire by monitoring the
potential difference between the gold and plated platinum wire. This cycle is repeated for 90
minutes while recording the stripping time after each cycle.

Carbon activity % calculation
The carbon activity is calculated in the following way:
 The normalized stripping times which are directly proportional to the aurocyanide concentration
are plotted versus time.
 Equation 1 is fitted to the plotted data.
 Carbon activity % is calculated by dividing the amount of absorbed aurocyanide at 90 minutes by
the amount of aurocyanide at the start of the test.

MI method
Test procedure
The manual iodine titration (Puri and Bansal, 1965) is performed as follows:
 1 g of crushed activated carbon is added into a 250 ml Erlenmeyer flask containing 0.1 M
hydrochloric acid.
 The mixture is brought to the boil for 30 seconds and cooled to room temperature.
 100 ml of 0.05 M iodine solution is pipetted into the mixture and allowed to react for 30 seconds.
 The mixture is filtered using filter paper and funnel to separate iodine from the activated carbon.
 30 ml of the aliquot is pipetted into a 250 ml flask and titrated with sodium thiosulfate.
 The endpoint volume is recorded and the amount of absorbed iodine is calculated.

Carbon activity % calculation
Carbon activity % is calculated by dividing the amount of absorbed iodine by the amount of iodine at the
start of the test.
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Results and discussion
Comparison of AI method with CAA method
Adsorption capacity of the adsorbed substance (iodine or aurocyanide) onto the activated carbon depends
on the activated carbon surface area. It is expected that the iodine adsorption decay curve should be similar
to that of gold adsorption if the same activated carbon is used. Therefore, automated iodine adsorption and
gold adsorption tests were conducted using the same activated carbon with the same particle size and a
comparison was made.
As an example, the replicates of the absorption decay curves for sample 1 are plotted in Figure 1 and
Figure 2 below for the AI and CAA methods. The consistency of the curves in both these figures shows the
repeatability of both methods, while the similarity in the shape of the decay when comparing the AI and
CAA suggests that the behavior is similar, and hence that the measurement of the iodine absorption using
the dual platinum electrode can provide a measurement of the carbon activity in a similar way to the existing
CAA technique.
Run 1

100.00

Run 2

Run 3

90.00

Normalised iodine concentration

80.00
70.00
60.00
50.00
40.00
30.00
20.00
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Figure 1: AI curve for sample 1
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Figure 2: CAA curve for sample 1

Validation testing
The validation of the automated iodine adsorption method took the form of a series of two sets of
procedures. Each sample was run in three replicates for the MI and the AI methods. The same sample was
run in four replicates for the CAA method.

AI, MI and CAA comparison
The comparison of the activated carbon activity percentage by each adsorption determination method was
done by plotting the average carbon activities obtained (averaging the activities of each method) against
the various activity determination methods, as shown in Figure 3 below. In the figure, CAA results with
averages below 0 were excluded (since the negative readings are most likely attributed to errors in the
measurement), leaving only 28 of the original samples remaining.
The highest R2 value of 0.87 from the three methods was obtained for the AI method as shown in the
figure. The R2 values obtained for the CAA and MI methods were 0.80 and 0.52 respectively. Even though
the reason for the lower R2 value for CAA is not known, the results indicate that all carbon activity analytical
methods, including CAA, are subject to some discrepancies.
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CAA - Average
Linear (CAA - Average)
y = 1.1014x - 9.6177
R² = 0.7947

MI - Average
Linear (MI - Average)
y = 0.7321x + 9.3247
R² = 0.5205
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Figure 3: CAA, MI and AI carbon activity % comparison
In order to further remove outliers which would skew the associated calculated average activities, the
following additional filters were applied to the results:
 Removal of all samples with CAA relative standard deviation (RSD) below 10%
 Removal of all samples with MI RSD below 10%
 Removal of all samples with MI RSD below 10%
 Removal of all samples with average RSD below 25%
The filtering process resulted in the removal of 14 additional samples. Plotting the measurements for
the 14 remaining samples leads to the results shown in Figure 4 below.
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Linear (CAA - Average)
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R² = 0.8784
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Figure 4: CAA, MI and AI carbon activity % comparison – with outlier removal
The removal of outliers resulted in the R2 values for both the AI and CAA method being above 0.85.
The results also seem to indicate that there is a possible constant offset between the AI and CAA methods,
since the gradients of both linear trend lines only differ by 17 %.
Observing the trends above, it was noticed that the less reliable MI method seems to be skewing the
average activity, and as a result the MI measurements were removed from the average activity calculations.
The subsequent results are shown in Figure 5 below. In the figure, only the samples with average CAA
measurements below 0 were removed, resulting in the removal of 2 samples from the original 30 samples.
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Figure 5: Automated iodine and CAA and manual iodine activity % comparison
The removal of the MI results resulted in the R2 values for the CAA and AI methods being above 0.91,
which indicates good linearity. Additionally, the difference between the gradients of the linear trends lines
is less than 1.5 %, which suggests that there is a constant offset between activities calculated with the CAA
and automatic iodine.

Advantages and disadvantages of the AI method
The AI method possesses many advantages when compared to the MI and the CAA methods. The details
are discussed further below.

Cost
The total reagent cost of the automated iodine adsorption determination is three times cheaper than the
CAA. Less money spent on reagents due to the omission of hydrochloric acid and thiosulfate solution
required for the manual iodine adsorption method also serves to prove that AI method is cheaper and an
alternate method for measuring iodine carbon activity.
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Practical benefits
The MI method is time consuming as it contains many preparatory steps and it is often impossible for two
technicians to obtain similar results because of the difficulty in endpoint recognition. Elimination of human
error in the AI method is one of the main advantages for the method.

Conclusion
When comparing the AI method with the MI method, the automated amperometric iodine adsorption
method possesses several advantages including omission of sodium thiosulfate use and reduced human
error. Also, the results obtained proved the AI method to be an adequate iodine determination method as
the filtered results indicate better linearity with R2 value of 0.86 compared to 0.78 obtained from the MI
method. When removing the manual iodine results from the average calculation, the R2 values for both the
CAA and AI methods improve to above 0.91, with gradients differing by less than 1.5 %.
The results obtained also indicate that the CAA and AI results differ by a constant offset, which
suggest the possibility of translating an activity measurement obtained using the iodine method to an
equivalent CAA measurement. This will allow users to benefit from the much cheaper iodine reagent costs
compared to the costly reagents required for the CAA.
Overall the results that were obtained show that the AI method is a possible alternate method for
measuring carbon activity in the gold mining industry.
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Batch and continuous elution of copper from activated
carbon and production of cupric hydroxide – including
estimation of reagent consumption
Steve Dixon, SND Consulting, USA
Jack McPartland, McClelland Laboratories, Inc., USA
Jeff Woods, Woods Process, USA

Abstract
Copper minerals are extracted and complexed by different amounts by cyanide. The processing of gold ore
containing copper minerals results in higher cyanide consumption compared to ores that contain only gold.
The processing of gold-copper ores is challenged by the amount of cyanide complexed with the copper.
Currently selective elution of copper is practiced by “cold cyanide elution.” The normal practice is to
discard the eluate containing copper to tails or return it to the operation. A recommended alternative is to
reduce the pH of the eluate using sulfuric acid to pH 2-3. The resulting copper cyanide is precipitated and
filtered. The filtrate is returned to the leach solution.
The copper cyanide may be shipped to a smelter, but the fact that cyanide is present in the solid can
cause permit issues for handling and shipping. The process we have developed converts the copper cyanide
to cuprite and tenorite and free cyanide. The free cyanide contained in the copper cyanide filtrate is recycled
to the process. The final copper oxide product can be shipped to smelters or used as feed to electrowinning
tankhouses. This paper will discuss the process.

Discussion
A conceptual process for the recovery of copper and regeneration of cyanide in cyanide leaching circuits is
considered. The process generally considers unit operations that either already employed in commercial
operations, or that have been successfully piloted. The recovery of copper from cyanide solution is affected
using the selective desorption by continuous treatment of carbon or batch elution using cyanide elution
process. The eluate containing copper is processed using cementation to separate gold and silver from
copper. The barren solution containing copper is treated with sulfuric acid to precipitate copper cyanide.
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The copper cyanide is repulped with water from 10% to 30% solids. The slurry is treated with sodium
hydroxide to convert the copper cyanide to copper oxide.
The value of the copper recovered and the cyanide liberated must exceed the cost of reagents to justify
the process. The reagents consumed in the process are sulfuric acid and sodium hydroxide. The
consumption of sulfuric acid is 25-30 kg per cubic meter of eluate solution treated. The consumption of
sodium hydroxide is 0.30-0.40 kg NaOH per kg of copper contained in the copper oxide product. The cost
of reagents will be dependent on the volume of eluate that has the pH reduced to precipitate copper cyanide
and the amount of copper oxide precipitated.
The presence of copper in gold ores can impact the loading of gold and silver on activated carbon.
Copper cyanide complexes will adsorb on activated carbon to different amounts based on the pH and free
cyanide in solution. Copper will selectively desorb from activated carbon using a solution of high pH and
high cyanide concentration. A small amount of gold and silver is desorbed along with desorption of copper.
The usual practice for recovery of gold and silver from activated carbon is hot elution using either the
Zadra or AARL process. The eluate is processed by electrowinning to produce a sludge containing gold
and silver. The copper that may be present in the eluate will be reduced along with the gold and silver in
the electrowinning process. The copper follows the gold and silver in the fire refining to produce a dore
product. The dore is sold to a refinery for the gold and silver content. The dore will be charged a refining
rate based on the weight of dore. The copper in the dore is not paid but is weight that is used for the refining
charge. The ability to produce a dore that is low in copper and other impurities is important to minimize
refining costs. The recovery of cyanide complexed with copper and the copper using a low cost method
helps to reduce cyanide consumption (costs). The recovery of copper into a saleable product as a by-product
credit will reduce operating costs.

Selective elution of copper
The selective elution of copper from carbon is done using a high pH and cyanide solution. The high pH and
cyanide concentration of the eluate converts the majority of the adsorbed copper into the tetra and tri
cyanide complexes. The adsorption of copper cyanide decreases with an increase in the number of cyanide
complexed with the copper.
The eluate will contain a small amount of gold and silver along with the copper. The recovery of gold
and silver would be by cementation using zinc (Merrill-Crowe process). The Merrill-Crowe process is a
well-known process. The cementation of copper is minimized because the copper is in the tetra and tri
cyanide complex form. The half-cell potentials for the tetra and tri cyanide copper complexes are -1.2 to -1.3
V compared to -0.6 V for gold cyanide and -0.4 V for silver cyanide. A comparison of electrode potentials
is presented in table 1.
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Table 1: Standard electrode potentials for cyanide complexes
Reaction
+ e- ⇄ Cu + 2CN

Eo (V)
-

–0.44

Cu(CN)32- + e- ⇄ Cu + 3CN-

–1.20

Cu(CN)4 + e- ⇄ Cu + 4CN

-

–1.29

Au(CN)2- + e- ⇄ Au + 2CN-

–0.57

+ e- ⇄ Ag + 2CN

–0.40

Cu(CN)2-

3-

Ag(CN)2-

-

Batch elution
The batch elution process is presented in Figure 1.

Figure 1: Flowsheet of proposed process showing batch concentration of soluble copper cyanide
The operations that have low concentrations of copper in the leach solution may proceed with a
cyanide pre-strip of the copper or use the standard hot elution (Zadra or AARL). The pre-strip eluate of
copper would follow the standard procedure of Merrill-Crowe to recover co-eluted gold and silver. The
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standard hot elution eluate is treated by Merrill-Crowe to recover the gold and silver. The Merrill-Crowe
barren is treated to recover copper cyanide using sulfuric acid.

Continuous elution
The selection of continuous elution is due to the large amount of copper that is removed from the circuit
compared to the amount of activated carbon eluted in a normal gold circuit.
The elution of copper is done at each stage of CIC/CIL/CIP (Figure 2). This will remove the copper
from a stage without impacting the loading of gold and silver. The use of each stage for copper elution
reduces the amount of carbon processed per elution to the fraction of the number of stages. An example is
a normal CIC circuit will have five stages. If the removal rate of copper requires the amount of carbon for
elution is 100 t/d. The amount processed per stage is 20 t/d or 1.4 t/hr.

Figure 2: Flowsheet of proposed process showing
continuous concentration of soluble copper cyanide
The eluate from the continuous elution is treated using Merrill-Crowe process to recover the gold and
silver separate from the copper remaining in the barren eluate.
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Production of copper cyanide
The copper rich barren (of gold & silver) eluate solution is treated with sulfuric acid to reduce the pH of
the solution to 2. This results in the precipitation of copper cyanide. The acid consumption is 25-30 gr of
sulfuric acid per liter of eluate (25-30 kg/m3 of solution). The cost per kg of copper is dependent on the
concentration of copper in the eluate. The concentration should be 10-30 gr/liter to minimize the
consumption of sulfuric acid. The process flow is described in Figure 3.

Figure 3: Flowsheet of proposed process showing precipitation of copper cyanide

Conversion of copper cyanide to copper oxide
The copper cyanide that is produced is stored in a hopper to feed the copper oxide process. The copper
cyanide is repulped with raw water to 10-30% solids. The slurry is treated with sodium hydroxide to raise
the pH to greater than 11. The copper oxide formed is captured by filtration. The filtrate, a high grade
copper solution as dicyanide and tricyanide complexes is recycled to the barren eluate from the MerrillCrowe process. The consumption of sodium hydroxide is 0.30-0.40 kg/kg of copper precipitated. The
process flow is described in Figure 4.
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Figure 4: Flowsheet of proposed process for the conversion of copper cyanide to copper oxide

Conclusion
The proposed process of using activated carbon to concentrate the copper from cyanide solution can
produce a high grade copper product for a low cost. The reagents used are sulfuric acid and sodium
hydroxide. The values of copper recovered and recycle of the cyanide that was complexed with the copper
are significant. The authors believe the process described is simple to operate and low operating cost for
copper and cyanide recovery.
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Treatment of ores with high clay or fines
Dan Mackie, INNOVAT Mineral Process Solutions Limited, Canada
Robert Guenther, INNOVAT Mineral Process Solutions Limited, Canada

Abstract
Ores that generate high percentages of fines or clays are problematic with heap leaching, especially when
treating copper ores that often present difficulties with agglomeration. INNOVAT has developed
Continuous Vat Leaching (CVL) over more than thirty years. CVL is a method of moving and leaching
finely crushed ore through vats on a continuous basis. The method has been shown on a standalone basis
to be competitive with heap leaching, primarily because the leach kinetics resemble what is attainable in
agitated tank leaching in terms of rapid leaching and higher recovery. Where gold oxide ores leach very
rapidly with only coarse crushing, such as Minera Cerro Quema in Panama and Coffee in the Yukon, there
is a strong argument for heap leaching, except for the problems with high rainfall and dealing with subarctic
temperatures. This paper provides case studies for Cerro Quema and Coffee on a standalone basis, and also
discusses coarse crushing and screening to 6 mm, treating the +6 mm on heaps and -6 mm in CVL.
Consideration is also given to copper leaching at POX in Taltal, Chile, where testing has shown that
screening at 6 mm and treating the fines in CVL provides a satisfactory solution.

Introduction
There is a tendency in our industry to repeat past knowledge and experience as a means of minimizing risk,
which is okay until the limits start exceeding the envelopes to which hard-earned standard practice is best
suited. Troubles in heap leaching begin when engineering is challenged by unusual ores, clays, excess fines,
groundwater, extreme environmental conditions, terrain and other difficult situations. To that end the
industry has been very creative in meeting these difficult situations, but these conditions may then impose
high risk to the projects. This paper will discuss some classic past failures and suggest a few that may be
highly risky, despite setting the best minds to work on the projects.
For over more than 30 years, INNOVAT has tested and developed Continuous Vat Leaching (CVL),
which is a method of moving finely crushed material through a vat by intermittent fluidization. Leach
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kinetics is robust as upflow rates peak at 50,000 L/h/m2. A detailed description of how this system works
can be found on our website, www.vatleach.com.
This paper discusses how INNOVAT can work together with heap leach operators to solve some of
the difficulties encountered in heap leaching by either substitution with CVL or by separating the -6 mm
fractions for separate treatment in CVL leaving the +6 mm to be heap leached. This would avoid the need
for agglomeration and eliminate cement as a reagent.

Extreme conditions
Conditions that challenge heap leaching are well known and well documented in the many papers that have
been presented over the years as well as in this conference. Needless to say, a check list of cautions is
worthy of mention. These are, as standalone or in combination:


high rainfall



earthquake conditions



subarctic and arctic climates



high winds



bad ground-swampy conditions, clay lenses, potential sink holes, faults, sharp rocks,
etc.



high groundwater levels



steep terrain



environmental risks from high rainfall, wind, and potential contamination



water shortages



proximity to rivers, lakes and communities



clay in the ore



excessive fines generated from crushing



resistance to agglomeration or uneconomic agglomeration



consequences of liner breaches



detoxification/neutralization issues.
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Some heap leach historic failures
High rainfall, earthquake conditions, steep terrain, swelling clay, proximity
to rivers and communities
Bellavista, Costa Rica
In promoting CVL for this project, INNOVAT warned the owners that this project was likely to fail in heap
leaching due to high rainfall and seismic conditions combined with steep terrain. The rivers and community
located below the site were at high risk. Nevertheless, the project proceeded. During a high rainfall event,
earthquakes occurred, and the heap slid into the ADR plant. (Figure 1) There was further damage to the
sample preparation building. Fortunately, no one was killed or injured, as employees fled the scene after
observing cracks in the heap.
Other factors that could have influenced the collapse of the heap may be a layer of clay gouge that we
observed in the vicinity of the ADR plant.
The net result of this event was the banning of all open pit mining in Costa Rica. The engineers were
the subject of a lawsuit.

Figure 1: Results of heap failure due to high rainfall and seismic events

Pozo Azul, Costa Rica
This small project was built as heap leach on-off pads under cover of a building. INNOVAT spoke to the
owners before and after startup, suggesting that may have problems with solution viscosities and swelling
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clay. We had experienced that in our nearby CVL demonstration plant, where initially the solution viscosity
was 100 times normal. Despite agglomerating and curing the ore, the heaps plugged in less than two weeks.
Most of the clays in the cordillera are kaolin-based, but bentonite is also common, which produces
extremely viscous solutions, and in this case caused swelling and plugging. There were other failures in
Central America for the same reason.

Mina Santa Rosa, Panama
INNOVAT had early involvement in this project as a consultant to advise a client on whether or not to
consider investment. The owners had done a feasibility study based on heap leaching. After a site visit,
metallurgical testing, and review of the feasibility study, it was concluded that the ore would be slow
leaching which was likely due to the nugget effect and would not leach to the recovery predicted in the
feasibility study. The water balance was questionable as were the consequences of cyanide in storm
overflow ponds, which would be unlined, depending on dilution and natural degradation of the cyanide.
From the test work, the project also did not seem to be a good candidate for CVL. INNOVAT advised the
client against investing.
The project failed due to difficulties in mining, crushing and the consequences of high rainfall.
Recoveries were poor, and in the end, low gold prices sank the project.

Cold climate leaching
Leaching in subarctic conditions has been proven to work at Brewery Creek and Fort Knox and some are
proposed such as Victoria Gold and Coffee. All are workable, but present difficulties and have limited
operating days for heap building. In INNOVAT’s opinion, these projects have high risk, which would be
mitigated by going with CVL.

A description of CVL and its advantages
A very simplified section through a vat is shown in Figure 2. One needs to imagine a swimming pool-like
vat that is filled with crushed or ground ore that is immersed in a bath of leach solution. If leach solution is
aggressively made to uniformly flow upwards through the bed of ore; the entire bed then becomes fluidized
and resembles quicksand. In this state, if ore is removed from one end of the vat, the fluidized ore will
migrate towards the cavity to fill the void. Similarly, if ore is added or piled up at one end, it will collapse
and merge with the bed. INNOVAT discovered that by intermittently fluidizing the bed by storing solution
in an overhead tank and releasing it suddenly through a pipe network located under the bed, ore could be
fed in one end and taken out the other simultaneously and continuously with very little power consumption.
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Figure 2: Simplified section through CVL for gold
Ore levels in the vat are set by a weir at the feed. Supernatant is continually pumped through a paste
thickener to charge a head tank, which releases lixiviant suddenly 10 to 20 times per hour. Crushed ore up
to 6 mm in size can be handled. Ore is discharged and decanted by a bucket wheel excavator. Ground ore
can also be handled using a pumped discharge. Typical residence times are 24 to 48 hours.
Kinetics is generated by high upflow through the vat. Comparisons with heap leaching are shown in
Table 1.
Table 1: Flux comparisons
Flux rate
Heap leach

10 l/h/m2

Traditional vat leach (Upflow)

3,75 l/h/m2

CVL (Upflow maximum)

50,000 l/h/m2

CVL can be built open or within an enclosure, depending on climatic conditions. High rainfall,
subarctic or arctic conditions as well as terrain issues are not a difficulty. Cyanide destruction using SO2/Air,
Peroxide with a catalyst or other chemistry is easily done as a function of the CVL discharge.
Based on industry averages, the following metrics can be applied for gold leaching (Table 2).
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Table 2: General comparisons
Agitated tank

Heap

CVL

Process power

41.8 kWh/t

4.4 kWh/t

3.3 kWh/t

Water consumption

80.0 L/t

178.1 L/t

42.4 L/t

CN released to tailings /
Heap (during project life)

0.04 kg/t

0.022 kg/t

0.000027 kg/t

Soil mining impacts (offset
by remediation during
project life)

1.0 t/t

1.0 t/t

0.01 t/t

CN remaining following
project closure

0.013 kg/t

Unknown

0.000027 kg/t

Case studies – Two oxide gold deposits
Minera Cerro Quema, Panama
There are two main resources at this site, La Pava and Quema/Quemita. The two resources are shown in
Figure 3. Challenges faced by this project: high rainfall for half the year, and materials handling due to the
steep terrain.
INNOVAT Limited was commissioned to do a feasibility study on the Cerro Quema Project for
Bellhaven Copper and Gold in 2009, based on exploitation of La Pava only, a gold resource that existed
among two major resource targets on the property. Pilot plant testing for CVL was conducted at SGS
Lakefield that demonstrated 93% recovery on -6.3 mm ore and 96% on the -50 µ slimes that are separately
discharged from the CVL. The study showed robust economics at a plant throughput of 5,000 t/d on the La
Pava mine with gold at $800/oz., giving a pre-tax IRR of 87.4% with payback in just over one year. This
feasibility study was published just as financing collapsed in all sectors of the mining community.
Ultimately, the property was distress sold to Pershimco Resources of Rouyn-Noranda.
The site has high seasonal rainfall and is in an earthquake zone with tremors predicted at 6.0 on the
Richter scale.
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Figure 3: Overview of site, taken from La Pava
Considerable metallurgical test programs based on heap leaching had earlier been conducted by
Kappes Cassiday Associates and McClelland Labs (1995), both in Reno, along with heap leach scenarios
conducted by the various owners at that time. In writing the 2009 FS, INNOVAT acknowledged that heap
leaching may be a preferred method for the ore in drier climates. The ore responds well to leaching by
cyanidation regardless of crush sizes. The experience gained from working on its (CVL) pilot plant in Costa
Rica showed that predicted rainfall and earthquake conditions indicated that CVL was a better choice than
heap leaching, because the CVL is covered, built to earthquake standards with no cyanide-bearing tailings.
A substantial test program for Pershimco was done at McClelland Labs based on CVL protocols, which
supported the test program originally conducted at SGS. Some simulated heap leach tests on -25 mm ore
was also conducted which demonstrated rapid leaching and good recoveries. By comparison with the heap
leach tests, the CVL tests demonstrated >90% recoveries in less than 20 hours, while the column tests
showed similar recoveries in 60 days for heap leaching. Average grades were < .8 g/t as compared with the
original 2009 FS that had grades in the order of 1.2 g/t. Pershimco did substantial drilling to lower the cutoff grade to increase ounces.
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Pershimco published a pre-feasibility study in 2013 based on 10,000 t/d heap leaching at -25 mm
crush size as well as exploiting both resources simultaneously in order to high grade both. This approach
increased the CAPEX substantially over the sequential mining that was proposed in the 2009 FS by
requiring access to both sites at the same time. Overall recovery was stated as 86% to be downgraded by
3%/g/t for lower grade ores. Recovery by CVL would be in the range of 90 to 95%.
Using the data from this study, INNOVAT did a direct comparison with CVL, accepting all of the
engineering and costs used in the study, even though we had strong reservations about the mining sequence
throughput and overall plan. The results are shown in Table 3.
Table 3: Comparison heap leaching with CVL for Cerro Quema
Base case heap
leach (10,000 t/d)

CVL case
(10,000 t/d)

CVL case
(5,000 t/d)

Mine life

5.3 year

5.3 year

11.1 year

CAPEX (pre-production)

$117,093,032

$129,531,835

$94,342,955

After-tax IRR

33.7%

47.1%

36.5%

Operating years to payback (5%)

2.2

1.42

2.13

At 0% discount rate

$152,011,800

$195,372,180

$191,045,234

At 5% discount rate

$109,789,300

$148,918,522

$128,788,489

At 10% discount rate

$77,822,500

$113,266,205

$86,976,345

At 15% discount rate

$53,275,200

$85,487,409

$57,993,134

Average cash cost per oz

$402

$359

$430

Cost per oz (including Capital)

$981

$905

$865

After tax NPV of project cash flow

INNOVAT’s contention is that the short life of mine at 10,000 t/d and substantial payback period adds
risk to the project and does not provide a sustainable duration for the people living in the area and working
at the mine. We are suggesting that 5,000 t/d is more appropriate.
There is evidence from the McClelland report; however, that 30 to 40% of ore crushed to -25 mm is
contained in the -6 mm fraction. This suggests that a case could be made for crushing to -25 mm and
screening to 6 mm, thus reducing crushing costs for the CVL case. The idea would be to build both a heap
and CVL. This would eliminate any need for agglomeration in the heap and would get substantially quicker
overall recovery, yet reduce the exposure of building a large heap leach in this difficult environment.
Recommended throughput should remain at 5,000 t/d, perhaps 1,800 t/d CVL and a 3,200 t/d heap leach
and sequencing the resources, starting with La Pava. Heap leaching with a -25 mm/+6 mm could be built
higher with a smaller footprint and less exposure to rainfall events. We would expect the CAPEX to drop
substantially.
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Kaminak Gold Corp, now Goldcorp – Coffee Project, Yukon
From the very beginning, examination of the metallurgy at this project is amazingly similar to Minera Cerro
Quema and in broad-brush terms, the same assumptions made at Cerro Quema can be applied. Kaminak
published a feasibility study in 2016 from which a take-over has been instigated by Goldcorp.
Not surprisingly Kaminak are totally committed to heap leach based on industry norms and advice
from the latest well-experienced consultants. Heap leach is proposed with 50 mm crushing to achieve 86.1%
recovery in 200 days with high early recovery in 20 days or so. Leach curves as developed by KCA are
remarkably similar to Cerro Quema, except that tests were done at 4°C in refrigerated units.
The report predicts mining, crushing and heap building for 275 days per year. In discussions with
experienced operators in other projects, this is considered very optimistic; that 150 to 180 days is more
likely. Other items, which INNOVAT considers to be pushing the envelope include, thermally insulating
the heap, heating the solutions, application of raincoats, building the heap with trucks, and locating the heap
on a ridge, which, if a breach of liners occurs, could be a disaster. Note that CVL detoxifies the tailings
using conventional means during discharge, whereas rinsing and cyanide destruction on the heap is only
possible after shutdown of long operating cells and after total shutdown. This would add years to project
closure.
Nevertheless, the case for CVL is enticing, because the plant can be operated year round. Recoveries
on 6.3 mm ore should be in the 95% range with less than 24 hours retention. Currently, the report plans for
building the heaps with trucks in a sequence that involves stockpiling, re-handling, crushing, stockpiling.
As CVL would be used on a year round basis, only small stockpiles are required. This results in a substantial
reduction in mobile equipment.
The economic analysis for the project using CVL as standalone is shown in Table 4 and is based on
the financial model extracted from the Kaminak Feasibility Study.
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Table 4: Comparison heap leaching with CVL Coffee Project
Base case heap
leach (5M t/a)

CVL case
(5M t/a)

Mine life

10 year

10 year

CAPEX (pre-production)

$317 M

$314 M

Before-tax IRR

50.4%

73.7%

Operating Years to Payback (5%)

3.5

2.7

At 0% Discount Rate

$1,113 M

$1,323 M

At 5% Discount Rate

$762 M

$942 M

At 10% Discount Rate

$528 M

$ 683 M

At 15% Discount Rate

–

$ 503 M

After Tax NPV of Project Cash Flow

Table 5 shows the contributing factors to improvements by using CVL over heap leach.
Table 5: Factors contributing to CVL case improvement
Relative contribution to
IRR improvement
Recovery within 24 hours (Time value of money)

66.7%

Improvement in recovery (+3%)

17.6%

CAPEX savings

2.2%

OPEX savings

1.8%

Similar to Cerro Quema, a case can possibly made for crushing to 16 mm and screening off -6 mm
material for separate treatment in CVL, which would maintain the low cost of crushing. The plan for Coffee
is to crush to only 50 mm; however in order to be effective, a second crushing step would be required to
add CVL to the equation, which would then give a ratio of 50% - 6 mm CVL, 50% + 6 mm/-16 mm heap
leach. By building heaps of -16 mm/+6 mm, solution flow on the heaps can easily be increased from 10
L/h/m2 to some higher number (to be tested). This would help maintain oxygen at a high level and make
maintaining temperature easier. Possibly the heaps can be built higher for a smaller footprint/t/d.
The amount of stockpiling of the -16 mm/+6 mm ore would reduce significantly, while the -6 mm
fraction would be fed direct to the CVL year round.
Disposal of the -6 mm tailings has an integrated cyanide destruction step and the discharge is
stackable, which could be put into the valley floor with grasshopper conveyors and rehabilitation can be
started immediately. This would require an in-depth study and probably an onsite pilot plant.
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Copper heap leaching with fines issues
Copper heap leaching can be difficult if high fines result from crushing. Agglomeration is not always
effective and agglomerates can deteriorate with time, depending on the percentage and application
techniques used.

Failed and difficult copper heap leaches, Australia
Curves are shown for traditional column tests (Figure 4) and pulse column tests (Figure 5). In Pulse column
test work, the ore is fluidized at the same frequency as expected in the CVL.
Figure 4 represents the problems with preg-robbing in black shale. Operation of a heap leach
experienced declining recovery due to preg-robbing. This chart suggests that rapid leaching occurs and the
ore needs to get in and out of the CVL before preg-robbing begins.
In Figure 5 about 14 million t of material was placed on a heap, grading about 0.74% copper. After a
year of operation, the heap plugged due to excessive fines and channeling and leaching stopped. INNOVAT
proposed toll milling when it was discovered that the heap could operate by washing out the fines. The
owners were considering rejecting and disposing of the fines, but 30% of the copper as oxide was contained
therein. This copper could be recovered through the use of a hybrid CVL system.

Australian Sedimentary Copper in Black Shale - 6.5 mm
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Figure 4: Pulse column test for sedimentary copper
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Figure 5: Column tests with fines washed out

Tests at Cenizas, Chile
A heap leach operation at Taltal, Chile refers to the plant as POX (Planta Oxidos). The lifts are very shallow
as shown in Figure 6 owing to poor percolation. As a result, copper recovery from the ore was low, leaving
the spent heap grades measured at 0.418% copper. The INNOVAT team visited the site to propose testing
the residue for treatment in CVL, the idea being to suggest reclaiming and retreatment of the residue and
then possibly introducing a screening plant in the crushing circuit for future combination of heap leaching
and CVL. The physical test was undertaken at the Experimental Column Leach facility of MLC at their
Oxidos Plant, Taltal, Chile, and analytical services were provided by the POX Laboratories and Andes
Analytical Assay of Santiago. Site water was used for the tests. The result is shown in Table 6.

Figure 6: Overview of the POX Plant at Taltal, Chile

110

HEAP LEACH MINING SOLUTIONS, 2016 ● LIMA, PERU
Table 6: Pulse column test results on POX residue
Test results

Data

Units

Retention time

20

Hours

Grade of feed, Cu(T)

0.418

%

Grade of feed Cu(AS)

0.333

%

Recovery Cu-T

60.94

%

Recovery Cu-S

77.22

%

Acid use

16.69

Kg/ton

Dealing with clay and fines
In heap leaching, clay can produce a failed project as it did at Pozo Azul in Costa Rica, where the
agglomerates swelled to block the percolation. Column tests, particularly if they are 6” diameter and 72”
high, can give a false sense of security, because it is two-dimensional flow over a short height. This is not
what you are going to get in the heap. The fine material will form layers and channeling. If the clay species
is bentonite, then the project can fail due to high solution viscosities and swelling.
In the early days of copper heap leaching at Zalividar when it was owned by Placer Dome, the fines
were washed out in water-flush crushers and rejected from the heap leach. The fines were stored and dried
in the sun with cracks almost six feet deep. INNOVAT procured a 10 kg sample, crushed it to 6 mm and
tested it in a pulse column. Head grade was about 2% copper and leached entirely in a 48 hour test.
Unfortunately, this resource became buried in waste (due to space limitations at the site) and a project was
unable to be proposed. Today, Zaldivar has abandoned water flush crushing and seem to be coping with
agglomeration.
Clay washers ahead of the heap leach is traditionally been done with log washers and screw classifiers.
Rotary washers are also employed. Our choice would be Hydro-Clean by Haver & Boecker Canada, whose
unit washes out -74 µ from the crushed ore. This material can then be treated in agitated tanks with the
oversize put on the heap. Alternatively, the crushed ore can be screened to –6 mm, which can be treated in
the CVL. CVL is an excellent classifier. Tests at SGS demonstrate that -74 µ is rejected to our paste
thickener and pastes up to 73% S/W can be made. The +74 µ/-6 mm ore is discharged at about 15%
moisture, where it is further dewatered to 6 to 10% moisture on screens, where in the case of gold, cyanide
is destroyed.
Figure 7 shows the INNOVAT paste thickener, which is a unique, proprietary design. The design has
been tested at SGS Lakefield for both copper and gold ores.

111

HEAP LEACH MINING SOLUTIONS, 2016 ● LIMA, PERU

Figure 7: INNOVAT paste thickener at SGS Lakefield

Conclusions
We have shown two comparisons with easy-leaching oxide gold ores, both of which are compromised with
difficult climatic conditions. In either case standalone CVL is competitive, but a case can be made for
combined CVL with heap leach.
When dealing with high fines and longer leach times, the case for CVL standalone becomes even
more compelling, but the combination with heap leaching needs to be examined. Agglomeration is
eliminated and there is yet a need to examine the benefits of higher flux rates in the heap.
CVL can be leveraged to improve economics and reduce project risk, either with or without an
accompanying heap leach.
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Concurrent leaching of copper
and gold ores with GlyCatTM
Frank Trask, Mining and Process Solutions Pty Ltd (MPS), Australia
Ivor Bryan, Mining and Process Solutions Pty Ltd (MPS), Australia
Alberto Rochefort, Min Tec 2R Limitada, Chile
Elsayed Oraby, Curtin University, Australia
Jacques Eksteen, Curtin University, Australia

Abstract
Heap leaching is commonly used to treat large tonnages of low-grade gold ores. The presence of copper
minerals in these ores can lead to soluble gold losses and the production of weak acid dissociable (WAD)
cyanide. It also leads to problems with carbon circuits, and these problems have a radical effect on the
elution, electrowinning, and smelting of the gold. In addition, the copper causes significant cyanide losses,
and leads to very high costs.
Mining and Process Solutions Pty Ltd (MPS) of Perth are the exclusive license holder for the Glycine
leaching process developed by Curtin University. MPS has done commercial test work that builds on the
basic gold copper research done by Oraby and Eksteen (2015) at Curtin University in the past year.
This talk will present a summary of the research accomplishments of Oraby and Eksteen, and further
report on commercial tests done by MPS for various Australian and international clients. MPS have named
the cyanide-glycine process GlyCatTM, alluding to the catalytic effect that glycine has on cyanide leaching
systems. The process is able to effectively leach both gold and copper concurrently at a rate many times
faster than cyanide alone with a cyanide starved solution of glycine. It also allows for the recovery of
cyanide as well as removal of copper without the use of the SART type circuit.

Glycine
Amino acids are the building block of all proteins. There are about 500 different types of amino acids in
nature. The simpler amino acids are commercially manufactured in bulk quantities and are available at low
prices. Glycine is the simplest amino acid (amino acetic acid). It is sweet tasting (edible), non-toxic, and is
manufactured in human body. It is commercially manufactured by many chemical companies around the
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world, being formed by the reaction of chloroacetic acid and ammonia. There are no dominant
manufacturers, and the market is competitive. The GlyCatTM process is not sensitive to glycine purity, and
the technical grade of + 96% is adequate.
A principal key potential use of glycine is in the selective leaching of base and precious metals from
polymetallic deposits (e.g., copper-gold deposits).This leaching is carried out by the reaction of hydroxyl
anions with copper minerals. Copper is amphoteric, and is easily dissolved by strong base solutions to form
the cuprate ion, CuO2-2. The very stable copper glycinate chelate, Cu(CH2CN2COO)2 forms instantly at pH
values between 7 and approximately 12.8.
Conventional approaches to leaching gold-copper ores with nuisance copper levels (oxide and
supergene ores) results in high cyanide addition, very high starting( basic) pH’s, and significant WAD CN
(Weak Acid Dissociable Cyanide) production. Gold ores with economically recoverable copper (oxide ores)
are often acid consumers, with acid consumption making many projects uneconomic.
There are a large number of physical and chemical characteristics that serve to make glycine leaching
unique and give it a strong differentiation from other leaching methods.
GlyLeachTM is capable of leaching most copper oxide minerals such as cuprite, tenorite, malachite,
azurite, atacamite, antlerite, brochantite and many other rare minerals. It is also capable of dissolving
minerals that require some oxidation, these include native copper, chalcocite, covellite, bornite,
chalcopyrite, enargite, tetrahedrite, and tennantite. However, chrysocolla and cuprous-goethite are poorly
soluble in glycine.
Other minerals that are leached in cold GlyLeachTM are the sulfide and oxide minerals of Zn, Pb, Ni
and Co as long as they are not mineralized as silicates or in solid solution with goethite, magnetite, or
hematite
Gold, electrum, acanthite/argentite are leachable at 60oC. The resulting gold and silver glycinate
compounds are adsorbed onto activated Carbon.
The work of Eksteen and Oraby have revealed that it is advantageous to leach gold in Cu contaminated
ore with a lixivant consisting of glycine and very minor cyanide. Basic data is presented showing the
differential rate of gold dissolution of cyanide and copper-cyanide mixtures.
Research data on copper-gold ores is then presented, showing different aspects.
Data on both bottle rolls and column tests on an Australian gold copper ore is presented. These data
have demonstrated conclusively that using glycine-cyanide mixtures to leach copper gold ores is much
more economic than straight cyanide leach. Data for an African copper –gold ore as well as a second
Australian copper gold ore is included.
Currently leach solutions derived from the cyanide leaching of gold-copper ores use SART or similar
plants to attempt to recover the WAD cyanide and dispose/recover the copper tied up in the PLS. The
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recovery of this cyanide is often critical in the economics of the mines. The use of GlyCat TM allows for the
alteration of the traditional SART circuit. The following advantages can be gained from the use of
GlyLeachTM.
Tests indicate that the concentration of cyanide used in the leaching will be low enough that it need
never be recovered. Using GlyCatTM, the copper can be precipitated as sulfide directly from the PLS as it
arrives in the plant. This is thickened, filtered, and washed in the normal manner. Any cyanide released will
simply remain in the stripped solution to be returned. The glycine is regenerated by the addition of a small
amount of lime to refresh the pH and precipitate any accumulated carbonates and sulfate from the solution.
The gold can then be adsorbed on to activated carbon either before or after the copper removal.
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Abstract
Pyrite is the most abundant sulfide mineral on earth, and is associated with the processing of most sulfide
minerals. Oxidation of pyrite during heap bioleaching of copper sulfides provides the essential sulfuric acid
and oxidant Fe3+ for copper sulfide dissolution. The excessive oxidation of pyrite results in an increased
cost in acid/iron neutralization, while insufficient oxidation of pyrite leads to an increased cost of acid
addition to the irrigation solution. Thus, the regulation of pyrite oxidation is important for more than just
copper sulfide leaching.
Differences of leaching kinetics between chalcocite and pyrite were summarized, and their controlling
factors in heap leaching practice were closely related to the physical, chemical and microbiological
conditions in heaps, such as the permeability, temperature and redox potential in heaps, acid and iron
concentration in irrigation solution, and also the microbial community and activity. Strategies emphasizing
the regulation of pyrite oxidation were proposed and applied in commercial heaps according to the needs
of acceleration or inhibition of acid and iron concentration in the leaching solution. In the initiation of a
heap bioleaching of chalcocite, acidifying of the heaps was achieved without sulfuric acid addition to the
irrigation solution, by promotion of pyrite oxidation in ore under air conditions with only water irrigation,
and then under a slightly acidified condition with the cultured microbial activity. Another heap bioleaching
practice with low copper leaching efficiency resulted from low acid concentration in the leaching solution,
in which the acid concentration was elevated by operational changes to accelerate pyrite oxidation by
boosting the microbial activity and thus elevating the heap redox potential. Moreover, heap leaching with
excessive acid and iron generation was alleviated through inhibition of pyrite oxidation by leaching with a
higher acid and iron concentration in the leaching solution, and by limiting the oxygen penetration to heaps,
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to inhibit microbial activity and redox potential. These regulations of pyrite oxidation by adjusting heap
leaching operations helped to reduce the cost of heap bioleaching of copper sulfides.

Introduction
Heap bioleaching has been a viable process option for copper sulfides (Brierley, 2008), and has been applied
successfully to extract copper from copper sulfides worldwide (Walting, 2006; Domic, 2007). Heap
bioleaching of low-grade chalcocite ores is one of the most significant industrial applications of
bioleaching. Oxidative dissolution of chalcocite/chalcopyrite by Fe3+ in a sulfate system (reaction equations
(1) and (2)), occurs in two stages with the production of secondary covellite (Cu1.0–1.2S) as an intermediate,
and Cu2+ are release to the solution, and then cathode copper are separated and recovered by solvent
extraction–electrowinning:
Cu2S+2Fe3+→2Cu2++ S0+2Fe2+

(1)

CuFeS2+ 2Fe →Cu + 2Fe + FeS2

(2)

3+

2+

2+

Pyrite is the most abundant sulfide mineral on earth and it is frequently associated with copper sulfide
ores and other sulfide ores (Figure 1). Oxidation of pyrite results to the acid and iron generation when
contacts with oxygen, ferric iron and acidophilic iron/sulfur oxidation microbes. Ferric iron in a sulfate
medium is the primary oxidant for commercial heap bioleaching of chalcocite in terms of its high efficiency
in extracting electrons from a metal sulfide lattice (reaction equation (3)), and is easily regenerated by ironoxidizing bacteria (reaction equation (4)). Acid generation during the pyrite oxidation helps neutralizing of
the acid consume gangue, and releasing of the ions from gangue minerals, such as Ca 2+, Mg2+, Al3+, K+.
Acidophilic iron and sulfur oxidation microbes in heaps facilitates the regeneration of Fe3+ by promote the
Fe2+ oxidation, and also helps eliminating of S0 layer on the surface of minerals (reaction equation (5)), thus
enhances the leaching process (Figure 1).

FeS2 + 14 Fe3+ + 8H2O → 15Fe2+ + 16H + + 2SO42-

(3)

Fe2+ + 1/4O2 + H+ → Fe3+ + 1/2H2O

(4)

2S0+ 2H2O+3O2→4H++2SO42-

(5)
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Figure 1: Bioleaching process of copper sulfide in the presence of pyrite
Pyrite oxidation happened in both beneficial commercial sulfide ore processes such as heap
bioleaching, coal and petroleum refining and also resulted to environmental issue known as acid mine
drainage (AMD). Understanding the dissolution mechanism and the influencing factors of pyrite oxidation
will gave implications for regulation of the acid and iron generation rate during bioleaching. In this
manuscript, main controlling factors for pyrite oxidation, strategies and industrial instances of promotion
and inhibition of pyrite oxidation in the commercial heap leaching projects was also introduced.

Critical chemical factor for pyrite oxidation
The main factors affecting the dissolution rate of metals of interest are lixiviant concentration, redox
potential, temperature, pH, dissolved oxygen, presence of other metals and ions in the solution. Pyrite
oxidation that follows the thiosulfate pathway and rate-determining reaction that is controlled by
electrochemical process are the most recognized mechanism in both abiotic and biotic system (Crundwell,
2013). Extraction of electrons from pyrite does not lead to a disruption of chemical bonds but to the increase
of the oxidation state of interfacial iron. As expected for an electrochemically controlled process, solution
redox potential is a crucial physical quantity and directly correlated with rate, besides acid and ferric iron
concentration. The rest potential of pyrite is about 650 mV (vs SHE) and the value is slightly affected by
solution condition like pH varies on a small scale. Pyrite dissolution is promoted when the surface potential
is higher than decomposition potential. Our quantificational study of pyrite dissolution rate showed that
above the rest potential, an increase of five folds with increasing the redox potential by 100 mV at given
temperature under the controlled redox potential (Sun et al., 2015).
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Another important factor influencing the pyrite oxidation rate was the temperature. Our research
suggested an increase of about 2.5 folds in the dissolution rate of pyrite mineral with an increase of
temperature by 15 °C (Sun et al., 2015). Some industrial practices have demonstrated that temperatures
inside heaps reached as high as 60 °C, which was favorable for pyrite oxidation, including Zijinshan copper
sulfide heap bioleaching (Ruan et al., 2011; 2013), Nifty copper sulfide heap bioleaching (Readett et al.,
2003), Gold Quarry heap bio-oxidation (Logan et al., 2007), and Talvivaara nickel sulfide heap bioleaching
(Riekkola-Vanhanen, 2007). Even though temperature was important for pyrite oxidation, recent research
suggested that under the rest potential of pyrite, even though the temperature was high at 60 °C, the pyrite
oxidation was almost totally inhibited; while under the higher redox potential, pyrite oxidation rate was
greatly increased by elevated temperature (Figure 2).
Copper dissolution from copper sulfide is through polysulfide pathway, and redox potential has less
impact on the dissolution of chalcocite compared with pyrite (Figure 3). The different degradation pathways
indicate different leaching kinetics for the two minerals and thus may be useful to optimize the leaching
process which containing both minerals. Based on the above research, redox potential can be taken as the
critical factor to control the pyrite dissolution without significantly influence the copper dissolution.

Figure 2: Pyrite dissolution under the different redox potentials at temperature of 60°C
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Figure 3: Effect of redox potential on chalcocite dissolution. Conditions: size fraction, 54+30μ m; temperature, 45 °C; Fe 3+concentration, 10g/L; pH, 1.05±0.05 (Niu et al., 2015)

Role of microorganisms in pyrite oxidation
Acidophilic microorganisms in heaps assist the metal dissolution, while sulfide minerals in bioleaching
heaps are natural habitats for these acidophilic groups. The iron- and sulfur- oxidizing microbial group in
the bioleaching heaps mainly consisted of Acidithiobacillus and Leptospirillum, such as At. ferrooxidans,
At. thiooxidans, At. caldus, L. ferrooxidans, L. ferriphilum, and lower percentage of Sulfobacillus,
Ferroplasma and other microbial species (Demergasso et al., 2005; Galleguillos et al., 2008; Qin et al.,
2009). Microbes adhering on pyrite surface and pyrite oxidation readily occur at specific sites with high
surface energy, such as particle edges, corners, defects, and cracks. During sulfide ore leaching, bacterial
activity can be enhanced by the addition of cultured bacteria into the acidic lixiviant and in-heap forced
aeration for oxygen supply.
Great efforts have been made for the past decades from various angles to understand the mechanisms
and kinetics of pyrite oxidation in both abiotic and biotic environment. It is now usually divided the effect
of microbes as contact and non-contact mechanisms, which is used to describe the role played by sessile
and planktonic cells, respectively. In the non-contact leaching, a chemical leaching by ferric ions resulting
in the dissolution of pyrite and the generation of ferrous ions and various forms of sulfur compounds. The
ferric ions can be regenerated by the planktonic iron-oxidizing microbes by re-oxidizing the ferrous ions as
electron donator to maintain the potential of the solution constant under high-level. The sulfur compounds
are oxidized finally to sulfate by the microbes, which helps the exposure of the pyrite surface for oxidation.
Contact leaching refers to the sessile cell on the pyrite surfaces with the extracellular polymeric
substances (EPS) layers serving as reaction space for the oxidizing of ferrous ions and pyrite dissolution by
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ferric iron. This contact mechanism has now not fully understood (Vera et al., 2013). That composition of
EPS contains complexed iron (III) which is thought to be iron (III) ion glucuronic acid complexes and cellsized pits on pyrite has been observed are the two evidence of the existence of contact leaching, but the
contribution of the contact leaching to the pyrite dissolution is not revealed. Our recent investigation of
pyrite oxidation under the redox potential of 650 mV, which is near the rest potential of pyrite, was barely
observed the dissolution of pyrite even though the surface of pyrite crystal was nearly fully covered by
microbes (Figure 4), while under the higher redox potential, the pyrite oxidation was far more faster. So in
the point of view on chemical and microbiological oxidation, we suggested the inhibition of microbial
activity and thus the inhibition of the redox potential will be the most useful way to inhibit the pyrite
oxidation, no matter the growth of microbes; and to accelerate the pyrite oxidation, by enhancing the
microbial activity and increasing of the redox potential.

Figure 4: Scanning electron microscopy (SEM) showing the adhering of microbes on the surface
of pyrite (a) and after the removing of the microbes (b). The pyrite slice was leaching at the
controlled redox potential at 450mV for 47 days
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Ore character and operation practice related to pyrite oxidation
The controlling factors for pyrite oxidation in heap leaching practice closely related to the physical,
chemical and microbiological conditions in heaps, such as the permeability, temperature and redox potential
in heaps, acid and iron concentration in irrigation solution, and also the microbial community and activity.
The permeability in heaps is important for the dissolution of pyrite and other sulfide minerals. For the
ore with high clay content and too much fine particles, air was not easily penetrated into heaps, and thus
influenced the growth of aerobic iron and sulfur oxidation microbes. Fine particles sieving and
agglomeration are usually taken to enhance the permeability in the heaps. Aeration under the heaps through
the pump is usually an important strategy for increasing the leaching rate, since it enhances the growth of
microbes and provides the oxygen for the electron acceptor for the sulfide minerals. In this process, sulfuric
acid and exothermic heat is generated which improves the acid generation in the heap and raise the heap
temperature, respectively. Such in-situ changes in physico-chemical factors improve leach kinetics in ore
heaps.
The influence factor also relies on the chemical characters of leaching solution and the solution
regulation. The irrigation solution with high acid and iron concentration and ion concentration usually
increased the chemical oxidation by ferric iron, but inhibit the activity of the acidophiles, and then not sure
about whether it is a benefit to the oxidation of pyrite and other sulfide minerals. Heap leaching is nutrition
barren condition, so in the beginning of the leaching practice, essential nutrition also should be added in
the leaching solution to promote the growth of microbes.
Some heap leaching practices are developed in on-off single lift pattern, and also some in multi-lift
pattern. Multi-lift leaching heap may present a different physical, chemical and biological character
compared with single lift bioleaching heap (Ruan et al., 2011). The multi-lift heap usually gets a higher
recovery since the under lift may undergo longer leaching time, but also may suffer copper re-absorption
in heaps and excessive pyrite oxidation in the under lifts after Cu leaching, such as Zijinshan mine (Jia et
al., 2015).

Instance for controlling of pyrite oxidation in heaps
Promotion of pyrite oxidation to start up the heap bioleaching
To start up a heap bioleaching project of copper sulfides, the acid and iron solution is needed as the irrigation
solution to oxidize copper sulfides. How to minimize the addition of sulfuric acid in the beginning of the
pad irrigation is important to reduce the operation cost. Letpadaung mine in Monywa (Myanmar) was begun
to stack ROM ore by trucks from September of 2015. Based on its ore character, which was high in pyrite
content (about 10%-15%) and not high in acid consumption by the gangue, the acid generation potential
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based on the minerals suggested a net acid generation ore type. It is highly possible to generated excessive
acid and iron during the heap leaching process based on the ore character tests and column leaching tests,
so if the sulfuric acid was added to the irrigation solution, later maybe then need to be neutralized.
During the ore stacking, ore was wetted by river water, and after stacking, river water without acid
addition was used as the irrigation solution to start up the irrigation. The ore was slightly acidified to pH of
4.0 during the ore stacking because of the sulfide minerals oxidation by water wetting and air. To saving
the irrigation cost, the rest-rinse irrigation was applied to just keep the moisture in heaps in the beginning.
The leaching was also carried out without aeration in the heap in considering of cost saving and to avoid
later excessive pyrite oxidation. It is proved that sulfide minerals, including pyrite and the copper sulfides
were oxidized under the moisture condition, thus the pH of the ore dropped down (Figure 5), and Cu2+
concentration in the leachate gradually increased (Figure 6); then after the SX-EW plant was ready, Cu2+
in the leachate was extracted, and the H+ was generated to raffinate during the reverse extraction process;
the raffinate was then used as the irrigation solution, and the pH of the heap continuously dropped down.
After the pH drops down to about 2.5, concentrated acidophilic iron and sulfur oxidation microbial
community was inoculated to the leaching solution, and the 16S rDNA checking proved the growth of the
functional microbes.
This operation take full advantage of the oxygen oxidation, ferric oxidation and microbial oxidation
of the sulfides (copper sulfides and pyrite), to achieve the fast Cu production, acid and iron generation in
the initiation of heap bioleaching using only water as the irrigation solution without sulfuric acid addition.
Apply of this invention in the industrial heap bioleaching plants helped reduce the operation cost, and also
an easier acid balance.
4.0

pH of the leachate

3.5
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2.5
2.0
1.5
1.0
0.5
0.0
2015/9/23

2015/11/12

2016/1/1
2016/2/20
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2016/5/30

Figure 5: pH of the leachate during the heap leaching without sulfuric acid addition
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Figure 5: Copper concentration in the irrigation solution and leachate during the heap leaching.
Before 12 December, 2015, open cycle irrigation with river water; then the leachate solution was
cycling used as irrigation solution not only in this cell, but also in other new cells; and then after
11 March, 2016, the solvent extraction and electrowinning started, the raffinate was also used
as the irrigation solution

Promotion of pyrite oxidation during heap bioleaching
The heap leaching practice of S&K heap leaching project in Myanmar was carried out using the multi-lift
heap leaching pattern. Acid concentration in the leaching solution dropped down from year 2012, because
of the acid consume by gangue minerals of the ore with high clay content at that time. Acid concentration
in the ILS solution dropped down to the lowest at about 3 g/L, and also the copper leaching rate decreased.
Over 5 thousand tonnes of sulfuric acid was added to the irrigation solution to maintain the acid
concentration from year 2012-2013, and it was costly because the sulfuric acid in Myanmar was about 450
US dollar/ton. Then strategies focused on enhancing the pyrite oxidation and reducing the acid consume
was applied, including rehandling of the leaching cell to enhance the permeability of the heaps and to
promote the growth of bacteria, also choosing the ore with higher pyrite content and lower clay content in
mine pit as the priority choice of ore stacking. The redox potential in the leachate increased from 660 mV
in 2013 to an average of 740 mV in 2016, and together with the laboratory tests of the microbial activity
and community suggested the increased microbial activity. The acid concentration in the leaching solution
increased to about 7 g/L in average in 2016 without sulfuric acid addition, which proved the effective of
these measures.
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Inhibition of pyrite oxidation during heap bioleaching
It is highly suggested that the inhibition of pyrite oxidation relies on the inhibition of microbial activity,
and thus the decreasing of the redox potential. Previously, we introduced a net acid generation heap leaching
practice in Zijinshan mine, and compared the Cu leaching efficiency and acid/iron balance under the
different solution condition (Jia et al., 2015). 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. 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.
Based on the calculation of mineral components and acid consume/generation tests, Letpadaung mine
of Monywa will finally be net acid generation during the leaching, although now in the beginning we
promoted the pyrite oxidation to start up the leaching to save the cost in sulfuric acid addition. Practice
related to less pyrite oxidation was suggested, such as leaching without aeration in heaps, cells without gaps
between to minimize the oxygen penetration to heaps. More research works should down on the both the
copper dissolution and pyrite oxidation to further optimize the leaching project.

Conclusion
The acid and iron balance should also be fully considered besides the copper dissolution when designing
and running a project, this is related to the ore character and the heap leaching operation. Pyrite oxidation
provides the oxidant Fe3+ and acid to the dissolution of copper sulfide during the heap bioleaching process,
so it is important to regulation the pyrite oxidation, while the controlled pyrite oxidation helps the fast
copper leaching and the lower cost without acid addition or neutralization in the leaching system. The
regulation of pyrite oxidation during heap bioleaching process needs the full understanding of both the
leaching kinetics of pyrite and copper sulfide, and relies on the manipulation of physical, chemical and
microbiological condition in the leaching pads and leaching solution, especially the different controlling
factors between them.
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Summary
Excessive fines for the leaching process with agglomerated ore and permanent piles have a negative effect
on the process, affecting the permeability of the pile and reducing the expected copper recovery. There are
many efforts in order to take care of the integrity of agglomerate and to prevent fine material from migrating
through the Pad, producing solution-retaining areas and preventing the leaching agent from reacting with
the ore.
The content of fine material in the ore in Leaching has two origins: the first is the ore deposit (from
the mine) and the second is the one produced during size reduction in the crushing plant. It is possible to
control the generation of fines of a mineral deposit with homogeneous physical characteristics by regulating
the opening of crushers and screens in the screening zone, these stable operating conditions can remain for
extended periods. However, this problem becomes complex when the ore comes from a heterogeneous
deposit. We know that it is not feasible to make changes in mesh sizes without altering the production of
the plant. Besides, the increase or decrease in the opening of the crusher will have an effect on mechanical
failures, production loss and higher processing costs.
This work refers to the description of operational practices applied in the Hydrometallurgical Crushing
plant in Sociedad Minera Cerro Verde, allowing to reduce and/or control the natural generation of fines, as
well as impacting cost savings in both energy and maintenance of the plant.

Brief description of the process
Crushing
The ore, product of mining operations of Drilling, Blasting and Loading performed in SMCV, is transported
by trucks of great capacity to the Primary Crushing Plant in Hydro, where the comminution process of highgrade ore begins in an Allis Chalmers gyratory crusher which reduces the ore from an average size of 1275
mm to less than 150 mm.
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The crushed ore is transported by conveyor belts to the Secondary Crushing Stock Pile and through
feeders and conveyor belts, it goes to the Primary Screening stage performed conducted with a DoubleDeck Banana type Vibrating Screen, where a fine product (undersize) and a coarse product (oversize) are
obtained. Coarse is sent to the Secondary Crushing stage where the ore is crushed in two standard conical
crushers, obtaining a product under 15 mm which is joined to the fine product of the Primary Screening,
both products are sent to the Secondary Screening stage which is also done in a Double-Deck Banana type
Vibrating Screen. At this stage, a fine product (undersize) and a coarse product (oversize) are also obtained,
the coarse is sent to the Tertiary Screening stage and the fine product is sent to the agglomeration stage.
The tertiary screening stage is performed in 4 double deck inclined Tyler Screens sorting ore into fine
product (undersize) and coarse product (oversize). The coarse is sent to the Tertiary Crushing stage with 4
short head conical crushers, its product is sent by conveyor belts in a closed circuit to the Tertiary Hoppers.
The fine product from Tyler screens is sent to the agglomeration stage, being put together with the fine
product (undersize) from the Secondary Screening.

Agglomeration
The Agglomeration Phase provides physical and chemical improvement to the crushed ore. At this stage,
agglomerate is formed, this the union of fine to coarse ore through a binding solution of raffinate containing
salts (Al, Mg, Si). This is done in order to improve the permeability of the pile, in addition to accelerate the
kinetics reaction of the ore.
In order to agglomerate the ore, Raff solution (binding) and sulfuric acid 98% purity are added, these
binding elements are added to the 4 Agglomeration Rotary drums, the ore is agglomerated for 60 to 75
seconds approximately, sufficient time to produce good quality agglomerate which is then unloaded to a
collecting belt transferring the load to the CV007 conveyor belt, just over 1.5 km. in length, carrying the
product to the Leach Pad.

Clay and fines control
The fines content and presence of clay in the ore is detrimental for the leaching process, because they
increase the density of the material over time, reducing the permeability of the ore, with the consequent
loss of copper recovery, jeopardizing the integrity of the leach pile due to the decrease of stability factors.
In the world there are leaching operations that have suffered major losses due to this type of problems, as
shown in Figure 1.
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Figure 1: Example of a slope in a leach pad in a state of liquefaction
The fines coming from the mine add to those generated in the intrinsic process of Crushing.
Therefore, it is at this point in the process where we have the opportunity to reduce and control the
percentage of fines that reach the Leach pile.

Generation of fines in the crushing process
During the crushing process, due to its nature of comminution, fines that cannot be controlled at any stage
of the process are generated. Therefore, it is imminent that a percentage of fines is generated during the
reduction of particle size due to the action of the crushers and the transference in conveyor belts. In the case
of Cerro Verde, the hardness of the ore processed for Leaching is on average 75MPa, with a degree of
variability of +/- 20MPa. Therefore, it is likely to be able to process ore up to 55MPa, which makes it more
difficult to avoid fines generated in the crushing process.

Previous operating conditions
It is common knowledge that when particle size is smaller, the release of mineralized particles increases,
increasing the possibility of obtaining high percentages of ore average recovery. Therefore, there is an
intrinsic orientation for crushing plants operators focused on the leaching process to maintain the final
product with smaller particle sizes in order to ensure the recovery planned.
In Cerro Verde, due to the start of operations on a larger scale in the Concentrator Plants, the Mine
changed its planning to supply the productive processes of flotation and leaching. The ore processed in
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Leaching has suffered a decrease in hardness and rock quality, increasing the fines content of the ore in the
mine and the one generated in the Crushing Plant.

Ore hardness
The range of ore hardness in Mega Pascals during 2015 was 88.96 MP on average and during 2016 it
reached values of 30 MPa with an average of 75 MPa, which gives us an idea of the changes in the ore
quality processed during the current year.

Figure 2: Variation of ore hardness

Energy consumption in crushers
Energy consumption in crushers is an indicator of changes in the quality of the ore being processed. In
Cerro Verde, the amperage values in the primary crusher dropped to ranges of 35 Amp, being 44 Amp the
normal value of processing. In the case of secondary and tertiary crushers, significant changes were also
evident in the reduction of energy consumption, reaching values of 25 Amp of a normal operating regime
of 35 Amp. This parameter is an indirect indicator of the poor quality of rock processed. Figure 2 shows
the historical data of amperages records in Primary and Secondary crushers.
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Figure 2: Energy consumption in primary and secondary crushers
Figure 3 shows the amperage records of tertiary crushers, from January 2015 to August 2016.

Figure 3: Energy consumption in tertiary crushers

Analysis of generation of fines in the crushing process
Sampling of the crushing circuit was performed in order to determine the percentage of fines generated
during this process. The results indicated that the percentage of material in -100 mesh generated is 4.91%
and 3.88% in -200 mesh, making a total of 8.79% of fines generated during the crushing process.
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These results are not very encouraging, as we must add the values of fines coming from the mine. It
should also be considered that the quality of the ore, when it comes to hardness, shows a decreasing trend;
therefore, the possibility of sending ore with high percentages of fines to Leaching increases.
The secondary crushers, according to the sampling carried out, generate 2.8% in a -100 mesh and
2.1% in a -200 mesh; tertiary crushers report 6.3% and 5.1% increase in -100 and -200 mesh respectively;
as a product of primary crushing we have 9.1% of fines (percentage of -100 mesh plus -200 mesh) and the
product for Leaching is 17.89%.
The tertiary crushers generate @ 70% of the fine resulting from the crushing process, this percentage
of ore in fine meshes is reduced by the separation points of “coarse” and “fine” such as banana screens and
Tyler screens which select the final product of the crushing process.
With these results we have a better idea of the percentage of fines generated during the crushing
process and they tell us that the tertiary crushers are those with the greatest influence on this variable in the
final product.
Figure 4 shows the balance of the material obtained in the sampling of the Crushing Plant.

Figure 4: Balance of material in crushing plant
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Actions taken
Based on the results of material balance, an action plan was created in order to minimize the generation of
fines during the crushing process. These plans should not require investment, they should be easy to use
and offer a quick response. The actions taken were:
Use of end stockpile feeders in primary crushing, (feeders 1 and 4 of 4 available).


Increase of usable area and cutoff size in tertiary Tyler screens.



Opening of the setting in secondary crushers, up to 28 mm.



Opening of the setting in tertiary crushers, up to 11 mm.

Use of feeders 1 and 4
In the intermediate ore stockpile, storage for the product of the primary crusher, we have 4 feeders at the
base, which are aligned to the discharge belt (Belt No. 4). This belt takes the ore to the secondary crushing
circuit.
When forming a cone in the stockpile, coarse portions are segregated towards the edges and the finer
material is kept in the central part of the cone. Therefore, when central feeders (2 and 3) are permanently
used, the ore passing the 4” mesh will increase, making the fine ore under -100 mesh be transported to the
process.
However, if we use feeders 1 and 4 (ends of the stack), particles larger than 4” in size will increase,
minimizing the extraction from fine meshes in the stock. A problem detected during this improvement was
the premature shortage of coarse material when end feeders are operated because the load is centered on
them and is limited (cone effect).
The crushing plant is a dynamic process; therefore, we cannot maintain a stock feed giving preference
to end feeders. The work must be done by collating the operation of the end feeders with one of the center,
taking the total flow carried in Belt No. 4 as a parameter of control.
Figure 5 shows the effect of feeders in the cone shape.

Increase of the useful area in Tertiary Tyler Screens
The function of the Tyler screens is to select the feed material to the tertiary crushers, as seen in the balance
of starting material in the crushing plant. The percentage of generation of fine material in the tertiary
crushers is 11.4% (depending on the tonnage processed by crushers). This value is higher than the one
generated in secondary crushers and therefore, this is a focal point for reducing fines in the Leaching
process.
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Figure 5: View of the intermediate ore stockpile
The actions taken were to reduce the flow of ore processed in tertiary crushers, by changing the
opening of setting in Tyler screens. We should note that the feeding in the 4 Tyler screens is not similar;
the reason is that when fed from a storage hopper, there is segregation inside of it; therefore, the mesh
opening layouts are different for each screen.
In the case of the No 1 Tyler screen, the percentage of useful area was modified from 34.93% to
33.59%, increasing the cutoff size from 12.68 mm to 14.14 mm; the increase in the opening represents
11.5%.
In the No 2 Tyler screen, the useful area was reduced to 33.61% from 34.01% as found before the
alteration, the increase of cutoff was to 13.67 mm from 13.42 mm. Here the variation was not larger due to
the segregation in the feeding hopper. Figure 6 shows the layout of mesh used.
In Tyler screens No 3 and No 4, the useful areas decreased from 34.6% and 34.01% to 33.22% and
33.21% respectively, that is to say that the opening was modified in 4.34% and 4.03% in both screens.
Figure 6 describes the changes made in these screens.
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Figure 6: Modification in Tyler screens meshes 1 and 2

Figure 7: Modification in Tyler screens meshes 3 and 4

Opening of setting in crushers
Settings of secondary crushers were increased from 25.3 mm to 28 mm in crusher No 1 and from 25.5 mm
to 29 mm in crusher No 2, which represents an increase of 11% and 14% of opening for crusher No 1 and
No 2 respectively.
Modifications made in tertiary crushers were significant, increasing settings progressively in 20%,
15%, 32% and 30% for crushers 1, 2, 3 and 4 respectively. Therefore, from operating with settings of
9.6mm, 9.8mm, 9.7mm and 10.2mm, they increased to 11.5mm, 11.3, 12.9mm and 13.3 mm, the average
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setting of 9.8mm increased to 12.2 mm. In some cases, fully open crushers have operated, but this practice
is still being evaluated. Figures 8 and 9 show the evolution of the setting in secondary and tertiary crushers.

Figure 8: Settings in secondary crushers

Results of actions taken
Once the improvement actions were conducted, sampling was performed on 1st July, similar to that made
in the previous stage of the project. The result showed the achievement of the objective of reducing
generation of fines in the crushing process, reducing percentages on -100 mesh and -200 mesh to 5.1%,
representing 3.69% less than the values obtained in the initial balance.
As for the increase in fine meshes in stages, the secondary crushers reported no generation of fines,
which was initially unbelievable, but confirmed in a third sampling conducted on July 12, the balance of
which confirmed that the secondary crushers are not generating fines in the end product. The reason for this
result is the increase of the setting of these crushers and good operating practices of combined use of feeders
in the intermediate stockpile. This third sampling confirmed the results obtained in the second sampling
and therefore, the actions taken in the crushing circuit were successful. The tertiary crushers also showed a
decrease in the values of generation of fines, reporting 8%, a 3.4% reduction from the one reported in the
initial balance. Figure 10 shows the final balance of material in the Crushing Plant.
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Figure 9: Settings in tertiary crushers
Figure 11 shows the 3 balances made, confirming the result of the balance of 1 st July with zero
generation of fines in secondary crushers and 8% in tertiary crushers, with a total increase in the process in
a range between 4.64% and 5.1%, lower than 8.79% obtained in the primary balance, before improvements.
In applying these improvements, we did not lose sight of control in the coarse mesh, such as + ¾”
mesh which when increased would affect us directly in Copper recovery rate in Leaching. Therefore, the
calculations of openings of Tyler screen meshes and the opening of settings in crushers considered the
increase from 0.8% to 1.25% in the +3/4” mesh, keeping the 34% in +3/8” mesh. Both objectives were
achieved as shown in Figure 12.
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Figure 10: Balance of material after improvements

Figure 11: Comparative results of material balances

142

HEAP LEACH MINING SOLUTIONS, 2016 ● LIMA, PERU

Figure 12: Percentages of +3/4” and +3/8” meshes

Conclusions
The alternate use of feeders in Belt # 4 (which feed the secondary crushing circuit) was an operational
improvement that helped reduce and/or eliminate the generation of fines in secondary crushers. Besides
that, regulating the feeders’ speed, operating with different revolutions between them to maintain the ore
feed flow according to parameters and production plans, and ensuring good heterogeneity in the product
sizes also helped.
With the control of the setting in secondary and tertiary crushers, the generation of fines in the tertiary
crushing decreased. A point that was considered during the development of improvement plans was the
increase in coarse meshes; however, the percentages planned in +3/4” and +3/8” meshes were achieved,
preventing the copper recovery in leaching from being affected.
The modification of the layout of panels in tertiary screens also contributed to this goal. We placed
used panels (cost reduction) with some wear in the slots, in positions to help increase the passing, increasing
coarse and decreasing fines, always considering the operating parameters.
The control screen of the fine crushing operator shows readings of the proportion of fines in the # 100 and # -200 meshes in percentages and figures on line. These values give a trend at that time of the
amount of fines in the crushing process, allowing us to take immediate action to control a possible increase
of fines. Immediate actions involve using the end feeders of Belt # 4 (1 and 4) in greater proportion than
the central feeders (2 and 3). Another action is to coordinate with Mine people to change the loading face
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of ore, so that a mixture or “blending” is performed when loading the trucks, sending ore with a greater
volume of coarse than fines.
This work shows that crushing plants for hydro processes can be optimized based on changes in the
ore quality in order to give the Leaching process a final product that does not alter its performance and that
the recoveries are not affected due to an increase of fines in the crushing process. The combination crushing
- leaching is an optimum process.
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Long-term durability and efficiency of wick drains
in acid heap leaching environments
Michael Milczarek, GeoSystems Analysis, Inc., USA
Tzung-mow Mike Yao, GeoSystems Analysis, Inc., USA
Craig Phelps, American Wick Drain, USA
Daniel Johnson, American Wick Drain, USA

Abstract
Wick drains have been successfully used at several active heap leach facilities to desaturate lowpermeability leach ore and improve geotechnical stability. The effect of long-term acid heap leaching
conditions on wick drain hydraulic properties and durability however, are currently unknown. A series of
laboratory tests were performed under acid leach and elevated temperature conditions to evaluate the longterm durability and the hydraulic performance of wick drains over a six month period. The initial phase of
testing immersed wicks with raffinate solution and pregnant liquor solution (PLS) at room temperature, and
with raffinate solution under constant 50oC for over 6 months. Triplicate wick samples were tested after 30,
60, 90 and 200 days of immersion for hydraulic transmissivity and geotextile tensile strength test.
Insignificant wick degradation and minor loss of transmissivity was observed over all time periods and
treatments. The second phase consisted of testing the hydraulic transmissivity of wicks in “coarse”,
“intermediate” and “fine” textured ores. For these tests, 20 cm long wicks were placed horizontally in boxes
packed with ore with all outflow having to occur through the wick; an intermediate ore was also tested
using a vertical wick. Approximately 15 cm of hydraulic head using raffinate solution was maintained on
the wicks and outflow rates were measured daily for approximately ten weeks. Significant flow rate drops
were observed for all three ore types over the initial 3 weeks; the flow generally decreased to less than 4%
of the original flow rate. The reduction in wick permeability was determined to be due to fines accumulation
on the surface of the wick. Nonetheless, wick permeability was still sufficiently high to facilitate
desaturation of leach ore. Two-dimensional modeling will be performed to evaluate optimum wick spacing
under a variety of leach ore permeability conditions.
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Gold ore processing using
heap leaching and activated carbon
José Salas, Universidad Nacional de San Agustín, Arequipa, Peru
Homar Taco, Universidad Nacional de San Agustín, Arequipa, Peru
Walter Guerra, Universidad Nacional de San Agustín, Arequipa, Peru
Oscar Flores, Universidad Nacional de San Agustín, Arequipa, Peru

Abstract
This paper is about the application of leaching by means of a controlled flow of the leaching solution
through gold ore and activated carbon. This involves the gold ore delivered by the Peruvian government
(100 tons) to the National University of San Agustin, Arequipa, from six different places, for the purpose
of applied research. The gold ore has low concentrations of gold, from 0.234 to 0.541 Troy ounces per short
ton; therefore to make this process economically viable, a heap leach activated carbon process is used. First
we analyze which particle size of mineral, permits gold dissolution, which involves a mineralogical
classification into oxides and sulfides, focusing on porosity. Then, we carry out laboratory tests of
dissolution to ensure a controlled flow of the leaching solution through the gold ore and activated carbon,
focusing on permeability and maintaining an adequate supply of oxygen to ensure the chemical reaction
occurs. The solid waste of the process is analyzed by the environmental team to identify the correct disposal
method, complying with the relevant legal standards. The liquids are recycled, and good air circulation is
ensured. Both liquids and gases are kept within the environmental standards established by the law.
To determine the particle size that allows the dissolution of the gold in the mineral into the leaching
solution, we carry out leaching studies in parallel; one on sulfides and another on oxides. In both cases,
the mineral is crushed to minus one-quarter of an inch, while another sample is milled to 80% passing the
# 200 mesh, as shown in the figures below.
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Figure 1: Crushed mineral at ¼ of inch

Figure 2: Milled mineral to 80% passing the # 200 mesh

To achieve results quickly, the leach tests are agitated, with a kilogram of mineral, three liters of water,
pH 11, CN_ to 300 parts for million.

148

HEAP LEACH MINING SOLUTIONS, 2016 ● LIMA, PERU

Figure 3: Leach tests from agitation
The result was, that the crush mineral allowed better gold dissolution than the pulverized material as
shown in the following table.
Table 1: The crushed mineral allows better gold dissolution than the pulverized material
Sulfide

Crushed

6.44 Mg/Lt

Sulfide

Milled

3.37 Mg/Lt

Oxide

Crushed

3.19 Mg/Lt

Oxide

Milled

1.97 Mg/Lt

To determine the particle size, that allows better the percolation of the leach solution, we carry out
two parallel tests; one on sulfides, and another on oxides in both cases, we work with crushed mineral at
1/4 of inch, and another milled to 80% passing the #200 mesh. As shown in the figures, the percolating
tests used a 1/4 inch geotextile.

149

HEAP LEACH MINING SOLUTIONS, 2016 ● LIMA, PERU

Figure 4: Percolating crushed mineral at ¼ inch, through a ¼ inch geotextile

Figure 5: Percolating milled mineral to 80% passing the #200, through a ¼ inch geotextile
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The result was that the crushed mineral allowed better percolation, as indicated in the following table.
Table 2: The crushed mineral allows better percolation
Sulfide

Crushed

1 Hour 25 minutes

Sulfide

Milled

2 Hour 45 minutes

Oxide

Crushed

1 Hour 38 minutes

Oxide

Milled

2 Hours 53 minutes

From the efficiency point of view, the crushed mineral, has better extraction of the gold in the solution,
and smaller time of percolation; for this, we can affirm that is better to only crush the mineral.
From the economic point of view, only crushing the mineral saves to have to mill it, which is the most
expensive sub process; from this, we can conclude that is better to only crush the mineral.
The laboratory tests, regarding quantifying the progress of the gold dissolution into the leach solution,
we will present it in a future report, since we need more time to complete it.
Adsorption of the gold in the activated coal, it is achieved by making the rich solution pass repeated
times through the activated coal, as shown in the figure below.

Figure 6: The loaded solution passes repeatedly through the activated coal
We show the results in the following table.
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Table 3: Results
Volume of solution

7.707 cubic meters

Activated coal

48 Kilograms

Beginning pH to final

11

Power of NC

0.03

Remain in the solution

0.07 Milligrams / Liter

The desortion is achieved by passing the leach solution through several times.

Figure 7: Passing repeated times, the leach solution, for the
loaded activated coal, obtaining the gold from electrodeposition
The overall results are presented in the following table.
Table 4: Overall results
Activated coal

25 Kilograms

Water

80 Liters

Alcohol

15 Liters

NaOH

1.5 Kilograms

NaCN_

0.5 Kilograms

Temperature

80 Centigrade grades

Voltage

3 Volts, continuous current

Amperage

60 Amperes

Beginning pH to final

14

Power of NC_ to the beginning

0.44

Power of NC_ at the end

0.055

Remain in the solution

0.66 Milligrams / Liter
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Gold refinement, it achieve by dissolving the content of the electrodeposition cell in sulfuric acid, to
dissolve the steel of the anodes, like it is shown in the figure below.

Figure 8: Dissolving the steel of the anodes, with sulfuric acid
Then it is refined with nitric acid, to dissolve the copper and the silver, as is shown on the figure.

Figure 9: Dissolving copper and the silver, with nitric acid
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Then it is refined with regal water (Aqua Regia), to dissolve the gold, as is shown in the figure.

Figure 10: Dissolving the gold, with regal water
Then the gold is precipitated, using sodium bisulfite, as is shown in the figure.

Figure 11: Precipitating gold with sodium bisulfite
Then the gold is dried off with heat; the final product is shown in the figure below.
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Figure 12: Drying off with heat
Finally the gold is melted to obtain 24 karat gold, as shown in the figure.

Figure 13: Fusing to obtain 24 karat gold
The environmental team is still completing their report. Those results will be presented in a future
report.
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Chapter 4

Case Studies

Photograph courtesy of Anddes, Peru

157

158

Proceedings of Heap Leach Mining Solutions, 2016
October 18-20, 2016, Lima, Peru
Published by InfoMine, © 2016 InfoMine, ISBN: 978-1-988185-03-3

Thermodynamic modeling of a heap leach operation,
example applications and results
Todd W. Schrauf, Geo-Logic Associates, USA
Mark E. Smith, RRD International, USA

Abstract
The successful operation of a heap leach sometimes involves obtaining desired ore and leach solution
temperatures. Examples of this include: 1) leaching of copper sulfide ores where an elevated ore
temperature significantly accelerates the rate of sulfide oxidation and consequent rate of copper production
by as much as six-fold; and 2) the leaching of gold ores in cold climates where solution temperatures within
the heap must remain above freezing during the sub-zero winter months. To this end, a thermodynamic
model has been developed to simulate expected ore and solution temperatures of heap leaches under
different climatic conditions and operating assumptions, including applied solution irrigation rates and
schedules, air flow rates, ore stacking schedules, the use of thermal covers or burial of irrigation lines, and
preheating of applied solutions.
The theoretical basis of the model is outlined, as are two successful applications of the model to
examine the effectiveness of different operating strategies. The first is the model simulation of a pilot test
of a chalcopyrite ore heap leach that demonstrates the effectiveness of a thermal cover in reaching and
maintaining ore temperatures in excess of 40OC. The simulation compares the effect of raffinate solution
heating versus thermal cover performance and shows the ability of the model to accurately predict measured
ore temperatures over time. The second is the model simulation of a proposed gold ore heap leach in an
artic climate where mean monthly temperatures reach a minimum of -22.5OC in the winter months. The
model was used to determine the operating strategies needed to permit year-round leaching without freezing
of the leach solution. The simulation shows the effect of ore stacking schedules, drip line burial, growth of
the heap leach over time, and preheating of the barren solution using waste heat.

Introduction
A thermodynamic model was developed to simulate ore temperatures within a heap leach as a function of:
1) meteorological conditions at the site; 2) heap geometry including changes over time and the use of
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different surface covers or burial of drip lines; and 3) measured or proposed heap operating parameters
including ore stacking schedules, rate and temperature of solution application, air flow through the heap,
and heat generation from sulfide oxidation. The theoretical basis for the model formulation is discussed, as
are input data requirements for the model runs. Two very different case histories of the model application
are presented. The first is a pilot test of acid leaching of chalcopyrite ore where the model results are
compared to measured ore temperatures and the effectiveness of a geomembrane cover to achieve desired
operating temperatures in excess of 40OC during the colder winter months is evaluated. The second is an
evaluation of the feasibility to conduct cyanide heap leaching of gold ore in an arctic climate where ambient
air temperatures reach a minimum of -22.5OC in the winter months.

Model description
Theoretical basis
The thermodynamic model simulates temperature changes within layers of ore within the heap leach over
time using a heat balance for each time step. The heat balance considers the following components:
 Heat transfer by the leach solution entering and exiting each layer.
 Heat transfer by air inflow and outflow (forced or convective).
 Heat generated by sulfide oxidation within each layer (when applicable).
 Conductive heat transfer between the base of the stacked ore and the ground surface.
 Heat storage in the ore in the heap.
 Heat transfer through the cover and surface of the heap.
Heat transfer through the cover and surface of the heap is calculated through the combination of
the following mechanisms which are used to determine the heap surface temperature:
 Conductive heat transfer between the heap surface and the uppermost layer of ore.
 Convective heat loss from the heap surface to air flowing over the surface of the heap.
 Solar radiation (adsorption of short wave radiation on the heap surface).
 Net radiative heat loss from the heap surface (long wave radiation from the sky onto the heap
surface, minus long wave radiation from the heap surface towards the sky).
The heap cover can represent the burial depth of drip irrigation lines, which is equivalent to a cover
of unirrigated ore and/or the placement of a geomembrane liner over the heap surface.
The model can be used to simulate growth of the heap over time (i.e. addition of layers as ore is
stacked on the heap) with the thickness and areal extent of each layer specified individually. The length of
each time step over the simulation period can also be specified individually. Although the model only
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simulates a single vertical column of ore, the use of multiple models can simulate different portions of the
heap since lateral heat transfer is minimal.

Input parameters
The input parameters used in a thermodynamic simulation can be grouped as follows:
 Meteorological variables – These include ambient air temperature and relative humidity, wind
speed, solar (short wave) radiation, and ratio of measured to theoretical maximum solar radiation
(to estimate effective cloud cover).
 Operational variables – These include solar absorptivity of the heap surface, effective thermal
resistivity of the heap cover, injected air flow rate, barren and pregnant solution characteristics
(temperature, TDS, and flow rate), temperature addition to the barren solution, and number of
active layers or ore.
 Layer variables – These include thickness, areal extent, initial (as stacked) temperature, and heat
capacity of each ore layer.
The meteorological and operational variables are specified by time step, while layer variables are
specified once for each layer. Each layer can represent a single lift, or lifts can be divided into multiple
layers. The temperature of the pregnant solution can either be specified in the input data or calculated from
the ore temperature of the bottom layer of ore. Similarly, the temperature of the barren solution can either
be specified in the input data or calculated from the pregnant solution temperature.

Case histories
Simulation of pilot heap leach of chalcopyrite ore
The first case study considers a pilot heap leach with a total of about 38,650 m3 of ore containing
chalcopyrite and pyrite with negligible amounts of other sulfide or copper minerals. Laboratory test data
have indicated that leaching of chalcopyrite ore is significantly increased at higher temperatures with
observed recoveries of approximately 11%, 31%, 63%, and 64% after 200 days at temperatures of 25, 35,
45, and 55OC, respectively (Uhrie, 2016).
The maximum depth of the pilot heap was 9.1 m. The heap temperature was monitored at 8 different
depths (from 0.5 to 8.5 m) at six different locations just before and during heap operation. Monthly averages
of these data are summarized in Figure 1. The observed temperatures were nearly constant in lower half of
heap but decreased towards the heap surface presumably due to heat loss through the surface. The observed
temperature gradient was smallest when solution flow was highest. Ore temperature was observed to
increase significantly following installation of a geomembrane cover (even though ambient temperature
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continues to drop and solution flow increased during this later period) and average ore temperatures were
maintained between about 45and 55OC for the remainder of the test period.

Figure 1: Measured ore and ambient air temperatures
Thermodynamic modeling of the heap was used to evaluate the influence of the different operational
parameters on the observed average ore temperature within the pilot heap. The model used the following
site measurement data:
 Flow rate, temperature, and major ion concentrations of the raffinate and PLS.
 Flow rate of the air blowers (first 2 months of operation missing and estimated from subsequent
data).
 Cumulative extraction of Fe, Cu, and S (without hold-up).
 Ore temperature profiles (average ore temperature used in the model).
 Ambient air temperature, wind speed, solar (SW) radiation, and relative humidity (data prior to
February 22, 2013 were estimated from nearby station records).
 Heap geometry and construction.
The model also used the following input data available from estimated or published values:
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 Thermal conductance (air, ore, soils, and liner materials).
 Heat capacity (water accounting for dissolved solids content, air accounting for water content,
and ore accounting for initial water content).
 Solar absorptivity (heap surface with and without geomembrane cover).
 Heat generated by pyrite and chalcopyrite oxidation.
 Long wave radiation effective atmospheric emissivity and surface absorptivity/emissivity.
 Cloud cover.
 Ambient ground temperature.
The model was used to perform the following simulations:
 Simulation and calibration of the model based on the first 455 days of the pilot heap operation
(through May 2013).
 Recalibration of model based on first 608 days of operation (through October 2013).
 Final simulation of 700 days of operation (through January 2014 or end of test).
 Simulation of the impact of heating of raffinate and geomembrane cover installation on average
ore temperature.
To obtain a least squares best fit to the observed average ore temperature data, the following input
parameters were adjusted in the model calibration:
 Thermal resistance of heap surface without (first 11 months of operation) and with (subsequent
months of operation) geomembrane cover.
 Solar (SW) absorptivity of heap surface.
 Radiative (LW) emissivity/absorptivity of the heap surface.
 Oxidation rate adjustment factor (to account for extraction rate underestimation).
It is important to note that the thermal resistance of the heap surface equals the combined thermal
resistance of the near surface ore (zone of vertical temperature gradient) plus the geomembrane cover. The
results of the model calibrations to the first 455 days and 608 days of operation are compared in Table 1.
The model calculated temperatures are compared to the measured average ore temperatures in Figure 2.
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Table 1: Summary of model calibration input value estimates
First 455 days of
operation
Parameter

Units

First 608 days of
operation

Value

95%
confidence
interval

Value

95%
confidence
interval

Root Mean Square Error for all points (°C)

°C

4.87

N.A.

4.99

N.A.

Root Mean Square Error after 3 months

°C

2.82

N.A.

2.65

N.A.

Effective Surface Thermal Resistance (no cover)

m2-K/W

0.25

±1.2%

0.22

±1.5%

Effective Surface Thermal Resistance (with cover)

m2-K/W

3.6

±6.0%

2.5

±3.4%

Short wave (visual sunlight) adsorption

%

80%

±0.4%

83%

±0.9%

Long wave (infrared) emissivity and adsorption

%

16%

±1.6%

14%

±2.6%

Oxidation rate adjustment factor

dimensionless

1.09

±0.3%

1.05

±0.4%

Figure 2: Model calculated and measured average ore temperatures
The model results provide a very good match to the measured ore temperatures except for the first
three months of operation. This could be due to exothermic reactions of sulfuric leach solution with residual
moisture in the heap and minerals with neutralization potential. The calibration determined LW absorption
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and emission coefficients are less than expected. This is partly attributable to the use of average monthly
temperatures in the calculations. The model calibration indicates that the effective thermal resistivity of the
heap surface is greatly improved with the geomembrane cover installed (11 to 14 times higher).
The uncertainty in the model input parameters is low as exhibited by 95% confidence intervals ranging
from 0.7 to 6.0% of the estimated values in Table 1. It is noted that the uncertainty in the determined thermal
resistance of the heap surface is much smaller than the indicated differences between the uncovered (bare)
and geomembrane covered heap surfaces.
The model predicted and measured average ore temperatures through the end of the pilot test are
shown in Figure 3, and indicate that the ore temperatures were maintained above 45 OC during the colder
winter months. However, the model predicted temperatures without a geomembrane cover over the heap,
show heap temperatures would drop to about 20OC during the winter months without the geomembrane
cover, greatly slowing the rate of copper extraction. By comparison, heating of the raffinate solution from
December 2012 to mid-May 2013 had a relatively minor impact on the average ore temperatures.

Figure 3: Model predicted ore temperatures for different scenarios
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Simulation of heap leach of gold ore in artic climate
The second case study considers the operation of a proposed heap leach of gold ore in the Yukon Territory
of Canada. Mean monthly temperatures at the site ranged from a low of -22.5OC to a high of 13.6OC, while
in situ ore temperatures ranged from -0.5 to about -1.5OC. Thermodynamic modeling of the heap was used
to optimize the operational parameters to prevent freezing of the applied barren solution. The operational
parameters considered in the model included:
 Burial of the solution drip lines (equivalent to placement of an ore cover over the drip lines).
 Impact of geomembrane covers for water balance considerations (“raincoats”).
 Heat addition to the collected and recirculated leaching solution after processing (as required).
 Oxidation rate adjustment factor (to account for extraction rate underestimation).
 Initial ore temperatures at time of placement on the heap (based on different stacking schedules).
 Variation in the leach solution flow rates over time (including both potential seasonal variations
of flow and those resulting from changes in the exposed heap surface area).
 Impact of the growth of the heap over time including both the placement of additional layers of
ore and lateral expansion.
Meteorological input parameters used for the simulations were based on both site and regional
measurements. These included ambient air temperature, relative humidity, solar radiation, and wind speed.
Average values over each model time step were used. Additional input parameters including solar radiation
ratio, solar absorptivity, thermal resistivity and conductance, and ore heat capacity were estimated from
published values. The solar radiation ratio is the ratio of the measured to calculated potential maximum
solar radiation at the site latitude and was used to indicate the effective cloud cover. Solar absorptivity was
varied seasonally to account for snow cover during the winter months and partial snow cover during the
month of transition from winter to summer and summer to winter. For the final model runs, the barren
solution drip lines were assumed to be buried at a depth of 1 meter from November to March of each year.
Raincoats or temporary geomembrane covers will be used as part of the water management strategy, and
thus the insulating value of the raincoats was also recognized in the final model run. Raincoat coverage will
start in Year 3 at 60% of the heap surface and increase with time, but for modeling purposes a maximum
of 60% was used.
The growth of the heap over time was based on the proposed stacking rate and period of stacking
with 10 m thick ore lifts, the final height of the heap at the end of each year, and an overall side slope of
2.5:1. These calculations for the final model run (Model Run 4) are summarized in Table 2. It is noted that
Layer 1 corresponds with the first lift stacked (bottom ore lift) with successive lifts numbered in order.
Placement of the ore lifts during each year is color coded for clarity in Table 2.
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Table 2: Summary of ore placement calculations for final model run

Model
Cell
Cell 1
Cell 2
Cell 3
Cell 4
Model
Cell
Cell 1
Cell 2
Cell 3
Cell 4
Model
Cell
Cell 1
Cell 2
Cell 3
Cell 4

Year
Stacked
Year
-1
Year
1
Year
2
Year
3

Layer
1

Layer
2

Layer Area (m2)
Layer
3

86646

62746

38846

28571

28571

89125

79125

69125

45500

28571

63143

58743

54343

49943

28571

78075

70575

63075

55575

48075

Year
Stacked
Year
-1
Year
1
Year
2
Year
3

Layer
1

Layer Tonnage (106 metric tons)
Layer
Layer
Layer
2
3
4

Layer
5

Year
Stacked
Year
-1
Year
1
Year
2
Year
3

Layer
1

Layer
4

Layer
5

1.39

1.00

0.62

0.46

0.46

1.43

1.27

1.11

0.73

0.46

1.01

0.94

0.87

0.80

0.46

1.25

1.13

1.01

0.89

0.77

Time to Stack Calculated (days)
Layer
Layer
Layer
2
3
4

Layer
5

76

55

34

25

25

78

70

61

40

25

56

52

48

44

25

69

62

55

49

42

To simulate four years of ore placement and associated lateral and vertical extension of the heap, the
heap model considers four separate vertical cells or columns, each increasing in height over time to a total
of five ore lifts, as indicated by each row in Table 2. This approximation is necessary since the model
considers only heat transfer in the vertical direction. Solution flow is only in the vertical direction and lateral
heat transfer by conduction is quite small compared to convective heat transfer from solution flow, so it is
anticipated that this produces only a slight error in the calculations. As each new lift is added in Years 1
through 3, portions of the existing heap are covered so that portions of flow through the upper most layers
of model cells 2 through 4 are underlain by ore associated with one or more previously placed cells.
However, the model simulates only flow through the underlying layers within the simulated model cell.
Fortunately, there is only minimal difference in the ore temperatures within the lower layers in any of the
model cells, so this is not anticipated to significantly influence the model results.

167

HEAP LEACH MINING SOLUTIONS, 2016 ● LIMA, PERU
Lift areas are input to the model to determine the mass used for the heat storage calculations, the
characteristic length for convective heat loss, and the surface area for heat transfer. Lift areas for each model
cell are indicated in Table 2 and are based on the midpoint (or average) plan view area of each layer.
The calculated time to stack is used to establish the timing of the placement of each layer in the model.
Model periods of one-half calendar month were normally used for periods of ore stacking (April through
December) while periods of one calendar month were normally used during the winter months (January
through March) when no stacking occurs.
Only the total solution flow rate is specified in the model for each cell. For the final model run, an
irrigation rate of 0.01 m3/hr/m2 was specified with a total solution flow rate of 455 m3/hr (maximum active
irrigation area of 45,500 m2). Per Table 2, a new model cell is introduced each year to represent horizontal
expansion, and all leaching is focused on the new cell during this period. If the available heap surface area
of the current lift in the new model cell is greater than 45,500 m2, only a portion of the total heap surface
can be irrigated at any point in time, so the average irrigation rate equals 455 m3/hr divided by the available
surface area (per Table 2) or less than 0.01 m3/hr/m2. Following placement of the last lift of ore, the total
solution flow rate of 455 m3/hr is distributed over all model cells in proportion to their surface areas.
As noted previously, the initial temperature of ore as it is stacked in each lift is assumed equal to the
average ambient monthly temperature at the time of stacking. Separate calculations of heat loss of
individual ore particles suggest that they would equilibrate quite rapidly with the ambient air temperature
during crushing and transport (i.e. when individual ore particles are surrounded by air). However, in ore
that is stockpiled or stacked, the ore temperature changes only very slowly. Thus the stacked ore is expected
to be somewhat warmer than the daily average. Thus, it is considered a conservative assumption in the
model that the average ore temperature equals the ambient monthly temperature.
The model simulation was conducted over the period July 1 of Year -1 to December 31 of Year 4 (4.5
years). The last lift of ore is in Stage 1 and 2 is assumed to be placed on December 31 of Year 3, and the
additional time considers final leaching and rinsing in preparation for concurrent closure as the heap is
expanded horizontally into Stages 3, 4 and 5.
Numerous model runs were conducted during the development of the heap design to evaluate a variety
of possible scenarios. The results of these runs helped guide the preliminary heap designs, including
selecting the optimum ore stacking and irrigation schedule, required burial depth of solution irrigation lines,
and heating requirements for the barren solution. Only results from the final model run are presented herein.
Figures 4 to 7 show the calculated lift temperatures for model cells 1 to 4, respectively. Ambient air
temperatures and total solution flow through each model cell are shown for comparison. With the exception
of the uppermost (exposed) lift, the predicted ore temperature remains fairly constant over time and nearly
the same for all four of the simulated model cells. Note that the uppermost (exposed) ore lift changes from
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Layer 1 to Layer 5 as additional layers are added. The top lift generally starts with a very low initial
temperature as it is stacked during the colder months of the year, but rapidly warms as the leach solution is
applied. During the summer months, the temperature of the top layer rises due to the higher incoming solar
radiation (both direct and radiant) enhanced by the higher solar absorptivity of the exposed ore surface and
the absence of a surface cover. During the winter months the temperature of the surface layer drops due to
reduced solar radiation, lower heap surface absorptivity, and higher convective heat loss to the cold air
passing over the heap. However, these effects are muted by the 1 m deep burial of the drip lines and the use
of raincoat cover (which provides roughly the same insulation as a 1-m thick layer of ore or crushed rock)
starting in Year 3 of operations.

Figure 4: Predicted ore temperatures by layer for Cell 1

169

HEAP LEACH MINING SOLUTIONS, 2016 ● LIMA, PERU

Figure 5: Predicted ore temperatures by layer for Cell 2

Figure 6: Predicted ore temperatures by layer for Cell 3
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Figure 7: Predicted ore temperatures by layer for Cell 4
Figure 8 shows a comparison of the model-calculated PLS temperatures for all four runs. Also
shown is the calculated flow-weighted average PLS temperature. This varies slightly between model cells
as they are simulating a different history of ore placement and leaching. Nonetheless, the PLS
temperatures from different cells are within a few degrees of each other which is probably within the
actual variation of leaching solutions from different portions of the heap. The low initial PLS
temperatures for cells 2, 3, and 4 are a direct result of the very low ore temperatures of the last lift placed
in these cells which cools the incoming BLS.
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Figure 8: Predicted average PLS temperature for all cells
The final optimized model simulation indicated that the ore temperatures will remain relatively
steady during heap operation, although temperatures within the surface layer will fluctuate more
significantly due to seasonal climate variation and the fact that this layer is placed last, during the coldest
months of ore stacking. The pregnant leach solution (PLS) temperature is generally predicted to range
between about 5 and 10OC during heap operation with a 6OC augmentation of the barren solution
temperature required during the period November to March of each of the first three years of operation.
No additional heat input was required after that period for the conditions simulated. PLS temperatures just
above zero are predicted to occur when initially leaching ore that has been placed as a final lift due to the
very low initial temperatures of that ore.

Summary and conclusions
A thermodynamic model has been developed to simulate ore temperatures during heap leach operations.
The model can be used to optimize different operating parameters to obtain the desired ore temperatures
during heap leach operation considering: 1) meteorological conditions at the site; 2) heap geometry
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including changes over time and the use of different surface covers or burial of drip lines; 3) measured or
proposed heap operating parameters including ore stacking schedules, rate and temperature of solution
application, air flow through the heap, and heat generation from sulfide oxidation.
Application of the model to a pilot test of leaching of chalcopyrite ore indicated the model provided a
good match to measured ore temperatures during the test. It also demonstrated the effectiveness of using a
thermal cover in order to maintain the ore above the desired operating temperature of 45OC. The model also
demonstrated the relative importance of other operating parameters including the irrigation rate and the
impact of heating of the applied raffinate solution.
Application of the model to a proposed heap leach of gold ore in an artic climate allowed the
evaluation of operational design parameters used to maintain leach solution temperatures above freezing.
These simulations indicated:
 Year-round stacking resulted in colder initial ore temperatures which required much higher heat
input and/or potential freezing of the solution indicating that the initial temperature of newly
stacked ore has a significant short term impact on the heap temperature.
 A drip line burial of 1-m was required during the winter months (November through March) to
prevent potential freezing of the lines.
 Placement of a geomembrane cover during the winter months helped to maintain warmer
temperatures within the heap by providing additional insulation of the heap surface.
 Significant heat transfer is associated with the circulation of the leach solution and both the rate
of circulation and the temperature of the applied barren solution significantly impact the ore
temperatures within the heap.
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Abstract
For a long time, in highly active seismic zones such as Peru and Chile, the seismic design of heap leach
pads has usually been performed using a pseudo static approach. However, recent research highlights the
calculation of seismic-induced permanent displacements as a more rational concept for the seismic design
of earth structures. A range of allowable displacements for the structure can be used as a design criteria,
which should be selected to prevent the tearing of the liner system geomembrane during seismic events.
The range of displacements for heap leach pads is usually narrower than for other earth mining structures,
such as tailings storage facilities or mine waste dumps. Failure of the pad’s liner system can lead to
environmental damage, loss of lives, and economic loss. Moreover, in Peru heap leach pads are usually
built within narrow valleys, whose three-dimensional nature can influence seismic behavior.
This paper presents a case study of a valley-fill heap leach pad at a Peruvian mining project, where its
overall design was defined by its seismic behaviour. A large amount of geotechnical information was used
for the analyses, which included state-of-the-art characterization of the static and dynamic properties of
leached ore and interface (liner system). The seismic analysis included one-dimensional nonlinear seismic
response analysis, the use of simplified procedures to calculate seismic induced permanent displacements,
and two and three-dimensional dynamic analyses. Several comparisons between the results of multidimensional analyses were made to show the influence of the foundation soils, geometry of the valley, and
geotechnical parameters, among other details.
The results enabled the authors to compare different approaches to calculate seismic induced
permanent displacements for a valley-fill heap leach pad. Differences between the methods used were
addressed. Also, the seismic response of the heap was evaluated, comparing one, two and, threedimensional analysis.
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Introduction
The Peruvian mining industry operates at high altitude in the Andes, where its topography is very aggressive
and unfavorable for heap leach pad (HLP) design and construction. A standard project can operate at
altitudes higher than 3,000 meters above sea level, where the only place available for earth mining structures
is usually narrow valleys. The design of earthworks, liner systems, solution collection systems and first lift
stacking usually involve special and specific design criteria that differs significantly from the ones used in
conventional HLP constructed in almost ideal conditions, such as flat terrains at much lower altitudes.
In countries such as Peru and Chile, which are subjected to strong seismic events, seismic stability
analysis of HLP is paramount during design stages and is regularly performed through pseudo-static
analysis and less often by the calculation of seismic-induced permanent displacements (SIPD). The
approach for SIPD calculation varies from simplified methodologies to fully coupled dynamic analysis
(Reyes and Pérez, 2015) and is focused on determining the magnitude of displacements induced by seismic
forces in the soil-geomembrane interface of the HLP liner system. The analysis methodologies are whether
from one-dimensional (1D) or two-dimensional (2D) nature; however, no previous study has assessed the
influence of the three-dimensional nature of valleys for HLP on both the heap and interface dynamic
response.
Based on geotechnical site investigations, advance laboratory testing and previous studies related to
seismic analyses of HLP, this paper presents the seismic analysis of a valley-fill heap leach pad located in
northern Peru. The analysis included 1D seismic response analysis, simplified procedures for the calculation
of SIPD and 2D and 3D fully coupled dynamic analyses. The results of the evaluation were compared in
order to understand the limitations and advantages of the simplified procedures and the 3D effect associated
with valley-fill HLP.

Background and current practice
The process of subduction of the Nazca plate beneath the South American plate is responsible for the high
seismicity that Peru experiments. Therefore, most civil and mining structures built in this country are design
to endure the strong seismic loads produced by this phenomenon. In Peru, there are regional seismic studies
such as the ones developed by Castillo and Alva (1993) and Gamarra and Aguilar (2009), which shows the
high probability of occurrence of strong seismic events, leading as a consequence to a strongly seismicinfluenced overall design. These studies present isoacceleration maps for different soil types and return
periods that can be used for seismic design. However, nowadays Peruvian mining authorities demand to
perform a specific seismic hazard assessment for each site, so that this literature is used as reference for
conceptual design.
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Up until a few years ago, pseudo-static analysis was considered as an standard to evaluate the seismic
behavior of HLP design by considering a horizontal seismic coefficient ranging from a half to two thirds of
the peak ground acceleration (PGA), as proposed by Hynes-Griffin (1984). However, this criterion was
suggested for earth dams (Newmark, 1965), which are structures less sensible to SIPD than HLP or tailings
storage facilities. To overcome this clear limitation, several methods to whether select an appropriate value
of pseudo-static coefficient (e.g. Bray and Travasarou, 2009) or to calculate SIPD (e.g. (Makdisi and Seed,
1978; Houston et al., 1987; Bray and Travasarou, 2007) developed in the interface system were summarized
and further evaluated by Reyes and Pérez (2015). Based on this study and several others, the current stateof-practice of seismic design of HLP in Peru is currently shifting towards defining a maximum allowable
level of SIPD rather than using a simple qualitative pseudo-static factor of safety. SIPD are important for
HLP since they tend to develop along its liner system. Recent studies performed by Kavazanjian et al.
(2011, 2012) in landfills, which also have a liner system, indicate that the maximum allowable SIPD may
vary from 15 to 30 cm, which would be the trigger level of displacements before geomembrane tearing ,
and subsequent economic and environmental damage, occurs.
While the calculation of SIPD seems a more rational and practical tool for the seismic design of HLP,
it is important to understand the difference between the several existing methodologies of analysis, their
limitations, advantages, influence of dynamic properties of the materials involved in the evaluations and
the limitations of simplifying a 3D structure to 1D or 2D models.

Case study
The case study presented in this paper is a 120-m high HLP located at a mine site in northern Peru with a
maximum capacity of almost 10 Mt. While the HLP was already been stacked with a capacity of 6 Mt, the
authors were in charge of its stability verification, focusing on its seismic stability condition. In order to
accomplish this, a large set of geotechnical field investigations and laboratory tests was carried out to
characterize both the static and cyclic behaviour of the materials involved in the HLP design such as the
soil foundation, soil-geomembrane interface of the liner system and the leached ore.
To evaluate the seismic stability of this HLP, the authors performed several analysis which included
preliminary pseudo-static slope stability analysis, 1D seismic response analysis (SRA), simplified
calculations of SIPD and 2D and 3D dynamic analysis; the latter of this is described in detail by Reyes et
al. (2016). The following sections describe all of these analyses as well as the reasoning behind them. Figure
1 presents the plan view of the HLP and two cross-sections (1-1’ and 2-2’) which were used for all the
analyses.
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Figure 1: Plan view and cross-sections 1-1’ and 2-2’ of the heap leach pad

Field investigation and laboratory testing
The field work was focused on characterizing the foundations soils, soil-geomembrane interface and
leached ore. Several samples of soil liner and geomembrane were collected in situ by removing part of the
leached ore at the toe of the heap and cutting the geomembrane. On the other hand, leached ore samples
were collected directly from the operating heap and their global of field particle-size distribution (PSD)
curves, which included particles larger 3 in, were determined through several excavations along existing
heap slopes. Additionally, several boreholes were executed at the toe of the heap to evaluate the foundation
over-consolidated clayey soils. Standard penetration tests (SPT) were executed and undisturbed samples
were collected. No phreatic level was detected. Finally, a complete geophysical survey was completed along
the heap and foundation soils.
Using the samples collected from the operating heap, a relatively large set laboratory tests were carried
out. Regarding the clayey foundation soils, drained triaxial tests were carried out on undisturbed samples
which, in conjunction with geophysical tests results, provide the information necessary for the analysis.
Leached ore was subjected to additional tests, since no database is available particularly for its
dynamic properties. The samples collected were reconstituted in laboratory using the parallel gradation
technique. This method scaled the field PSD curve to a parallel one considering the maximum particle size
allowed by the testing device, which is usually between 10 to 15 times smaller the maximum particle size
of standard LO and MW. This technique 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
monotonic triaxial tests on rockfill, crushed rock and alluvial soils, respectively. The PSD curve of the
materials tested in the laboratory maintained the same coefficient of uniformity (CU), PSD shape and
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relative density as the materials in the field but limiting the fines content to a maximum of 10%. Using this
technique, monotonic drained triaxial tests were performed in a local laboratory in Lima, Peru.
Additionally, the laboratory program included sets of special tests performed at the University of Texas at
Austin using resonant column-torsional shear (RCTS) and cyclic-triaxial (CTX). The RCTS tests were
performed in a sequential series on the same specimen with isotropic confining pressures (σ’0) ranging from
200 kPa to 800 kPa. For each specimen, nonlinear RCTS tests were conducted at two or three σ’ 0 over a
shearing strain (γ) range from about 10-6 % to slightly more than 0.1%. CTX tests were conducted on these
specimens at a single σ’0 of 700 kPa for each specimen and over an estimated shearing strain range from
about 0.01% to 1.4%. Further detail on these cyclic tests and others performed exclusively on leached ore
and rock mine waste materials are presented by Parra et al. (2016).
Finally, two sets of large scale direct shear (LSDS) tests were performed on the low permeability soiltextured geomembrane interface: all of them tested on remoulded soil samples considering an interface
consisting of the textured side an LLDPE 2.0 mm geomembrane in contact with a low permeability soil.
One test was performed under normal stresses ranging from 100 to 800 kPa in a local laboratory and the
other one was carried out at the TRI Environmental laboratory at Austin, Texas using normal stresses up to
2000 kPa, since most of the interface in the leach pad is subjected to normal stresses from 1000 to 2000
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.

Static analyses
The HLP studied is located over an over-consolidated, unsaturated clayey soil foundation. Hence, only
translational failures were of concern, which provided lower factor of security (FOS) than the rotational
ones. Thus the foundation soil was represented in all the analyses as a cluster with much higher strength
than the interface or leached ore. The following sections briefly describe the geotechnical properties for the
static evaluations which were performed before the seismic analyses.

Static properties
The CD triaxial tests on leached ore provided nonlinear shear strength envelopes since it was considered
cohesionless with a reducing friction angle as confining pressure increases. The logarithmic tendency of
developed by Leps (1970) for coarse granular materials was consistent with the results of CD triaxial tests,
with a friction angle ranging from 35 to 39°. On the other hand, the nonlinear monotonic stress-strain
behavior was modeled using the Hardening Soil (HS) formulation (Brinkgreve et al., 2014). The HS is an
advanced model for simulating the behaviour of different types of soil, both soft and stiff (Schanz, 1998).
The HS formulation was calibrated with the resulting stress-strain curves of the CD triaxial tests. Another
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nonlinear shear strength envelope was defined for the interface. The studies published by Ayala and
Huallanca (2014) and Parra et al. (2012) evidence the influence of the nonlinear behaviour of the interface
for the stability analyses. The LSDS results at high normal stresses demonstrated the shear strength is
nonlinear at high stresses. The Figure 2 shows the nonlinear shear strength envelopes for leached ore and
interface.

Figure 2: Nonlinear shear resistance envelope for leached ore and interface

Static analysis
The 2D static analysis consisted initially on limit equilibrium method evaluations using the Spencer (1967)
procedure on the 5 cross-sections shown in Figure 1. The resulting 2D FOS of the design cross-sections
showed stability conditions lower than the permissible (minimum FOS=1.3) for translational failures, as
can be seen in the Table 1.
In order to evaluate the static slope stability under a rigorous criterion, the structure was analysed with
the computer program FLAC (Itasca, 2011) using cross-sections 1-1’and 2-2’, which were chosen due to
their low FOS and representativeness of the HLP. The heap conformation was simulated by 5 stages
consisting of several lifts until the crest is reached. Figure 1 shows the stages defined for each cross-section.
The initial stresses (horizontal and vertical) were calculated and then used in the subsequent dynamic
analysis. The resulting 2D FOS obtained was very similar to ones calculated by the limit equilibrium
evaluation, as can be seen in the Table 1. Figure 3 displays the resemblance of the 2D translation failure
surfaces obtained from both limit equilibrium and finite difference analyses. To overcome this apparent
static instability, a 3D limit equilibrium slope stability analysis was carried out which allowed the authors
to determine that the 3D effect of the valley was favourable for the HLP stability. The obtained 3D FOS
were higher than the minimum required for those conditions (1.40-145). Further details on this 3D
evaluation are presented by Reyes et al. (2015).
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Table 1: 2D FOS calculated by limit equilibrium and finite difference methods
Factor of safety
Cross-section

Method

0-0’

Static

Pseudo-static
(Tr =100 years)

Limit equilibrium

1.19

0.90

Limit equilibrium

1.21

0.91

Finite difference

1.22

0.93

Limit equilibrium

1.12

0.86

Finite difference

1.12

0.88

3-3’

Limit equilibrium

1.12

0.88

4-4’

Limit equilibrium

1.39

1.07

1-1’
2-2’

(*10^2)

n 7.00)

Limit equilibrium failure surface
7.000

END

5.000

1.161E+03
8.184E+02

Limit equilibrium failure surface

.12

ate

1.00E-08
ng

2

3.000

Figure 3: Maximum shear strain-rate for the cross-section 1-1’ (above) and 2-2’ (below)

1.000

Seismic analyses
The seismic analyses of HLP initially consisted on limit equilibrium pseudo-static analysis. However, due
to the instability suggested by its results, 1D SRA and simplified calculation of SIPD were completed to
-1.000
determine the effect of the seismic forces on the liner system. Additionally, to verify these calculations and

include the effect of the HLP valley in the seismic stability, dynamic analysis in 2D and in 3D using FLAC
and FLAC 3D (Itasca, 2012), respectively, were performed. Below, it is described the dynamic parameters
of the materials involved, details and results of each types of analysis.
-3.000
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Seismicity
The seismic analysis used the uniform hazard response spectrum for 100 years return period and defined
for Class B soil (rock) as a design criterion. Seismic records from both horizontal components used as input
for site response analysis were obtained from published motions from Peruvian subduction earthquakes
recorded in Peru. The earthquake motions from the 1970 Lima and 2001 Atico were chosen to perform the
dynamic the 2D and 3D analyses. It is important to mention that the both Lima and Atico earthquake
motions were recorded near the epicenter of the event, capturing their high energy content. No other
earthquake motions were selected due to the limited database available for Peru. These two seismic records
were rotated to the most critical direction before any processing was done. Then, they were spectral matched
to the 100 years return period uniform hazard response spectrum using the SeismoMatch software, which
is based in the pulse wave algorithm proposed by Abrahamson (1992) and Hancock et al. (2006).

Dynamic properties
First, based on the curves obtained by the both RCTS and CTX tests on leached ore, the normalized shear
modulus and damping ratio curves for this material were determined for confining pressures of 200 and
700 kPa. These proposed curves were compared with the Menq (2003) formulation, observing a good
agreement from the small-strain range up to 0.01% of shear strain. Detailed discussion of these tests results
is presented by Parra et al. (2016). Additionally, geophysics survey results, performed above leached ore,
were compared with RCTS report test obtaining a good agreement between the in-situ measurements and
the predictions of the RCTS device. Figure 4 present the dynamic properties of the leached ore as tested in
laboratory and as proposed curves for the seismic analysis.

Figure 4: Normalized modulus reduction and damping ratio curves for leached ore
The dynamic properties of the interface were defined by reviewing existing information on this matter.
The backbone curve for the interface was modeled based on its static shear strength, according to the
conclusion of Kavazanjian and Matasovic (1995) and Arab (2011). The damping ratio was modeled based

182

HEAP LEACH MINING SOLUTIONS, 2016 ● LIMA, PERU
on the cyclic shear tests on interfaces performed by Arab (2011) which show a relatively constant damping
ratio value. This constant nature of the interface damping ratio is similar to the findings of Yegian et al.
(1998), which only was used to determine the maximum shear modulus (Gmax). It is important to mention
that no cyclic shear test on the interface was developed for this paper; however, sensibility SRA analyses
were carried out to analyse the inherent uncertainties of this modelling; these evaluations showed similar
results for all cases.
For the foundation soil, the modulus reduction and damping ratio curves were represented by means
of the Darendeli (2001) formulation, which use several parameters such as plasticity index (PI), overconsolidation ratio (OCR) and confining stress, among others. The Darendeli (2001) formulation was
proposed by clayey and silty soils with a low percent of coarse grained soil. Additionally, the geophysical
survey’s shear wave velocity profiles of the foundation were used in the seismic analysis.
Finally, the dynamic properties of the bedrock were assigned considering an elastic material and only
as a medium to broadcast waves. Because of the translational failure does not occur through this material,
the shear strains induced by the earthquake were not of importance. Table 2 presents the main properties
used in the seismic analysis.
Table 2: Main geotechnical parameters for seismic analysis
Static properties
Material

Cohesion
(kPa)

Friction
angle (°)

Leached ore

Nonlinear
envelope

Soilgeomembrane
interface

Nonlinear
envelope

Foundation soil

150

32

Dynamic properties

Shear modulus
(MPa)

Maximum shear
modulus (MPa)

Modulus reduction and
damping ratio curves

Defined based on HS
model calibration

Based on RCTS and
geophysical tests

Based on RCTS and CTX
tests

Nonlinear envelope

Based on Yegian et
al. (1998)

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

Defined based on HS
model calibration

Based on
geophysical tests

Darendeli (2001)

1D seismic response analysis
In order to determine a seismic response spectrum in free field conditions for the HLP, a 1D equivalent
linear SRA was carried out using several soil columns and the spectral matched seismic records defined
before. The computer program DeepSoil (Hashash et al., 2016) was used to perform the SRA. The analyses
were performed in three different zones of HLP such as the crest, the intermediate bench and the toe
identified as Zone A, B and C in Figure 1. The resulting seismic response spectra were used for the
calculation of seismic coefficients and SIPD and as comparison for the dynamic analysis. Figure 5 shows
the seismic spectra obtained from the 1D SRA, 2D and 3D dynamic analysis for the Lima seismic record.
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Figure 5: Response spectra’s of (a) Zone A (b) Zone B and (c) Zone C for the
1970 Lima seismic record from 1D SRA, 2D and 3D dynamic analyses

Pseudo-static analyses
Using the resulting seismic response spectrum from the SRA and maximum allowable displacement of
30 cm, a horizontal seismic coefficient of 0.07 was calculated using the Bray and Travasarou (2009). The
calculated FOS from the pseudo-static analysis result are shown in the Table 1. These results suggest that
SIPD higher the 30 cm are likely to develop along the liner system for almost all cross-sections. It is
important to remark that, although the static 3D limit equilibrium verified that the 3D effect of the valley
had an important effect of its static stability, no such conclusion can be made for a pseudo-static analysis.
The reason behind this is because the seismic coefficient is defined in 2D conditions and cannot be directly
use in a 3D analysis. Hence, the calculation of SIPD in a 2D fashion was mandatory in order to verify these
assumptions. Only a 3D dynamic analysis, such as the performed by Reyes et al. (2016) and included in
this paper, could evaluate the seismic effect of the 3D geometry of the valley.

Seismic induced displacements by simplified methods
The calculation of SIPD for operation conditions, associated with a 100 years return period seismic event,
was performed using the Makdisi and Seed (1978), Houston et al. (1987) and Bray and Travasarou (2007)
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methods. For the calculation, it was necessary to know the seismic response in the foundation and heap
itself. For that reason, for Makdisi and Seed (1978) and Houston et al. (1987) methods, 1D SRA the using
linear equivalent method were performed using DeepSoil (Hashash et al., 2016) using the synthetics
motions mentioned earlier. Three soil columns per section were built for section 1-1’ and 2-2’, which were
composed by leached ore of 30 to 100 m, foundation soil of 45 to 80 m and bedrock of 5 m thickness. For
the specific case of the Houston et al. (1987) method, the computer program D-MOD (Matasovic, 1993)
was used to calculate the SIPD. Finally, the Bray and Travasarou (2007) method used the resulting seismic
response spectrum in free field conditions described in previous sections. The Table 3 presents the range
and average values of horizontal displacements develop along the interface.

2D dynamic analysis
In order to verify the displacements developed along the interface, a 2D dynamic analysis as carried in the
software FLAC (Itasca, 2011) for cross-sections 1-1’ and 2-2’. The analyses simulated the construction
process of the HLP with a 5-stage sequence until the crest is reached, as can be seen in Figure 1. The models
and zones satisfy the seismic wave transmission requirements given by Kuhlemeyer and Lysmer (1973)
which recommend that maximum zone dimension should be less than one tenth to one eight of the
maximum shear wave length associated with the highest frequency component of the input wave for any
material.
Special care was taken when modeling both the static and dynamic properties of the HLP. For the
leached ore static properties, its shear strength was modeled as a nonlinear envelope and its elastic modulus
were based on the HS model hyperbolic relationship of modulus and confining pressure. Regarding its
dynamic properties, the Mohr-Coulomb model was used and a hysteretic behavior was included. The
modeled dynamic curves are presented in Figure 4. A similar approach was followed for the foundation
soils, except no nonlinear envelope was used for its shear resistance. Finally, the soil-geomembrane
interface was modeled as an interface element in FLAC with a shear strength resembling the nonlinear
envelope defined in Figure 2. Similarly, it shear modulus was defined using a nonlinear envelope.
Regarding its dynamic properties, the Mohr-Coulomb model for the interface managed to closely represent
the dynamic properties discussed earlier in the paper for soil-geomembrane contacts. No additional
hysteretic damping was added. Figure 6 shows the horizontal displacements for cross-sections 1-1’ and 22’ resulting from the 2D dynamic analysis and Table 3 presents the results in terms of displacements along
interface
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Figure 6: Horizontal permanent displacements for the cross-section (a) 1-1’ and (b) 2-2’ for the
1970 Lima seismic record from (left) 2D FLAC and (right) FLAC3D analyses
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Discussion
Table 3 presents the results of SIPD by the simplified methods, 2D and 3D dynamic analyses. It is important
to note that while only 2 sections were presented in this paper, results of SIPD for the other cross-sections
resulted in negligible displacements. The Makdisi and Seed (1978) results are presented in Table 3 in a
range of displacements due to the nature of the original chart used for this method; the values presented
deviate significantly form the other methods and were not taken into account during design. The Houston
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et al. (1987) results are presented as average values of the soil columns used during calculation. On the
other hand, a range of displacements is predicted by the Bray and Travasarou (2007) technique, which is a
characteristic of its formulation. Finally, the FLAC 2D and 3D results are presented both a range and
average values of displacements: the ranges show the maximum and minimum displacements developed
along the interface and within the failure surface while the average values are representative of the whole
failure.

Figure 7: Interfase shear displacements for the 1970 Lima seismic record
Table 3: SIPD values for 100 year return-period
SIPD (cm)
Crosssection

1-1’
2-2’
3D
model

Seismic
record
Lima
Atico
Lima
Atico
Lima
Atico

Makdisi and
Seed (1978)

Houston et al.
(1987)

Bray and
Travasarou (2007)

Range

Average

Range

0.4-5.0
3.0-25.0
Range

20.7

6.0-24.0

10.1
47.3

14.3-57.2

28.9
5.0-30.0
5.0-30.0

Average

FLAC 2D
Range

Average

1.2-19.2

11.1

4.2-18.1

10.3

11.0-59.0

43.0

12.0-63.1

46.3

~20.0
~20.0

The FLAC 2D model results in an average displacement of 10.7 cm, ranging from 1.2 and 19.2 cm
for the section 1-1’, while for section 2-2’ results in an average displacement of 44.7 cm, ranging from 11.0
and 63.1 cm. The Bray and Travasarou (2007) analysis resulted in ranges of SIPD for each cross-section
that were consistent with the average values from the 2D FLAC analyses. Regarding the Houston et al.
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(1987) method, it yields relatively similar giving displacements to the Bray and Travasarou (2007) and
FLAC analysis. However, it is clear that the Bray and Travasarou (2007) results are more consistent and
reliable in comparison with the other simplified methods.
The results of the 3D analysis show that the average displacements in the interface within the failure
surface are lower than the minimum required and in general lower than the maximums estimated by the
other approaches. This can be interpreted as an indicative of the 3D effect of the valley, which is similar to
the one evaluated in the 3D static limit equilibrium slope stability analysis of Reyes et al. (2015). Also, the
analysis 3D shows that some sectors of the interface exhibit displacements very close to 30 cm, particularly
when the interface is confined by only one or two lifts of leached ore at the toe of the heap. Also, this sectors
match the ones where the ore exhibits also relatively high horizontal displacements, hence, influencing
relative displacements in the interface. The low damping ratio of the ore may induce these displacements
as well. Figure 6 shows SIPD in the leached ore, where it can be seen that the largest displacements in both
the 2D and 3D occur near the toe of the heap in low-confinement areas. Both the localized interface and
leached ore high displacement are consistent with the findings of Reyes and Pérez (2015).
Finally, the comparison of the 1D, 2D and 3D seismic response of the leached ore in the heap surface,
as shown in Figure 5, show an evident difference between the methods that showcase the influence of the
valley geometry. First of all, Figure 5c shows the response of Zone C, which is an area at the toe of the
heap; there the seismic response for short periods is different for each method, with an important
amplification for the 2D and 3D cases. This amplification occurs around the natural period of the leached
ore in that area. Figure 5b shows a similar trend for Zone B, with a relatively similar response for the 1D,
2D and 3D methods for large period (>0.5s); however, for short periods (<0.5s) the influence slope of the
heap influences a difference between the 1D and 2D responses. Also, the 3Dresponse exhibits a larger
difference, probably due to the influence of valley. On the other hand, Figure 5a (Zone A) shows a more
clear difference between the response yielded by the 1D, 2D and 3D analysis. While the response between
the 1D and 2D analysis for short periods is somewhat close, the 3D response resulted in a significant
amplification. For long periods (>0.5s) the results of the 1D, 2D and 3D are different particularly around
the periods of 0.75 to 1.5s, probably influenced by the leached ore response as well as the valley’s.

Conclusions
A case study was presented of a seismic analysis of a valley-fill heap leach pad, in which the calculation of
SIPD was the key to guarantee its stability. 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 was used to scale the leached ore large size particle to fit standard-size laboratory equipment and
to test crushed leached ore on resonant columns, torsional shear and cyclic triaxial devices. Large scale
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direct shear tests were performed on low permeability soil-textured geomembrane interface with normal
pressures ranging from 100 to 2000 kPa. The results of these tests allowed modelling the dynamic properties
of materials such as leached ore and foundation soil. Non-linear shear strength envelopes were used to
characterize the shear strength of both leached ore and interface.
The seismic analysis focused only in translational failures; hence, the integrity of the geomembrane
of the liner system was of concern. Initially, the static stability was overcome using a 3D limit equilibrium
slope stability analysis (Reyes et al., 2015) since the 2D analysis showed an apparent instability. Then,
pseudo-static analyses were carried out in several cross-sections showing, again, an apparent instability. As
a consequence, the analysis focused on determining seismic induced permanent displacements on the soilgeomembrane interface. One-dimensional seismic response analysis and calculation of seismic induced
permanent displacements by simplified methods and two and three-dimensional dynamic analysis were
carried out. The amount of geotechnical information available, the use of nonlinear shear strength envelopes
and advanced constitutive models were crucial to complete all of these evaluations and to allow their
comparison. The Makdisi and Seed (1978), Houston et al. (1987) and Bray and Travasarou (2007) method
were used as well as two and three-dimensional analysis in FLAC and FLAC 3D, respectively.
The simplified calculation and two-dimensional analysis showed that only one cross-section yielded
displacements higher than the maximum allowed. In particular the Bray and Travasarou (2007) method
yielded similar results to the ones calculated by FLAC 2D. The Houston et al. (1987) were also similar but
with a larger variability, as can be seen in Table 3. On the other hand, the Makdisi and Seed (1978) results
were not consistent with the other methods. Since only one cross-section showed an apparent instability, a
3D dynamic analysis was performed in FLAC 3D which showed a significant decrease in the displacements
within the estimated failure surface. It can be concluded that, for the studied case, the valley decreases the
seismic induced displacements in the interface. A similar effect is encountered for the static conditions, as
evaluated by Reyes et al. (2015). On the other hand, in general, the two and three-dimensional analysis
results on an increased seismic response of the heap leach pad, probably influenced by the heap slope and
valley geometry. Figure 5 shows how the response varies in different sectors of the heap and for the different
approaches. Then, for the evaluated heap, it can be concluded that the valley tends to increase the seismic
response of the heap in surface. However, due to time limitations when performing the 3D analysis, no
comparisons could be completed in other sectors of the heap to properly evaluate the response of the heap
near the side valley slopes.
The authors recommend the use of upper bound results of the Bray and Travasarou (2007) formulation
to calculate seismic induced permanent displacements of heap leach pads. Also, it is important that the
mining industry shifts the design criterion of seismic design of heaps towards defining a maximum level of
allowable displacements for the liner system’s geomembrane. Additionally, more research is needed to
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assess the seismic response of leached ore, which directly influence the seismic response of the heap and
particularly its closure seismic design.
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Abstract
The Yanacocha Operation is an open pit gold mine located in mountainous terrain in Northern Peru. The
Operation includes one tailing storage facility (TSF) and four heap leach facilities (HLFs). Given
constraints imposed by topography and permitted boundaries, the efficient use of space is a priority. As an
example of a design driven by the need to use space efficiently, the existing La Quinua (LQ) TSF was
constructed entirely within one of the HLFs (the LQHLF) and uses the heap leach ore to form the containing
embankments for the tailings (termed mill sands at the site). The LQHLF has been in operation since the
mid-1990’s and the LQTSF was commissioned in 2008. The combined facility has consistently performed
within its design expectations. However, both have now been developed to their maximum heights (with
the maximum height of ore above the liner at 130 m) and due to additional mining and the existing LQTSF
nearing its design capacity, there is a requirement for the mine to develop additional tailings storage
capacity. To meet this demand a new TSF was designed beside the existing LQTSF in the same LQHLF.
The new TSF, designated the LQTSF North Expansion, is currently under construction.
In contrast to the existing LQTSF, which was progressively developed in a basin in the LQHLF as the
facility was being loaded, the LQTSF North Expansion is being built as a new excavation within the LQHLF
after the ore had been placed and leached. Key design considerations included (1) stability and deformation
potential of the excavation slopes under static and seismic conditions, and (2) water removal from the
excavation. Both considerations were for the short term (during the construction), and the long term,
thereafter.
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The majority of storage will be developed in the basin excavation, but some storage in the upper
LQTSF North Expansion will be developed behind a low height embankment across the north perimeter,
termed the North Embankment. The embankment is being constructed as an engineered fill structure using
the mine haulage fleet to place and compact it. The original intent was to use leach ore from the excavation
as fill but high moisture contents in the material led to a requirement to use other borrow sources. The
suitability and compaction requirements for these borrow sources were evaluated with test fills, laboratory
testing, and fields density testing. Slope displacement monitoring during construction was carried out using
inclinometers, conventional prism surveying, and slope monitoring radar.
The construction is on schedule with regard to timeline and cost, and operation of the facility is
planned to start in late 2017.

Introduction
Efficient use of space is often a priority for mining operations. Construction of a TSF within a HLF at the
Yanacocha Operation is an example of a design driven by this priority. Due to additional mining and the
existing TSF nearing its design capacity, there is a requirement for the mine to develop additional tailings
storage capacity. To meet this demand a new TSF, designated the LQTSF North Expansion, was designed
beside the existing LQTSF within the same HLF as shown in the Figure 1 and Figure 2.
To evaluate geotechnical characteristics of the leach ore where the LQTSF North Expansion will be
located, an extensive field and laboratory testing program was completed, followed by geotechnical
engineering analyses. Key analyses included an earthquake – induced liquefaction assessment, seepage
analyses, and static and seismic stability analyses.
This paper presents an overview of geotechnical investigations, geotechnical engineering, design
criteria, components of the design and current status of the construction as well as geotechnical monitoring
during construction of the LQTSF North Expansion.
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Figure 1: General view of the construction of tailing storage within a heap leach facility.

Figure 2: Section A with location of LQTSF and LQTSF North Expansion

Background
In 2012, MYSRL commissioned Knight Piésold to investigate the feasibility of constructing the LQTSF
North Expansion within the confines of the LQHLF, immediately the north of the existing LQTSF. In early
2013, a site investigation program was performed to evaluate site conditions and material properties of the
leach ore. The purpose of this investigation was to provide confirmatory data that this in-place material was
similar to leach ore that had been characterized in previous site and laboratory testing campaigns. These
new data were used in conjunction with the results of previous work to provide information for the
geotechnical analyses for this project. A tailings characterization testing program was conducted in parallel
with this work.
In mid-2014, the detailed design engineering for the LQTSF North Expansion was completed. The
design resulted in the need for a significant earthworks effort in order to excavate the impounding basin
and construct the North Embankment. This work was executed by Yanacocha’s large construction fleet
(mine shovels and haul trucks) with assistance from an outside contractor’s small construction fleet. The
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basin and North Embankment construction started in the first trimester of 2015 and finished in early 2016.
As of August 2016, the geomembrane and drainage collection system in the basin were being installed, and
it was expected that the facility would be completed and ready for operation on schedule later in 2017.

Design criteria
Key design criteria for the design of the North Expansion were the tailings production rates, tailings
geotechnical characteristics, leach ore geotechnical characteristics, embankment stability, climate
characteristics, and surface water storage provisions. These are summarized below.

Tailings production


Daily rate: 16,500 tonnes per day



Mine life: 3 years (total storage 18 million tonnes)

Tailings geotechnical characteristics


Dry density in place: 1.25 tonnes per cubic meter (t/m3) initially, increased to 1.6 t/m3 over the
operation



Effective stress angle of internal friction: 34 degrees, zero cohesion



Residual undrained strength ratio (Su/p’): 0.035

Leached ore geotechnical characteristics


Dry density in place: 1.79 to 1.98 t/m3 based on burial depth.



Effective stress angle of internal friction (compacted and loose leach ore): 41 degrees, zero
cohesion



Yield stress angle of internal friction (loose, saturated leach ore): 29 degrees, zero cohesion



Residual undrained strength ratio for loose, saturated leach ore (Su/p’): 0.09

Slope stability


Minimum static factor of safety: 1.5



Minimum static factor of safety for failures not impacting tailings storage: 1.3 (HLF criteria)



Minimum post-earthquake factor of safety: 1.1



Embankment Risk Category: “Very High” based on the Canadian Dam Association (CDA)
Guidelines (CDA, 2007)



Seismic criteria: M=8.0 with PGHA = 0.41g
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Climate criteria:


100 years -24h storm event: 143 mm



Average yearly precipitation: 1,555 mm



Maximum yearly precipitation: 2,145 mm

Additional considerations:


Leaching operations associated with LQHLP Stages 1 to 5 were completed before construction of
the North Expansion TSF.



Pond capacity: the supernatant pond was designed to store a storm event (100 year -24h) and a 24h
outage (no pumping systems dewatering the facility) keeping the designed freeboard.



The properties of the tailings are similar to those of the tailings placed in the LQTSF.

Components of the facility
Key elements of the design of the LQTSF North Expansion are the basin excavation, and construction of
the North Embankment, and the decant systems used to evacuate water from the facility.

Basin excavation and North Embankment design
The basin excavation and North Embankment were designed with interior slopes of 2.0H:1.0V, and exterior
slopes of 2.5H:1.0V slopes. The excavation of the basin ranged in depth from approximately 45 m to 80 m
with a bottom elevation of approximately 3,586 masl. The crest elevation for the North Embankment was
designed to 3,673 masl.
The North Embankment was constructed using the mine fleet with general fill obtained from the basin
excavation and several nearby mine pits. For wider fill zones, the surface of each lift was compacted by
evenly routing loaded CAT 793 haul trucks over it. Above approximate elevation 3,671 m, where fill zones
narrowed near the crest of the embankment, the fill was completed with smaller, conventional earth moving
equipment.
A liner system is in place along the base of the LQHLF and existing LQTSF, and therefore extends
beneath the North Expansion. However, a geomembrane liner was placed within the North Expansion
impoundment to reduce infiltration of tailings seepage into the underlying leach ore. The liner system
consists of a 2 mm thick double-side textured HDPE geomembrane placed on a prepared surface in the
basin excavation and interior slopes of the North Embankment. Surface preparation involved smoothing
the surface and removing larger particles that could damage the geomembrane. The main function of the
liner was to reduce seepage into surrounding areas rather than providing environmental containment.

197

HEAP LEACH MINING SOLUTIONS, 2016 ● LIMA, PERU

Supernatant drainage (Primary Decant System)
The tailings will be deposited using discharge points along the south, west, and east perimeter of the dam
with frequent rotation of the active points to build consolidated tailing beaches against the slopes and to
displace the surface pond water to the southwest, where the Primary Decant System will drain the
supernatant pond.
The water from the supernatant pond will percolate through an inclined drainage blanket extending
up from a sump at the bottom basin to the top. The water will seep through the drainage blanket into inclined
perforated pipes feeding the primary sump where pumps will send it into an external pond. Calculations
were completed to size the drainage zone with enough flow capacity to completely evacuate the volume in
the supernatant pond within 30 days in the event of a 24-hour storm with a return period of 100 years.
To minimize the risk of fines migration from the tailings into the system sump, two layers of geotextile
were included in the zone. The second layer provides redundancy in case tailings penetrate through the first
layer.

Underdrain collection system (Secondary Decant System)
A blanket underdrain (Secondary Decant System) is installed at the bottom of the basin just above the
geomembrane liner to minimize the hydraulic head on the liner. The system consists of free draining gravel
with perforated pipes that is completely covered with a geotextile layer. The pipe system has been designed
to keep less than 1 m of head on liner after accounting for flow reduction under the load of the tailings. The
system is sloped to a sump termed the Secondary Sump where the water will be pumped to an intermediate
tank and ultimately gravity conveyed to the same external pond that will receive flow from the supernatant
system. The decant system will operate as follows:


Tailings water will infiltrate into the decant system sumps as the tailings are consolidated



A network of CPT perforated pipes will capture and direct the water into the secondary sump
collection.



A submersible pump system with multiple pumps in a gravel drainage sump will pump the collected
water from the sump to the crest.



A manifold at the crest will combine flows from the different pumps into a single discharge pipe
and this water will be directed to an intermediate tank located on the crest of the embankment, and
then by gravity in a single pipe to the external pond. The gravity line includes an energy dissipator
to account for the large change in elevation.
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Geotechnical field and laboratory investigation
Site investigation and laboratory testing programs were completed in the leached ore around the LQTSF
North Expansion to gain a better understanding of the in-place materials that will confine the tailings.
Investigations were also conducted of the tailings in the LQTSF as the new tailings will be very similar.
The field programs involved sonic drilling and seismic CPT programs in both materials as well as surface
sampling. The findings were used to develop the geotechnical material characteristics provided in the
Design Criteria section.
As design seismic accelerations are relatively high at the site, key analyses were the liquefaction
potential and post-liquefied strengths of the leach ore. The objective was to demonstrate that the leach ore
confining the tailings would remain stable during and after an earthquake. Material properties to support
these analyses were obtained from the seismic CPT probes and cyclic triaxial and direct simple shear tests.

Geotechnical analyses
Several geotechnical analyses were conducted using information obtained from the field investigation and
laboratory testing in order to develop certain design criteria. The key analyses concerned liquefaction and
post-earthquake stability of the leach ore that will provide tailings containment. These are discussed below.

Earthquake-induced liquefaction assessment and post-earthquake shear strength parameters
The maximum credible earthquake (MCE) for the site was adopted as the maximum design earthquake
(MDE) in order to provide a robust design. The MCE was defined as a deep sub-Andean intraplate event,
estimated by Alva (2006) to have a magnitude M = 8.0, and a PHGA at the site of 0.41g.
The evaluation of liquefaction involves the comparison of cyclic stress ratios (CSR) caused by the
earthquake with cyclic resistance ratio (CRR) provided by the leach ore. The latter is a measure of the
stresses necessary to cause liquefaction or significant strain softening. If the CRR exceeds CSR no
liquefaction is expected.
One-dimensional site response analyses were conducted from the design earthquake estimated ground
motion parameters, material damping and dynamic shear modulus factors, and CPT data using the computer
software ProSHAKE (EduPro, 2001). This generated profiles of CSR with depth at the CPT locations.
Similarly located profiles of CRR were generated by means of the computer software CLiq (GeoLogismiki,
2012), also using the CPT data but augmented with Standard Penetration Test (SPT) data from the sonic
drill holes. In a second approach, CRRs were derived from cyclic triaxial testing of the leach ore and
compared with the calculated CSR values. In both cases, the majority of the comparative results indicated
that the in-place leach ore is loose enough to liquefy if saturated or near saturated on occurrence of the
design earthquake event (i.e., the majority of the calculated CRR values were less than corresponding CSR
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values). This was not a surprising finding since the leach ore is loosely dumped within the facility.
Verification of the liquefiable nature of the material then focused the design on taking measures to minimize
saturated zones within the leach ore. A key point for the LQTSF North Expansion was that leaching of the
ore in the area of the excavation and behind the perimeter slopes that would form the containing structure
would remain unsaturated. This was accomplished by stopping leaching of the ore below and around the
basin 8 months before construction began, and sampling and testing in sonic drill holes to confirm.
Saturated leach ore (if found to remain in the construction area) required a residual undrained shear
strength to characterize its behavior as part of the post-earthquake slope stability evaluations. Robertson
(Robertson, 2010) developed a CPT-based correlation to estimate the residual undrained shear strength of
a liquefiable soil as a function of its initial vertical effective confining stress (i.e., its residual undrained
shear strength ratio) and this approach was adopted. An average residual undrained strength ratio of (Sur/p´
= 0.09) was calculated based on the data collected during the site investigation and this value was assigned
to any saturated or near-saturated zones of the loose dumped leach ore. In the non-liquefiable zones,
softening under cyclic loading may occur, and to account for this the effective stress friction angle
representing the unsaturated, dumped leach ore was reduced by 33 percent (´ = 27 degrees) for the postearthquake slope stability analyses. This is a large reduction, particularly when considering the dumped
material will likely densify in the earthquake, but it builds in a degree of conservatism in the design. For
the compacted leach ore forming the North Embankment, no reduction in shear strength was assumed for
the post-earthquake analyses.
By way of comparison, the majority of the mill sands samples tested exhibited a residual undrained
shear strength ratio of 0.035 and this value was assigned for subsequent post-earthquake slope stability
analyses.

Pore pressure distribution and finite element seepage analyses
Because of the potential for liquefaction to occur within the saturated leach ore, the presence and extent of
saturated zones within the existing LQHLF was a key input for the slope stability.
During investigations, static pore pressures from pore pressure dissipation (PPD) tests within the leach
ore below the proposed area of construction were typically observed to be near zero, except in localized
areas, where the pore pressures increased to as high as five meters of pressure head. The area had not been
under active leach for some time, and these areas of inhibited drainage were estimated to consist of higher
fines content ore where the leach solution/precipitation may have been taking longer to completely drain
down. Moisture content testing from sonic drilling provided further verification that the majority of the inplace dumped leach ore was less than saturated.
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Figure 3: Seepage analysis results
Two-dimensional seepage analyses were conducted for several cross-sections through the confining
heap leach ore using the finite element computer program SEEP/W Version 8.0 (GEO-SLOPE, 2012a).
Boundary conditions were applied to the section geometry to represent anticipated field conditions (see
Figure 3).
The results indicated that a small amount of water from the new tailings in the LQTSF North
Expansion will seep downward into the leach ore below and around the facility through possible small
imperfections in the geomembrane. However, there was no indication that large, continuous saturated zones
will develop.

Static and post-earthquake limit equilibrium slope stability analyses
Slope stability analyses were completed using the computer program SLOPE/W (GEOSTUDIO, 2012b)
for key sections around the facility. The Spencer method (Spencer, 1967) was used to search for the critical
slip surface for both static and post-earthquake loading conditions (see Figure 4).

Figure 4: Static slope stability analysis results
Because the leach ore is expected to remain unsaturated, the steady-state effective stress friction angle
was assigned to the entirety of the compacted and loose dumped leach ore for the long-term static slope
stability analyses.
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It was assumed that the leach ore, although unsaturated, may maintain a relatively high degree of
saturation but only in localized areas. Because of this, it was considered overly-conservative to assign a
residual undrained strength ratio to the dumped leach ore; however, shear strength for this material was
reduced by 33 percent for the post-earthquake stability analyses in order to account for the potential of
strain softening during and after the earthquake event. The compacted leach ore comprising the North
Embankment was not considered to strain soften for the post-earthquake analyses as this material was
compacted at or near the optimum moisture content. Because the mill sands will be saturated, residual
undrained strength ratios were assigned. For the key sections analyzed, the static and post-earthquake
factors of safety met or exceeded the minimum acceptable values set forth as the design criteria (see Figure
5).

Figure 5: Post-earthquake slope stability analysis results
Permanent deformations induced during an earthquake based on methodology by Makdisi and Seed
(1978) considering the MCE event were estimated using the critical slip surface from the static analyses.
The analyses resulted in deformations ranging from 19 to 50 cm for two of the sections, and were negligible
for the remaining sections. Because deformations estimated by Makdisi and Seed analyses are often
considered conservative, and the analyses estimate movement along the crest of the sections analyzed and
not necessarily along the base of the potential sliding block where containment of the facility is more
critical, these estimated deformations were considered to be tolerable for the facility.

Construction
The original design intended use material cut from the basin to construct the North Embankment (see
Appendix A – Mine Plan Construction), using fill layers 2m thick, compacted by routing loaded haul trucks
(CAT model 793C) to reach 95% of the standard proctor maximum dry density.
In order to verify the original moisture content of the leach ore material that would be excavated from
the basin, a drilling campaign was completed with a sonic drill rig. Samples collected during this campaign
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showed moisture contents above optimum in the upper part of the heap, and lower moisture contents with
depth. However as the basin cut was developed, it became clear that the excavated leach ore was wet of
optimum, and given the construction schedule, it could not be used as the sole source of embankment fill.
Alternative borrow sources that were evaluated included waste rock from the El Tapado Oeste and Cerro
Negro pits, blended at a 2:1 ratio with leach ore; and Yanacocha Pit waste rock, which was derived from a
shattered silica rock mass; and Yanacocha pit waste rock mixed with Cerro Negro pit waste rock. These
sources were evaluated for consistency with design assumptions (shear strength, unit weight and stress path
behavior). The Yanacocha pit source was required during wet weather, but the blended waste rock and
leach ore was acceptable during dry weather.
The truck count was the initial field control of compaction for the fills, using test fill data, then asbuilt data to correlate the number of truck passes with compacted dry density. The initial compaction was
done with the discharge and additional compaction was developing with a loaded truck in order to reach
the compaction criteria.
Compared to the concepts and specifications that were in place prior to construction, the following
modifications where implemented with approval of the designer:


Reduced the amount of sacrificial fill on external slopes (reduced from almost 8 m width of extra
fill to be trimmed to final slope after placement, down to 1 m to 2 m) (Figure 6).



Increase the thickness of fill layers placed by the large fleet to 2 m layers



Alternate borrow sources for the embankment fill



Scarification between each 2 m layer in order to increase the friction between layers (Figure 7).

Figure 6: Reduce sacrificial fill on external slope
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Figure 7: Scarification between layers

Geotech monitoring during construction
The LQTSF North Expansion basin is surrounded on the north, east, and west sides by the North
Embankment; and on the south side by north embankment of the existing LQTSF. The north embankment
for the existing LQTSF therefore serves as the south embankment for the North Expansion (Figure 8).
Six inclinometers were installed along the south side of the basin to monitor potential subsurface
displacements as the basin was excavated. Inclinometers LQIN15-01, LQIN15-02, and LQIN15-03 were
collared on the crest of the north embankment of the existing LQTSF. The remaining installations were
completed at the crest of the basin excavation (Figure 8). All of the inclinometers were terminated in leach
ore, above the native foundation.

Figure 8: Inclinometer collar location
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Figure 9 shows a typical cumulative displacement plot for the inclinometers. The “swings” on the plot
are not credible signatures for slip surfaces or a shear zones. Instead, they were interpreted as vertical
loading and “buckling” of the casing. Possible explanations for this include:


Stiffness contrasts across ore lift surfaces, or between the engineered fill embankment in
final raise of existing LQTSF, and the underlying leach ore.



Incomplete grouting, leaving un-supported section(s) of casing that could be prone to
buckling (grout was poured in from the surface, rather than bottom-up, so this is a
possibility).



Consolidation of leach ore due to construction of the 3660-3673 embankments for the
existing LQTSF.

Figure 9: Inclinometer readings
Two or three vibrating wire piezometer (VWP) sensors were installed in each inclinometer hole,
attached to the inclinometer casing. The installations are summarized in Table 1, and pore pressure
hydrographs are shown in Figure 10. Because of timing and equipment issues, grouting for the installations
was carried out by pouring grout in from the surface, rather than with a bottom-up approach.
Most sensors indicate essentially zero head. Positive heads are all less than 2m, and for sensors that
do register positive heads, pressures are much less than hydrostatic. VWPs LQVWP15-07 and LQVWP1508 both installed in the inclinometer LQIN15-03 indicate increased head with time, and will be the subject
of continued monitoring and investigation.
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Table 1: VWP installations (pressure head measured 22 June 2016)
Hole

VWP ID

Depth, m

Elev, mRL

Pressure, m
H20

LQIN15-01

LQVP15-01
LQVP15-02
LQVP15-03

95
50
10

3,576.74
3,621.74
3,661.74

1.05
0
0

LQIN15-02

LQVP15-04
LQVP15-05
LQVP15-06

95
50
10

3,576.76
3,621.76
3,661.76

1.71
0
0.14

LQIN15-03

LQVP15-07
LQVP15-08
LQVP15-09

95
50
10

3,576.77
3,621.77
3,661.77

9.97
7.24
0

LQIN15-04

LQVP15-14
LQVP15-15

70
35

3,590.82
3,625.82

0
0

LQIN15-05

LQVP15-12
LQVP15-13

70
35

3,588.31
3,623.31

0
0.47

Probably dry

LQIN15-06

LQVP15-10
LQVP15-11

70
35

3,589.26
3,624.26

0
0.22

Probably dry

Comments
Increase head with time

Probably dry
Increase head with time
Increase head with time

Figure 10: VWP pressure hydrographs (meters of head)
A Reutech MSR300 radar was deployed to monitor displacements along the south side of the
excavation and the existing LQTSF embankment above in late August 2015. Figure 11 shows a heat map,
and time vs displacement data from the radar over the period in early September. No significant
displacement was detected by the radar.
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Figure 11: Radar monitoring

Conclusion
In contrast to the existing LQTSF, which was progressively developed in a basin in the LQHLF as the
facility was being loaded, the LQTSF North Expansion is being built as a new excavation within the LQHLF
after the ore has been placed and leached. Key design considerations included (1) stability and deformation
potential of the excavation slopes under static and seismic conditions, and (2) water removal from the
excavation. In accordance with the selection of the “Very High” consequence category for the LQTSF
North Expansion under the CDA guidelines, the recommended MDE was the MCE for the site, which was
defined as a deep sub-Andean intraplate event, with Mw=8, and estimated PGA of 0.41 g.
Key elements of the design of the LQTSF North Expansion are the basin excavation, and construction
of the North Embankment, and the decant systems used to evacuate water from the facility. The basin was
excavated within the existing LQHLF, and the North Embankment was constructed as a compacted fill,
surrounding the basin on the north, east and west sides. The North Embankment ties in with the
embankment of the existing LQTSF to form containment along the south side of the basin. The basin and
the interior slopes of the North Expansion were lined with a 2mm double-side textured HDPE geomembrane
in order to minimize seepage into the underlying leach ore.
The primary decant system consists of an inclined drainage blanket located at the south end of the
impoundment, with perforated pipes that feed a primary sump. From that sump, pumps will send water to
an external pond. The secondary decant system will consist of a drainage blanket that overlies the
geomembrane, with pumps to send the collected water to an external pond.
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In order to provide reliable information to be used as inputs to geotechnical engineering analyses,
investigations completed during the design process included seismic CPT with PPD tests, sonic drilling
with SPT, and an extensive laboratory testing of leach ore and tailings samples. Key analyses completed to
support the design included liquefaction assessment of the leach ore; slope stability analyses under static
and seismic loading; permanent deformations under seismic loading; and seepage in the leach ore, with a
view to identifying the potential for development of saturated zones. Results of the field investigations and
the analyses include:


Since the leach ore is currently largely unsaturated and is not expected to become saturated
in the future, liquefaction of the ore is not expected upon the occurrence of the design
earthquake event.



Limit equilibrium slope stability analyses for static and post-earthquake loading cases
indicated that static Factors of Safety met the desired minimum of 1.5; and post-earthquake
Factors of Safety met the desired minimum of 1.1.



Earthquake induced deformation analyses estimate that deformations up to 50 cm may be
expected as a result of the design event. These deformations are not anticipated to
compromise the mill sands containment.

Although the original intent was to use leach ore from the basin excavation, high in-place moisture
contents for the leach ore led to the use of alternate fill sources, including blends of leach ore and waste
rock. The suitability and compaction requirements for these borrow sources were evaluated with test fills,
laboratory testing, and fields density testing. After developing correlations between truck passes and inplace dry density, truck passes were used as the initial field control of compaction, supplemented by field
density testing.
Inclinometers and slope stability radar were used to monitor surface and subsurface displacements
during construction. No significant displacements were detected.
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Appendix A – Mine plan construction
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2nd Month

3rd Month
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4th Month

5th Month

6th Month
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Abstract
The geotechnical design of a heap leach facility generally considers a mine production plan, mineral
processing information, leaching cycles, and general information about the project site, with the aim of
defining physically stable heap geometry that will be able to allow the stacking of ore throughout its
lifetime. To meet these objectives it is important to characterize both the shear strength and hydraulic
conductivity of the ore, especially if there are lithological variations or mineral pre-processes, such as the
crushing and agglomeration technique, that will affect these properties.
The ore from the Shahuindo open pit comes from different mineralogical alterations classified as
siltstones, sandstones, sulfides, and breccias. Each lithological unit has been metallurgically characterized
and a suitable agglomeration technique for fine ore has been identified, in order to improve the Au/Ag
leachate solution recovery. Column leach tests were conducted to determine recovery percentages of ore
composed of sandstone and siltstone. In addition, tests for the mixtures of both lithologies in different
proportions, adding cement as a binder, will enable adequate proportional mixing and the use of the
agglomeration technique to increase permeability and consequently increase the rate of diffusion velocity
of cyanide solution through the pores of the ore, as well as enhance the physical stability of the heap.
The identified ore at the site presents coarse and fine particle size distributions and a wide range of
values of hydraulic conductivity coefficients that suggest using the conventional heap leach design. A
total of 77 hydraulic conductivity tests were conducted on leached, agglomerated, and non-agglomerated
ore samples from different lithologies or mixtures of them. In addition, 59 rigid wall permeability tests
and 18 flexible wall permeability tests were conducted, in order to characterize the leached ore
permeability as a function of confinement pressure. Moreover, 10 triaxial compression tests were
conducted on these samples. Finally hydraulic conductivity, SWCC and shear strength, for different
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conditions and lithology of ore from one site were obtained. Moreover, liquefaction susceptibility
assessments for the ore were evaluated.

Introduction
During the design of a heap leach pad it is common to require a geotechnical laboratory program of the
components of the heap leach design, such as the foundation materials, the liner system (composed of a
geomembrane over a low-permeability soil), borrow materials and ore, in order to define the mechanical
and hydraulic properties, as well as the metallurgical characterization of the ore. It is usual in the initial
engineering phases of the design to assume some properties of the ore material; this practice is common
for ROM (run of mine) ore, due to the fact that much is known about the heap leach design of ROM ore;
however it should not be an excuse for avoiding a thorough laboratory testing program.
In most gold mine operations, ROM ore is stacked by truck dumping, with or without a previous
crushing process, as long as the nature of the rocks makes possible a high permeability ROM ore and high
strength properties that enable a good recovery of gold during the leaching process and enhance the
stability of the heap. However, several mine operations have experienced problems associated with poor
recovery due to percolation issues caused by complex ore (Dhawan et al., 2012) as in the case of the
Shahuindo mine where the ore has varying mineralogical properties, classified as siltstones, sandstones,
sulfides, intrusive rocks, quaternary sands, and breccias.
A key element in a successful heap leach project is a heap with highly uniform permeability
(Kappes, 2005). The ore from Shahuindo contains a high percent of fines and thus needs to be crushed
and agglomerated using cement (6 kg of cement per ton of ore) with an 18% water content in order to
improve gold recovery. Agglomerated and non-agglomerated ore samples were tested, in order to
characterize leached ore permeability as a function of confinement pressure, SWCC, and strength,
according to the American Society for Testing and Materials (ASTM). Table 1 summarizes the tests and
their principal aims.
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Table 1: Summary of laboratory tests
ASTM
Standard

Number
of units

Aim

D422

25

Determine the size of particles to filter
design, wick drains installation

D422

6

Determine the size of fine particles,
filter design

D4318

25

Limits for classification, basic correlations,
susceptibility to liquefaction

C127 and
D854

10

Base for special tests

Point load test index

D5731

10

Classify the material for other uses

Consolidated-undrained triaxial
compression

D4767

12

Determine the mineral resistance for
stability analysis

Saturated hydraulic conductivity (rigid
wall)

D2434

59

Saturated hydraulic conductivity
(flexible wall)

D5084

18

Soil water characteristic curve

D6836

5

Geotechnical test
Sieve analysis
Hydrometer analysis
Atterberg limits
Specific gravity

Ore characterization for flow analysis

Geological characterization
In the open pit of the project, ores of different geological origin were identified; ore composed of
sandstone (SD) predominated for phase 1 of the project, and this does not present any problems for design
and operation. For phase 2A, the predominant ore corresponded to the intercalations of siltstonesandstone (ST-SD); however, there was a significant amount of ore SD and intercalations of sandstone
and siltstone (SD-ST). It is important to note that in the SD-ST intercalations, sandstone origin ore
predominated, while in the ST-SD intercalations siltstone origin ore predominated. In Table 2 the ore
distribution for the different phases of the project is shown.
Table 2: Mineralogical composition of ore in percentages
Geotechnical or metallurgical test

Heap Leach 1

Heap Leach
2A

Heap Leach
2B

Sandstone (SD)

64%

29%

6%

Intercalation sandstone – siltstone, Sandstone >50%
(SD-ST)

17%

27%

21%

Intercalation siltstone – sandstone, Sandstone <50%
(ST-SD)

19%

40%

60%

Brecias soil (BX)

–

2

7

Intrusive rock (ftp)

–

2

7
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Laboratory program
A geotechnical and metallurgical laboratory testing program was established to characterize the resistance
and hydraulic behavior of the ore, and the recovery potential of the leached ore samples. To estimate ore
recovery and validate a kinetic model for heap leaching, column leach tests were performed on each ore
type at the Shahuindo open pit. Moreover, several saturated hydraulic conductivity tests and soil-water
characteristic curves determination were conducted on the ore samples for transient unsaturated flow
analysis of the pregnant leached solution within the heap, and consolidated-drained triaxial tests (CU) to
estimate ore resistance in undrained conditions were also conducted.

Soil classification
Following the classification reported in Table 2, a laboratory program was developed to identify the
particle size distribution of each type of ore. Figure 1 depicts grading curves; the SD ore is primarily
classified as GP, GP-GC and GP-GM according to the USCS (unified soil classification system). The SDST ore is primarily classified as GC and GC-GM. The ST-SD ore is classified as SC, GC, and to a lesser
extent as CL.
SD

SD-ST

ST-SD

BX

Figure 1: Sieve distribution for different materials from open pit boreholes
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The average particle size distribution of the different types of ore is shown in Figure 2; this data was
used to define the index properties, filter characteristics and drainage gravel that the heap would require
in both the liner system at the base of the heap and on the zone of the interlifts. Moreover, due to the large
amount of fines and also in order to enhance the collection of the pregnant leached solution, the heap
design was likely to include a system of sub-vertical drains, which would be designed by considering the
ore particle size distribution and its hydraulic conductivity.

Figure 2: Average sieve distribution for each material

Metallurgical tests
Some of the types of ore have considerable fines content ranging from 20 to 50%, notably the ST-SD
(predominant in the 2A and 2B phases), and plasticity indexes between 6 and 12. Therefore, in order to
improve the ore permeability and solution recovery, it was decided to crush and agglomerate the ore. For
this purpose a set of metallurgical tests were performed to discern an optimum dosage of cement: 6 kg per
ton of ore, with agglomeration drums with an average moisture content of 18% for an ore with a D80 of 25
mm.

Saturated hydraulic conductivity
The ore types described in Table 2 were prepared to simulate the process of crushing and agglomeration,
in order to determine their hydraulic conductivity properties, as well as grading analysis. The test program
was developed by considering ore type and the agglomeration process, which causes higher hydraulic
conductivities at lower confinement pressures; however, the effect of the higher values of the
agglomerated ore permeability was reduced when an increase of normal stress was factored in.
Figure 3 shows the variation in permeability values for different normal stresses. It may be observed
that for the SD ore, there are no significant variations in the values of the hydraulic conductivity (K)
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remaining between the values of 1 to 0.1 cm/s, even for normal stresses up to 2,000 kPa. For SD-ST ore a
variation of K from 0.5 to 1.0E-3 cm/s was observed; this due to the sandstone material which
predominates in this type of material. On the other hand, in the ST-SD ore type a significant variation for
the value of K was obtained; for the tests without confinement a value of 0.5 to 0.05 cm/s was observed,
because of the reduction of the agglomerating effect caused by increasing the normal stresses to a
minimum. Such behavior was verified by testing at 300 kPa confinement pressure, obtaining K values
lower than 1.0E-6 cm/s. The breccia material exhibited similar behavior to the ST-SD.
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Figure 3: Hydraulic conductivity for different materials from open pit boreholes
The average K values of the different types of ore are shown in Figure 4. These were used for the
steady state and transient state flow analysis and for slope stability calculations.
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Figure 4: Average hydraulic conductivity for each material
For heap leaching operations at Shahuindo mine, the use of cement as a binder for agglomeration
was first considered for the siltstone ore, in order to limit its fines content and enhance pregnant leached
solution recovery. As a result of the metallurgical test, the agglomeration technique has established a gold
recovery of 85%. Agglomerated ore provided by Shahuindo presented coarser particle size distribution
(Figure 5a). It was tested in unconfined conditions (Figure 5a), and it was observed that the agglomerated
ore became finer as the confinement pressure was increased (Figure 5c).
a)

b)

c)

Figure 5: condition of sample ST-SD a) before first test b) after first test 0 kPa
c) after second test 300 kPa

Consolidated-undrained triaxial compression
Every kind of ore was tested in order to obtain the internal friction angles in terms of effective and total
stresses for stability analysis using the limit equilibrium method. Figure 6 depicts the distribution results
of the friction angles obtained via triaxial tests according the ASTM4767 standard.
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Figure 6: Internal friction angle distribution on each ore type

Liquefaction susceptibility analysis
Several criteria are available to assess the liquefaction susceptibility of soils. For the present research,
three of the most recent and commonly used liquefaction susceptibility criteria were used. The analyses
were conducted based on the recommendations of Seed et al. (2003), Bray and Sancio (2006) and
Boulanger and Idriss (2006).
It is well known that the key factors in susceptibility to liquefaction assessment are: plasticity index,
fines content, and water content to liquid limit ratio. The ores from Shahuindo open pit are essentially low
plasticity fine-grained soils, so it is quite probable that the agglomerated ore would undergo liquefaction
and that the ROM ore would lose cyclic strength during an earthquake. These facts caused us to assess,
using cyclic triaxial tests or more classically SPT or CPT, the undrained residual strength of the ore to the
vertical stress ratio for post-earthquake static analyses. Figure 7 depicts the potentially liquefiable zones
and details the mean Atterberg Limits of each ore analyzed. Table 3 summarizes the key factors for
assessing the susceptibility to liquefaction of Shahuindo ores for the different lithological types of ore
from the Shahuindo open pit.

220

HEAP LEACH MINING SOLUTIONS, 2016 ● LIMA, PERU
Table 3: Key factors for susceptibility to liquefaction assessment of Shahuindo ore
Geotechnical or
metallurgical test

USCS

L.L.
(%)

Fines
content
(%)

Plasticity
index (%)

Specific
gravity
(mean)

wc/L.L.

Intercalation
sandstone-siltstone
(SD-ST)

GC

28

13,2

12

2,66

1,35

No. Potential cyclic
strength loss instead.

Intercalation
siltstone-sandstone,
(ST-SD)

GC

37

49,4

17

2,67

0,95

Yes.

Intrusive sand

SM

52

47,5

18

2,59

No. Potential cyclic
strength loss instead.

SC

41

40,6

16

2,57

No. Potential cyclic
strength loss instead.

GC

30

24,1

12

2,64

Quaternary sand
Pad 1 intercalated
ore

Liquefaction
susceptibility
potential

1,07

Yes.

Figure 7: Assessment of liquefiable agglomerated and ROM ore
It is important to determine whether potentially liquefiable ores would feature clay-like behavior or
sand-like behavior. The term “sand-like” is used to define fine-grained soils where the soil skeleton is
essentially supported by the coarse fraction of the soil, and can be evaluated using standard liquefaction
procedures. The term “clay-like” is used to define fine-grained soils where the soil skeleton is essentially
supported by the fine fraction of the soil. In this case study, the ore from the Shahuindo open pit was

221

HEAP LEACH MINING SOLUTIONS, 2016 ● LIMA, PERU
mainly composed of silty and clayey sands and gravels, and it is highly probable that they will undergo
liquefaction during the pad operational works, where a high level of pregnant leached solution is
expected. Also, if liquefaction is not somehow triggered, cyclic strength loss will develop during an
earthquake for ore with fines content up to 35% based on the recommendations of Boulanger and Idriss
(2006) regarding the most appropriate testing procedures for cyclic softening evaluation of fine-grained
soils. On the other hand, Bray and Sancio (2006) recommend cyclic laboratory testing for fine-grained
soils as well as estimation of the increased pore water pressure that would develop during an earthquake.
Cyclic laboratory testing will be conducted for the ore with an important matrix of non-plastic silts (claylike behavior) and for ROM ore (sand-like behavior); SPT’s and CPTU’s must be conducted during pad
construction.

Hydraulic conductivity and shear strength discussion
•

Dhawan et al. (2012) report that agglomeration limits the size variation and increases the
permeability of an ore heap; however, the effect of agglomeration can be lost for a higher normal
stress, which is the case with finer ore such as the ST-SD ore type from Shahuindo open pit.

•

Scattering of the data increases as the fines content becomes higher, as shown in Figure 1 where
material ST-SD has a wide range of fines content between 20 to 50 %. Thus it is expected that
hydraulic conductivity coefficients would present a wide range of values, as shown in Figure 4
(see green line) where the average value of K varies from 0.5 cm/s for agglomerated ore in
unconfined conditions to 2.0E-8 cm/s at 2,000 kPa for normal stress conditions. For normal
stresses higher than 200 kPa, K values were reduced considerably as a consequence of
agglomeration properties loss due to the ore density increases and porosity reduction by means of
normal stresses increase, as shown in Figure 3, where in an after-test condition the sample
(300 kPa normal stress conditions) looks like a compacted material and does not have an
agglomerating appearance.

•

Coarse material which presents high point load indexes, such as SD ore, does not show a
considerable reduction of K values, as shown in Figure 3. It is important to note that the SD ore
has not been crushed and agglomerated.

•

It is possible to assume that the BX and ftp ore types feature similar behavior to the ST-SD ore;
moreover, these kinds of material represent only 9% of the entire heap.

•

There is a trend for K values for ST-SD and BX ore types to keep their mean K values of 1,0E8 cm/s at higher stress normal conditions.

•

It is also observed that K values for the SD-ST ore type were reduced to a minor degree as the
normal stress increased, as shown in Figure 3 where the K values are within the range of 1.0 E-2
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to 5.0 E-4 cm/s). Dhawan et al. (2012) suggested that the saturated hydraulic conductivity of the
ore sample should be at least 1.0E-3 m/s under ultimate load. This will typically be reached using
a typical pad configuration. A permeability value less than 1.0E-4 cm/s will be reached using an
interliner pad or on/off pad.
•

SD ore type friction angles are greater than any kind of ore type, even higher than 40°. Similarly,
the ST-SD ore type friction angle is less than the friction angles of the SD-ST ore type. Figure 6
depicts the friction angle values distribution for each ore type according to their geological
composition.

Conclusions
•

The saturated hydraulic conductivity of the ore decreases, based on the ore’s geological nature
and its fines content, and also as a function of confinement pressure within the heap.

•

The saturated hydraulic conductivity of the ore decreases when normal stress increases; this effect
is more marked in ST-SD and BX ore.

•

For normal stresses higher than 200 kPa, the saturated hydraulic conductivity of the ore is
considerably reduced as soon as the agglomerating properties of the ore are missed.

•

There is a significant scattering of the saturated hydraulic conductivity coefficients of the ST-SD
ore; additional data obtained via laboratory testing is required for better knowledge. It will be
necessary to conduct a geotechnical laboratory program during the pad operational works.

•

The internal friction angle of SD ore is greater than any kind of ore for normal stresses less than
600 kPa. For larger normal stresses, ranging from 600 kPa to 2,000 kPa, there will be a testing
program focused on the ST-SD material.

•

The ore from the Shahuindo open pit is potentially a liquefiable material, based upon its mean
fines content, and saturated media within the heap and plasticity index ranging between 12 to 18.
Also, if liquefaction flow failure is not triggered, cyclic strength loss is expected for the ore with
fines content greater than 30%.

•

Cyclic laboratory testing must be conducted for ore with clay-like behavior (silty sands and
clayey sands), and SPT’s or CPTU’s must be conducted for ores with sand-like behavior, such as
the ROM ore from the Shahuindo open pit.

•

Non-saturated flow analysis in steady and transient states considering the low hydraulic
conductivities of the ore must be conducted in order to estimate the pregnant leached solution
levels within the heap. This estimated phreatic level must be used in performance-based postearthquake static analyses.
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Abstract
Gold mining is a dynamic and promising industry for Colombia’s economy. However, ore development
processes are characterized by innumerable deficiencies. As a consequence, electro-winning technologies
with a lower environmental impact and greater efficiencies in gold recovery may be advantageously used
compared to other traditional methodologies, including cyanidation and amalgamation used in refractory
ores, where recovery rates are below 75%. The purpose of this research was to design a methodology to
identify and quantify ore phases in polymetallic sulfur samples through digital image treatment, and thereby
evaluate the efficiency of ore recovery in electro-winning processes using thiosulfate.
The ceramographic preparation of polymetallic sulfurs followed the ASTM E3 standard. A total of
three polished sections were obtained, from which 800 micrographs were taken using a Carl Zeiss optical
microscope. IDT was performed using open source software to write an algorithm that automatically
determines existing phases, as well as their percentage and morphology.
The samples showed the following mineral phases: pyrite, galena, sphalerite, chalcopyrite,
arsenopyrite, quartz, free gold, and others that because of their size, shape and quantity were not statistically
significant for this study. Inequigranular and subhedral pyrite crystals were also identified (58%), as well
as light grey galena crystals showing weak anisotropy and perfect cleavage at 90°, and triangular pits (15%),
sphalerite, chalcopyrite and arsenopyrite crystals (7%) and free gold <1% (Fig. 1).
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Figure 1: M3 sample (no leaching): (A) Free gold crystal, (B) Subhedral pilot crystal,
(C) Galena crystal with perfect cleavage at 90°, (D) Arsenopyrite crystals as inclusions in
sphalerite, (E) Sphalerite crystal, and (F) Sphalerite crystal with chalcopyrite inclusions
To determine the percentage of corrosion in each sample, we analyzed certain features, including
grooves and pores, observed in a total 131 crystals, including pyrite, sphalerite and galena. The Focus
Stacking technique that reduces the field depth effect (Figure 3) was used to enhance observation
conditions. (A total of 790 micrographs were used.) The micrographs used in corrosion analyses were
obtained using a 100× lens. The corrosion percentage in each crystal was determined based on the area and
perimeter for both the crystal and the corroded zone (Figure 2).

Figure 2: General view at 100×: Assay A (D, E and F), Assay B (A, B and C)

Figure 3: Galena crystal reconstruction (focus stacking)
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The Feret diameter was used to determine the most representative or higher concentration particle
size, and their behavior in oxidization and dissolution processes. The Feret parameter and corrosion pattern
evaluations helped identify changes in the various samples when undergoing electro-winning. An average
49% dissolution rate was identified in such galena, pyrite and chalcopyrite phases. Pyrite showed an average
11% corrosion.
This method enables effective evaluation in significantly shorter times than required by manual optical
characterization, which takes at least two months before full identification and quantification can be done
by a skilled operator. IDT procedures designed in this project shorten the required time by 90% and improve
statistical results as they utilize a significantly higher number of micrographs. Manual optical
characterization enables identifying 1,300 crystals per test tube, compared to IDT-s ~25,000 crystals.
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Total and differential settlement of a heap leach pad
founded on an existing mine waste dump
Harold Mantilla, Anddes, Peru
Jesús Negrón, Anddes, Peru

Abstract
As a part of a heap leach pad expansion program of a mining project located in the south of Peru, the
immediate settlement of a heap leach pad designed on an existing mine waste dump, total and differential
settlement of the foundation were calculated in order to ensure the serviceability of the leach solution
collection system and the integrity of the liner system. Several iterations were made in the grading design
plan to address settlement to guarantee a suitable foundation grade of at least 2%. The construction process
took this into account by applying a staged construction analysis. Therefore, the structural components were
not damaged, while the requirements of the leach drainage paths and construction design were met.
Moreover, the behavior of the heap leach under irrigation was evaluated to verify the serviceability of
the leach drainage paths. The initial and the final slope in terms of vertical displacements of the liner system
are presented with the materials involved in the settlement analysis. The settlement analysis was made with
the FEM (Finite Element Method); while the behavior of the materials was modeled using the linear elastic
perfectly plastic Mohr-Coulomb model and Hardening Soil model.

Introduction
According to Lupo (2005) a critical component to the operation of a heap leach facility is the liner system
and when properly designed and constructed is an environmental and operational benefit to the facility.
Lupo (2005) highlighted the relevance to include the interaction between the various liner system
components such as foundation, underliner soils, geomembrane, overliner materials and collection piping
in the liner system design. Lupo (2005) recognized that the understanding of liner systems for heap leach
facilities has evolved in response to several factors i.e.: long-term response of geosynthetics under high
loads; significant ore loads (up to 3 MPa); spatial variability of foundation materials; improvements in
solution collection techniques for better recovery and the commitment of mining companies to local,
national and international environmental standards.
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Later César et al. (2014) added other factors to be included in the liner system design, mainly due to
the fact that in the last decade the construction and operation of heap leach facilities over 150 m thick in
large mining projects has become a common practice in the mining industry because of economic issues,
restrictive topographic conditions, lack of space on the property or mine concession boundaries, reduction
of closure and remediation costs, and reduction of the availability of agricultural land.
Additionally, César et al. (2014) developed some solutions to ensure geomembrane integrity for the
design of heap leach facilities with significant ore loads (up to 3 MPa), the main issues were the punctures
caused by high loads and in some cases severe yield zones have been observed, which compromise the
geomembrane integrity. To avoid damage César et al. (2014) recommended increasing the geomembrane
thickness to 2.5 mm or using a 270 gr/m2 non-woven geotextile or heavier depending heap load increments.
Geomembrane protection with non-woven geotextile must be performed in zones where the heap load is
120 m or 130 m which has to be verified with puncture testing. Also César et al. (2014) considered that the
use of geotextile will generate a new interface between the geomembrane and the geotextile so it must be
applied far from the critical failure surface influence zone of the limit equilibrium analysis.
Considering authors points of view (Lupo, 2005; César et al., 2014), is necessary to prevent any
damage to geomembrane by developing innovative solutions and taking into account several factors due to
significant ore loads, in addition specially care need to be considered when it comes down to foundation
conditions because one of the most important aspects of liner system design is foundation conditions and
foundation materials (Lupo, 2008). The ideal foundation is firm and homogeneous to reduce settlements
under loads which will induce strains on the geomembrane liner and piping networks. Unfortunately, as
stated by Lupo (2005), ideal foundation conditions are rarely encountered in mine sites located in high
Andean mountains of South America.
In the present paper considerations made by Lupo (2005) and César et al. (2014) were taken into
account in the liner system design of a heap leach pad extension called phase A and B with 2,2 MPa of a
maximum ore load. Phase A founded partially on an existing mine waste dump (MWD) in the south and on
an existing heap leach pad called phase 2 to the north and phase B founded entirely on the existing MWD
as can be seen in Figure 1. Part of the existing MWD was unfinished so in this study the final stacking plan
was modified to address stability and settlements prior heap leach pad construction.
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Figure 1: Plan view and representative cross section of the heap leach extension
The grading plan was defined by foundation conditions since the heap leach extensions (phase A and
B) were founded on an existing MWD. The grading plan was modified after an iterative process by running
numerical analysis based on finite element method then the calculated foundation settlements were
integrated into the grading plan for the heap leach extensions.

Case study geotechnical overview
The case study presented is a heap leach pad extension (HLP) design project, located in the southern of
Peru, developed for one of the most important gold mines in the region. A new HLP with a capacity of 17
Mm3 (13 Mm3 for phase A and 4 Mm3 for phase B) and maximum height of over 120 m was needed in the
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short term for the future development of the mine. Due to lack of space and suitable locations the HLP was
designed on top of an existing MWD. The HLP was designed in stages, where Phase A was founded
partially on the existing MWD in the south and on an existing HLP called phase 2 to the north and phase B
founded entirely on the existing MWD. Based on previous geotechnical investigations the foundation
condition of the existing MWD and HLP was mainly composed by a large and heterogeneous moraine
deposits, residual deposits and bedrock. The new HLP will be founded on top of the existing MWD which
is composed by coarse and fine mine waste, therefore, immediate settlements due to fine mine waste,
rotational and translational failures along the foundation and interface of the new HLP and seismic
permanent displacements in the new HLP and MWD due to coarse and fine mine waste were expected.
The liner system design behavior due to immediate settlement is cover in this paper.

Soil profile model
In general, the foundation conditions fulfil the requirements to be a firm foundation duo to pre-loading of
the existing HLP called phase 2, and with foundations levels varying from 0.5 m to 1.5 m composed by soft
and loose residual and moraine deposits, respectively. However, the new HLP (phases A and B) were
designer on top of the exiting MWD so this was the worse foundation condition in the entire project, the
soil profile for the new HLP in this area was composed by moraine deposits, an intercalation between fine
mine waste (30 m thick) and coarse mine waste (up to 50 m thick) and structural fill (2.2 m thick). The
mining company provided designers as-built drawings before MWD construction and geotechnical
investigations of the existing HLP as well as as-built drawings, additionally some laboratory tests were
carried out in order to properly determine the spatial variability and geotechnical properties of fine and
coarse mine waste due to lack of information.

Determination of geotechnical parameters
Physical and mechanical properties of materials which were considered in the numerical model were
estimated based on previous geotechnical studies, geotechnical site investigations, field tests and laboratory
tests.

Geotechnical parameters
The following materials were considered in the numerical model:
 Mineral
 Coarse mine waste
 Fine mine waste
 Moraine deposit
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 Structural fill
 Bedrock
Two constitutive models were used to model soil behavior, Mohr-Coulomb model (MCM) and
Hardening Soil Model (HSM) both implemented in Plaxis 2D 2016 software.

Soil parameter determination
Structural fill and Moraine deposit were modelled with MCM because of its little effect on settlement
calculation; similarly Bedrock was modelled with Linear Elastic model. On the other hand, HSM were
applied to fine, coarse mine waste and mineral to address settlement, specifically their great impact on
settlement calculation.

Soil parameters from laboratory tests
According to Gebreselassie et al. (2005), there are three terms often mentioned and discussed nowadays in
computational mechanics these are verification, validation and calibration. The author considers that
calibration is the process of adjusting physical or numerical modeling parameters to improve agreement
with laboratory or experimental data.
For fine and coarse mine waste and mineral, a calibration process was carried out by using some tools
for instance Plaxis SoilTest which can be used to simulate laboratory soil tests and its Parameter
Optimization function, also some criteria were applied during calibration process taking into account the
influence of each HSM parameters that can be summarized in Table 1.
Table 1: Influence of Hardening Soil Model parameters on material model parameter
determination (modified after Gebreselassie et al., 2005)
Stress - Strain behavior
Soil parameter

Triaxial loading condition

Volume change

Strength at limit
state

Loading

Un/reloading

𝑟𝑒𝑓

✔✔✔

X

✔✔

X

𝐸𝑜𝑒𝑑

𝑟𝑒𝑓

✔

X

✔✔✔

X

𝐸𝑢𝑟

𝑟𝑒𝑓

✔

✔✔✔

X

X

m

✔✔✔

✔

✔✔✔

X

ʋur

X

✔

X

X

𝐾𝑜𝑛𝑐

✔

X

✔

X

Rf

✔✔

X

X

X

✔✔ = has an effect

✔ = has a slight effect

X = has no effect

𝐸50

✔✔✔ = has a considerable effect
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Several iterations were made in HSM parameters until a good agreement was observed between
simulated and laboratory data of stress-strain curves along with volume change. MCM and HSM parameters
used in the present paper are summarized in Table 2.
Table 2: Soil parameters for settlement calculations

Moraine
deposit

Structural
fill

Bedrock

Fine
mine
waste

Coarse
mine
waste

Mineral

𝑟𝑒𝑓

–

–

–

24

35

50

𝑟𝑒𝑓

–

–

–

15

35

40

𝑟𝑒𝑓

–

–

–

70

105

120

m

–

–

–

0.92

0.3

0.05

ʋur

–

–

–

0.2

0.2

0.3

𝐾𝑜𝑛𝑐

–

–

–

0.67

0.38

0.36

Rf

–

–

–

0.9

0.9

0.9

K0

–

–

–

–

–

–

E (MPa)

70

60

1,000

–

–

–

v

0.3

0.3

0.15

–

–

–

Cohesion (KPa)

10

1

–

17

15

14

Friction (ª)

28

36

–

19.5

38

39.5

Unit weight
(KN/m3)

18

19

23

15

16

17

Saturated unit
weight (KN/m3)

19

20

24

16

17

18

Soil parameter

𝐸50 (MPa)
𝐸𝑜𝑒𝑑 (MPa)
𝐸𝑢𝑟 (MPa)

Finite element model and calculation stages
The finite element model is shown in Figure 2. The model is extended to a depth of 100 m where a fully
fixed boundary is imposed, lateral boundaries are horizontally fixed and top surface has a free boundary
condition. The size of the model as a whole is 900 m wide and 200 m high. Triangular elements with 15
nodes were used in generating the mesh. This element provides a fourth order interpolation for
displacements and it involves twelve numerical integration stress points (Gauss points) (see Plaxis 2D
reference manual). The model has 8,608 elements, 69,545 nodes and 103,296 stress points.
The following construction stages have been followed in the computation:
 Stage 0: Generation of the initial stresses (Gravity loading method), including a modified design
of the existing MWD and optimized grading plan
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 Stage 1 to stage 15: Application of ore loads for phase A (activating lift by lift, each of 8 m thick,
up to maximum height 120 m)
 Stage 16: Application of fine and coarse mine waste loads for MWD expansion
 Stage 17 to 31: Application of ore loads for phase B (activating lift by lift, each of 8 m thick, up
to maximum height 120 m)

Total and differential settlement, analysis of results
Prior settlement calculation 5 control points (A, B, C, D and E) were placed along the liner system for phase
A and phase B, each of them corresponding to vibrating wire settlement cells. The proposed instrumentation
will allow designers to calibrate the numerical model during HLP construction and operation. Control points
are presented in Figure 2. The initial foundation grade was 5% along the liner system between the new HLP
and the existing MWD.

Figure 2: Control points A, B, C, D and E

Settlement calculation: phase A
Settlement analysis between phase A and the existing MWD give a maximum settlement of 1.2 m near C
and D control points. The results of vertical displacements in control points located along the liner system
showed a minimum variation of foundation grade with foundation grades varying from 6.2% to 4.2%. As
expected the foundation grade has a slight increase in zones with smaller ore loads compared to zones with
higher ore loads in other words some areas present an increase and others a reduction of foundation grade,
which can be appreciated in Figure 3 where blue line represent initial foundation grade and red dashed line
the final foundation grade. In Figure 3 the vertical scale was intentionally exaggerated. Additionally a
summary of total settlement calculation for phase A is presented in Table 3, horizontal settlement were
neglected because of its small values.
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5.0%
5.5%

4.4%

Figure 3: Foundation grade along liner system between phase A
and the existing MWD (initial and final foundation grade)
Table 3: Total settlement calculation results for phase A

Cross section

Section 1-1’/
Phase A

Initial
elevation
(msnm)

Final
elevation
(msnm)

Total
settlement

A

4,403.4

4,403.4

B

4,398.2

C

Control
points

Foundation grade
Initial

Final

0.0

–

–

4,397.7

0.5

5.0

5.5

4,394.6

4,393.4

1.2

5.0

6.0

D

4,394.2

4,393.0

1.2

5.0

5.0

E

4,391.1

4,390.3

0.8

5.0

4.3

Differential settlement: phase A
A LLDPE geomembrane was selected considering that geomembrane type should be compatible with
predicted foundation settlements; therefore, geomembrane integrity was verified according to differential
settlement. Differential settlements are summarized in Table 4. Differential settlements were calculated
between B-C and D-E control points and settlement ratio along B-C or D-E.
Table 4: Total settlement calculation results for phase A

Reference

Distance between
control points

Differential settlement

Settlement ratio

B-C

75

0.7

0.009 L

D-E

60

0.4

0.007 L
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Settlement calculation: phase B
Settlement analysis between phase B and the existing MWD give a maximum accumulated settlement of
2.1 m near C and D control points. The results of vertical displacements in control points located along the
liner system showed a minimum variation of foundation grade with foundation grades varying from 5.7%
to 3,5%. As expected the foundation grade has a slight increase in zones with smaller ore loads compared
to zones with higher ore loads in other words some areas present an increase and others a reduction of
foundation grade, which can be appreciated in Figure 4 where blue line represent initial foundation grade
and red dashed line the final foundation grade. In Figure 4 the vertical scale was intentionally exaggerated.
Additionally a summary of total settlement calculation for phase A is presented in Table 4, horizontal
settlement were neglected because of its small values.

5.0%
5.2%

3.5%

Figure 4: Foundation grade along liner system between phase B and the existing MWD
(initial and final foundation grade)
Table 4: Total settlement calculation results for phase B

Cross section

Section 1-1’/
Phase B

Initial
elevation
(msnm)

Final
elevation
(msnm)

Total
settlement

A

4,403.4

4,402.0

B

4,398.2

C

Control
points

Foundation grade
(%)
Initial

Final

1.4

–

–

4,396,2

2.0

5.0

5.6

4,394.6

4,392.5

2.1

5.0

5.1

D

4,394.2

4,392.1

2.1

5.0

5.0

E

4,391.1

4,389.9

1.2

5.0

3.5

Differential settlement: phase B
A LLDPE geomembrane was selected considering that geomembrane type should be compatible with
predicted foundation settlements; therefore, geomembrane integrity was verified according to differential
settlement. Differential settlements are summarized in Table 5. Differential settlements were calculated
between A-B, B-C and D-E control points and settlement ratio along A-C, B-C and D-E.
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Table 5: Total settlement calculation results for phase B

Reference

Distance between
control points

Differential settlement

Settlement ratio

A-B

105

0.6

0.006 L

B-C

75

0.1

0.001 L

D-E

60

0.9

0.015 L

Analysis of results
Several investigations demonstrated that large area or total settlements, which are relatively uniform, will
induce little additional strain and tensile stress in HDPE geomembranes (Bonaparte et al., 1987; Duvall et
al., 1992; Berg et al., 1993), therefore, the increase in geomembrane tensile stress is associated with the
magnitude of differential settlements rather than total settlements (Warith, 1994), besides geomembrane
strain or stress concentrations as a result of an abrupt change in geometry may induce failure even though
the average strain or stress on the geomembrane is not enough to cause failure (Giroud, 2005).
The maximum allowable strain (MAS) of geomembranes is in general related to physical and
mechanical properties, government regulations or designer criteria. For instance, some researchers found
that the allowable strain could be as low as 3% if the yield strain for an HDPE is 11 to 14% (Arab, 2011)
or 10% for LLDPE with densities greater than 0,935 g/cm3 due to its higher relaxation rate (Peggs, 2005).
On the whole, small areas with an abrupt change in geometry and higher differential settlement is
prone to fail, in the present study these factors are not applicable since the HLP is placed over a large area
and because the calculated settlements are relatively uniform along the interface.

Verification of leach drainage paths
Slide software was employed to determine the leach drainage paths after immediate settlements have been
occurred along the HLP foundation. This analysis was performed only to verify the serviceability of the
final grading plan by assuming a uniform permeability for leach ore and an irrigation rate of 11 l/h/m2 (0.26
m/d) according to mining design criteria.
The required leach area to be irrigated was estimated from equation 1.
𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑙𝑒𝑎𝑐ℎ 𝑎𝑟𝑒𝑎, 𝑚2 =

𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (𝑡𝑝𝑑)𝑥𝑙𝑒𝑎𝑐ℎ 𝑐𝑦𝑐𝑙𝑒 (𝑑𝑎𝑦𝑠)
𝑡

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 ( 3 )𝑥𝐿𝑖𝑓𝑡 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 (𝑚)
𝑚

(1)

In the present study the resultant required leach area was 100,000 m2 (also minimum crest area),
assuming a production of 21,000 tdp, ore density equal to 1.65 t/m3, leach cycle 60 days and lift thickness
8,0 m as stacked and 7.5 m as settled. For 2D infiltration analysis the irrigation length along the HLP surface
was calculated for a square area equal to the required leach area, therefore, the irrigation length was 316 m
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long. A transient analysis was carried out for the HLP taking in to account the leach cycle (60 days) with
an isotropic permeability of 1e-1 cm/s for crushed ore. As can be seen in Figure 5, the leach drainage path
follows the resultant liner system (after settlement has been occurred).
316 m
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Figure 5: Infiltration analysis results after one leach cycle (60 days)

Conclusions
Since ideal foundation conditions are rarely encountered in mine sites located in high Andean mountains
of South America, especially care need to be considered in the liner system design, for instance, in the
present study liner system design was highly dependent of foundation conditions due to total and differential
settlements.
To address total and differential settlements, advanced numerical models have proven to be useful to
integrate settlements into liner system design, however, when calibration process is carried out is
recommended to consider the influence of constitutive model parameters, for instance, hardening soil model
parameters to model loading or unloading/reloading conditions are totally different, therefore, in this study
the influence of each parameter as a result of parametric study is include as a criteria for calibration process.
Settlement calculations allow designers to decide whether changing geometry of HLP or foundation
grade would ensure geomembrane integrity, increase solution recovery and fulfil environmental
regulations. In this study was necessary to change initial grading plan from 2% as minimum grade for
solutions recovery to 5% considering change of initial grade because of immediate settlements along with
random (aleatory) and subjective (epistemic) uncertainty.
During construction of HLP phase A, foundation grade changed from 5% to 6% in areas with small
ore loads (at the toe) and from 5% to 4.3% for higher ore loads. Then for phase B settlement along liner
system is generally uniform (about 2 m) along the interface between HLP (phase A and B) and the existing
MWD, therefore, factors that increase the probability of failure of the liner system for instance small areas
with stress and strain concentrations, abrupt change in geometry and higher differential settlement are not

239

HEAP LEACH MINING SOLUTIONS, 2016 ● LIMA, PERU
applicable since the HLP is placed over a large area and because the calculated settlements are relatively
uniform along the interface.
The infiltration analysis showed that the leach drainage paths successfully follow the resultant liner
system (after settlement has been occurred). A required leach area (100,000 m2), leach cycle (60 days) and
an isotropic permeability of 1e-1 cm/s for crushed ore were used as input parameters.
The LLDPE nonlinear behavior, stress and strains concentration along the liner system can be
evaluated considering the LLDPE geomembrane as a structural element with two shear interfaces (above
and below the geomembrane).
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Stress redistribution of
adjacent solution collection pipes
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Abstract
Corrugated dual-walled polyethylene pipes are commonly used in the solution collection system of heap
leaching facilities. Under load, these pipes tend to deflect, thereby developing passive soil support at the
sides of the pipe. At the same time, the vertical deflection of the pipe generates vertical movement of the
ore column above the pipe, inducing an arching action which relieves the pipe of the major portion of the
vertical load. The deflection of the pipe creates stress redistribution near the solution collection pipe with a
significant reduction in stress immediately below the pipe and an increase in stress along the sides of the
pipe. The zone of stress increase extends to about four pipe diameters to each side of the pipe. There are
some instances when the designer specifies two adjacent pipes, with same or different diameters, to have a
horizontal separation keeping the second pipe away from the overstressed zone. This specification is
founded on the belief that the arching effect of one pipe will increase the stress on top of the adjacent pipe
causing excessive deflection.
This paper presents the results of a series of finite element models, which were calibrated with
published laboratory tests, to evaluate the effects of stress redistribution on adjacent pipes. Four cases were
evaluated: a single pipe, two pipes separated by five-pipe diameters, two pipes separated by one pipe
diameter, and two pipes with different diameters separated by one pipe diameter. The results indicate that
the arching action of one pipe does not substantially increase the stress on top of the adjacent pipe. The
calculated deflection of a single pipe is somewhat similar to the deflection of two adjacent pipes. Adjacent
pipes deflect due to the weight of the ore developing their own arching effect and redistributing the stresses
on the adjacent zones, in between the pipes and outside the pipes. The overstress generated in the zone
between the pipes is larger than that outside the pipes. The results of this paper will help regulators and
designers understand the stress redistribution of adjacent flexible pipes in heap leaching facilities and make
decisions regarding the proper separation of adjacent solution collection pipes and the adequate
geomembrane protection in the overstressed zones.
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Introduction
Flexible pipes are commonly used in the solution collection systems of heap leaching facilities. These pipes
deflect under the weight of the ore causing a vertical movement of the ore column above the pipes. At the
same time, the ore surrounding the yielding ore column remains stationary. The movement between the
yielding and stationary portions of the ore causes shear stress to develop. The shearing resistance developed
on the stationary ore opposes the downward movement of the yielding ore causing a transfer of loads from
the yielding ore to the base of the stationary ore. As a consequence, there is a reduction in stress immediately
above the pipe and an increase in stress along the sides of the pipe. This transfer of stresses is known as soil
arching phenomenon.
Leduc and Smith (2004) investigated the effects of stress distribution near solution collection pipes
using a series of finite element models which were calibrated using results of both small and large scale
laboratory tests. They concluded that there was a significant stress reduction immediately below the pipe
and that the stress at a distance of about one pipe diameter increased to about 125% of the overburden. They
added that the zone of overstress extends to approximately four pipe diameters.
Smith et al (2005) performed laboratory high-load deflection tests with loads up to 2,000 kPa on
approximately 30 combinations of pipe and soil. The overliner was compacted from 78% to 88% of standard
Proctor (typical overliner field compaction). The results showed a strong correlation between the initial
degree of compaction and the vertical pipe deformation. Therefore, the behavior of solution collection pipes
subject to ore loads depends not only on the rigidity of the pipes, but also on the density of the surrounding
soil. It is very difficult to place and compact overliner under the haunches of the pipe. Even compacting the
overliner on either side of the pipe will leave a low density area beneath the pipe.
There are some instances when the designer specifies two parallel or adjacent pipes, with same or
different diameters, to have a horizontal separation keeping the second pipe away from the overstressed
zone. It has been assumed that if a flexible pipe is placed within the overstressed zone of another flexible
pipe, one or both pipes will be subject to unforeseen higher stresses causing the pipe to undergo excessive
deflection or ultimately collapse.
In order to understand the effects of the stress redistribution on adjacent solution collection pipes, a
series of finite element models were run and calibrated using the results of published laboratory tests.

Numerical method
The Finite Element Method (FEM) was used to model the stress distribution around flexible pipes using
the software program SIGMA/W, which performs stress and deformation analyses. The section properties
of the two flexible pipes used in the modeling are shown in Table 1.
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Table 1: Section properties for N-12 pipe per AASHTO
Nominal pipe
diameter (mm)

Section area
(mm2/mm)

Moment of inertia
(mm4/mm)

100

1.60

16

450

7.01

1,237

The flexible pipes were simulated assuming a structural beam with a modulus of elasticity (E) for
polyethylene of 758 megapascal (MPa) for short-term conditions. A 1-meter (m) thick overliner (drain
gravel) was assumed in the model. Figure 1 shows the geometry of the numerical model with the first ore
lift 6 m thick. Subsequent ore lifts were modeled applying distributed loads above the first lift.
The elasticity modulus of the overliner used in the model is a function that was developed from results
of confined compression-strain tests conducted on 25-millimeter (mm) clean crushed gravel. The overliner
was placed in a rigid cylindrical container without compaction. The stress-strain results were used to
determine the constrained soils modulus (Ms). The elasticity moduli were calculated by multiplying Ms by
a constant k, whose value lies between 0.7 and 1.5 as found by elastic analysis (Chamber et al. 1980). Burns
and Richard (1964) indicated that for most flexible pipe installation the value of k is very close to unity.
The resulting moduli were compared with the results of the laboratory tests performed by Smith et al.
(2005). The elasticity modulus of the ore was assumed constant with a value of 4,376 kilopascal (kPa). The
material model for both the overliner and the ore were assumed to be linear elastic. The model was
calibrated with the results of the tests conducted by Smith et al. (2005).
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Figure 1: Model geometry
Four cases were evaluated: a single pipe, two pipes separated by five pipe diameters, two pipes
separated by one pipe diameter, and two pipes with different diameters separated by one pipe diameter.
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Results
Single pipe
Figure 2 shows the stress distribution around the 450-mm diameter pipe after the first lift of ore has been
placed. The weight of the overliner plus the weight of the first lift exert a total stress of about 125 kPa at
80

the floor of the system away from the pipe. The stress above and below the pipe is reduced due to the soil
arching effect and the stress on the floor increases to about 165 kPa at about one pipe diameter. This
represents a stress increase of about 132% of the overburden, somewhat similar to what Leduc and Smith
(2004) estimated; however, the zone of overstress extends to about three pipe diameters. In this case, the
pipe deflects 7.4 mm. The 80 kPa contour above the pipe is located about one pipe diameter.

100
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120

60

140

16
0

3

4

5

6

7

Distance - m

Figure 2: Single pipe with first ore lift
Figure 3 shows the stress distribution after 15 ore lifts equivalent to a height of about 90 m. The stress
on the floor away from the pipe caused by the overburden is about 1,534 kPa. The stress on the floor
increases to 2,049 kPa within one pipe diameter representing an increase of about 134% of the overburden
and the zone of overstress extends to about two pipe diameters. Under this loading condition, the pipe
deflects 102.6 mm, corresponding to approximately 22.4% deflection.
As the pipe deflects vertically, the pipe tends to elongate laterally developing passive resistance on
the adjacent overliner. In Figure 3, it is shown that the lateral passive stress reaches a maximum value of
about 3,400 kPa. Similar modeling was performed for the 100-mm diameter pipe with resulting deflections
of 1.5 mm and 20.5 mm for the first lift and 15 lifts, respectively. The 1,200 kPa contour above the pipe is
located at about one pipe diameter.
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Figure 3: Single pipe with 90 m of ore

Two pipes separated by five pipe diameters
Two 450 mm diameter pipes were placed on the floor separated by five pipe diameters. Figure 4 presents
the results of the model with the pipes loaded by the first lift. It can be seen that the stress distribution is
80

similar to that of a single pipe. In this case, both pipes deflect the same amount 7.4 mm, similar to 80the
deflection calculated using a single pipe. The 80 kPa contour above the pipes is located at about one pipe
diameter.
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Figure 4: Two pipes separated by five pipe diameters with first ore lift

247

9

10

HEAP LEACH MINING SOLUTIONS, 2016 ● LIMA, PERU
Figure 5 presents the results of the modeling with the two pipes loaded with 90 m of ore. As shown,
the stress distribution around both pipes are similar and these distributions are similar to that of a single
pipe. In this case, both pipes deflect the same amount, that is 103 mm, which is somewhat similar to the
deflection calculated using a single pipe. The 1,200 kPa contour above the pipe is located at about one pipe
diameter.
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Figure 5: Two pipes separated by five pipe diameters with 90 m of ore
Based on these results it can be concluded that the arching effect on one pipe does not affect the
second pipe when they are separated by five pipe diameters. The results show that the arching effect
(reduction in stress above the flexible pipes) begins at about one and a half pipe diameter (location of the
1,400 kPa contour) above the pipe, independent of the loading condition.

Two pipes separated by one pipe diameter
The pipes are placed one pipe diameter apart and are now within the zone of overstress caused by the soil
arching effect. Figure 6 presents the stress distribution when the pipes are loaded with the first lift. The
stress distribution on the exterior sides of the pipes appears to be similar to the two previous cases; however,
the stress distribution between the pipes are interconnected and the 180 kPa stress contour extends to the
floor creating a zone of overstress between the pipes. This represents a stress increase of approximately
162% of the overburden.
In this case, the pipe deflects 8.0 mm, which is 0.6 mm higher than the deflection of a single pipe. The
zone of overstress outside the pipes extends to about three pipe diameters and the 80 kPa contour above the
pipe is located at about one pipe diameter.
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Figure 6: Two pipes separated by one pipe diameter with first ore lift
The same can be said about the stress distribution for the case when the pipes are loaded with 90 m of
ore (Figure 7). The stress distribution between the pipes are interconnected and the 2,400 kPa contour
extends to the floor creating a zone of overstress. This represents a stress increase of 164% of the
overburden. Both pipes deflect 111.1 mm, which is 8.5 mm higher than the deflection of a single pipe. This
deflection represents about 24.3% of the original pipe diameter. The zone of overstress outside de pipes
extends to about two pipe diameters. The 1,200 kPa contour above the pipe is located at about one pipe
diameter.
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Figure 7: Two pipes separated by one pipe diameter with 90 m of ore
Based on these results, it can be concluded that the arching effect on one pipe slightly affects the
second pipe when they are separated by one pipe diameter; however, the stresses in the floor area between
the pipes increase substantially. The results also show that the arching effect (reduction in stress above the

249

HEAP LEACH MINING SOLUTIONS, 2016 ● LIMA, PERU
flexible pipes) begins at about one and a half pipe diameter above the pipe, independent of the loading
condition.

Two pipes with different diameters separated by one pipe diameter
80

Two pipes with different diameters are placed in the floor separated one diameter (bigger pipe) apart. One
pipe has a diameter of 450 mm and the second pipe has a diameter of 100 mm, which is the typical size for
laterals in a solution collection system. As expected, the stress distribution of two pipes with different
diameters is not symmetrical. The stresses between the pipes are interconnected. For the case when the
pipes are loaded with the first lift, the stress in a portion of the floor near the smaller pipe increases to about
167 kPa (Figure 8), representing a stress increase of approximately 134% of the overburden. In this case,
the bigger pipe deflects 7.4 mm and the smaller pipe deflect 1.6 mm. These deflections are similar to those
of single pipes (7.4 mm and 1.5 mm for the big and small pipes, respectively). The 80 kPa contours above
the big and small pipes are located at about one pipe diameter, respectively.
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Figure 8: Two pipes different diameters separated by one pipe diameter with first ore lift
Figure 9 presents the stress distribution for the pipes loaded with 90 m of ore. In this case, the stress
in the floor between the pipes increases to 2,069.5 kPa, representing a stress increase of about 136% of the
overburden. This overstress is smaller (between pipes) than that generated by two same size 450 mm pipes.
In this loading condition, the bigger pipe deflects 103.3 mm and the smaller pipe deflect 23.0 mm. These
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deflections are slightly higher than those of single pipes (102.6 mm and 20.5 mm for the big and small
pipes, respectively). The zone of overstress outside de pipes extends to about two pipe diameters. The 1,200
kPa contours above the big and small pipes are located at about one pipe diameter, respectively.
Based on these results, it can be concluded that the arching effect on one pipe slightly affects the
second pipe when they are separated by one pipe diameter. The results also show that the arching effect
(reduction in stress above the flexible pipes) begins at about one and a half pipe diameter above the pipe,
independent of the pipe size and loading condition.
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Figure 9: Two pipes different diameters separated by one pipe diameter with 90 m of ore
The pipe deflections and the stress increases are used to evaluate de arching effect on adjacent pipes.
Table 2 presents a summary of these parameters obtained from the numerical modeling.
Table 2: Summary of results
Deflection first lift/
25 lifts (%)

Stress Increase on the floor
first lift/15 lifts (%)

Single pipe 450 mm diameter

1.6/22.4

132/134

Single pipe 100 mm diameter

1.5/20.5

140/141

Two 450 mm pipes separated five
pipe diameter

1.6/22.5

134/135

Two 459 mm pipes separated one
pipe diameter

1.7/24.3

162/164 (between pipes)

1.6/22.6 (450 mm pipe)
1.6/23.0 (100 mm pipe)

154/155 (between pipes)

Case

One 450 mm pipe and one 100 pipe
separated one pipe (450 mm)
diameter
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Conclusion
The results indicate that the arching action of one pipe does not substantially increase the stress on top of
the adjacent pipe. The arching effect (reduction in stress above the flexible pipes) begins between one to
one and a half pipe diameter above the pipe and is independent of both the pipe size and the loading
condition.
The calculated deflection of a single pipe is somewhat similar to the deflection of two adjacent pipes.
Adjacent pipes develop their own arching effect causing a redistributing of stresses on the adjacent zones,
in between the pipes and outside the pipes. The overstress generated in the zone between the pipes is larger
than that outside the pipes.
Pipes of the same size separated by one pipe diameter generate higher stresses in the floor between
the pipes compared to the zone outside the pipes. This is caused by the combined arching effect of both
pipes over the zone between the pipes. A big pipe and a small pipe separated by one pipe diameter generate
also higher stresses in the floor between the pipes, but the resulting stresses are not as high as those
generated by same size pipes.
It is a myth that two adjacent pipes should be separated more than five pipe diameters. Based on the
results of this modeling effort, it is concluded that parallel pipes can be placed even at one pipe diameter
apart. Shorter separation between pipes is not recommended because it is impractical to place and compact
overliner between the pipes.
Provisions should be made to protect the geomembrane in zones of high stress. The overstress zone
generated by adjacent pipes for high heaps extends to about two pipe diameters.
An important parameter in pipe deflection modeling is the modulus of soil reaction which is not a soil
property. It is an empirical soil parameter that has to be back-calculated with experiments measuring the
deflection of pipes subject to different loadings. Another option is to determine the constrained soil modulus
performing one-dimensional tests and then calculating the modulus of soil reaction using a constant k,
whose value lies between 0.7 and 1.5.
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Solution collection pipes on slopes
Marvin Silva, Tierra Group International, Ltd., USA
Jose Cordova, Agnico Eagle Mexico, Mexico
Francisco Barrios, Tierra Group International, Ltd., USA

Abstract
The solution collection system commonly used in heap leach facilities consists of a basal drainage layer of
crushed rock (overliner) and embedded perforated pipes installed above the geomembrane and below the
ore heap. The solution percolates vertically downward through the entire ore column, flows along the
overliner, and enters the pipes with zero hydraulic head. The pipes are designed and spaced to convey the
operational leach and design storm flows while maintaining low hydraulic heads on the geomembrane.
Some heap leach facilities are constructed in mountainous terrain with steep slopes where it is not
practical to place overliner. This is the case for the Creston Mascota gold mine (Phase 3), owned and
operated by Agnico Eagle Mexico. The ore is crushed to a nominal size of 9.5 millimeters (mm) with a
maximum fines content of 6.5%. A finite element seepage model was developed for Phase 3 of the heap
leach facility to determine the hydraulic head created on the geomembrane for different scenarios. Two
zones were evaluated: a bottom area with a “flat” (gentle) slope and a steep (2H:1V) side slope. The bottom
area was designed with a 1 m thick overliner and the steep side slope was designed with no overliner, the
crushed ore was in direct contact with the geomembrane. It was assumed that a single pipe at the toe of the
slope would be sufficient to remove the solution without having an increase in the hydraulic head on the
geomembrane on the slope. However, the results show that a series of solution collection pipes are required
on the slope to lower the hydraulic head. The seepage model was run several times decreasing the pipe
spacing until a hydraulic head less than 2 m was achieved. The results of the seepage model were compared
with the results obtained using the conventional drain spacing equation used in the industry to calculate
spacing of drain pipes on flat ground. The results of the seepage model indicate that solution collection
pipes are required on steep slopes in order to maintain low hydraulic head on the geomembrane.
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Introduction
The Creston Mascota gold mine is owned and operated by Agnico Eagle Mexico and located approximately
150 kilometers (km) west of the city of Chihuahua, Mexico. The heap leach facility is located in
mountainous terrain and the Phase 3 expansion is located in a valley between two mountains. Phase 3 was
graded with a gentle sloping area (about 4% to the east) between mountains with slopes no greater than
2H:1V (Figure 1).

Figure 1: Grading plan for Phase 3
The “flat” area was designed with a 1-m-thick overliner, whereas the slope areas were designed with
no overliner, and the crushed ore was in direct contact with the geomembrane. The nominal size of the
crushed ore is 9.5 mm with a maximum fines content of 6.5%.
The overliner is generally used as a protective layer to protect the geomembrane’s integrity from
damage during ore placement. The second function of the overliner is to promote leachate solution drainage
into the piped leachate collection system and, therefore reducing head loading on the liner (reducing the
potential risk of leachate solution losses through the liner) and maximizing solution recovery.
In the design of the solution collection system, it was expected that a single pipe at the toe of the slope
would be sufficient to remove the solution without having an increase in the hydraulic head on the
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geomembrane on the slope. At first, it was assumed that the solution irrigated on the ore in the slopes, after
reaching the liner, would convey quickly along the sloping ground to the pipes located at the toe. After
conducting a preliminary seepage model, it was found that the hydraulic head on the geomembrane was
higher than the maximum allowed. Therefore, a series of seepage models were run placing laterals on the
slope at different spacing until a hydraulic head less than 2 m was achieved.

Numerical method
The Finite Element Method (FEM) was used to model the seepage on the slopes using the software program
SEEP/W. The material properties of the overliner and crushed ore are shown in Table 1.
Table 1: Material properties
Material

Saturated hydraulic conductivity (cm/s)

Overliner

1.0 x 10-2

Crushed ore

3.5 x 10-3

A 1-m thick overliner (drain gravel) was used in the “flat” area and the height of the ore was assumed
to be approximately 50 m. The solution is applied at a rate of 12 liters per hour per square meter (L/hr/m2),
but a rate of 18 L/hr/m2 was used in the model (150%). The model was run assuming saturated conditions
under steady-state flow. The pipes were modeled using a zero head pressure boundary condition. Figure 2
shows the model section in the “flat” area. Two cases, pipe spacing at 20 m and 15 m, were evaluated.
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Figure 2: Model section in the “flat” area
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Figure 3 presents the model section assumed on the slopes. An intermediate bench approximately 6 m
wide was specified in the design. In this case, several models were performed changing the pipe spacing on
the slope until a small hydraulic head was obtained.
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Figure 3: Model section on the slope

Results
Flat area
Figure 4 shows the hydraulic head (zero head pressure) developed by pipes separated 20 m apart. The head
calculated is approximately 2.3 m, which is higher than the 2-m head required by the design.
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Figure 4: Model section in the flat area with pipes placed 20 m apart
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Figure 5 shows the results of the seepage model using pipes separated 15 m apart. The maximum head
is approximately 1.6 m.
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Figure 5: Model section in the flat area with pipes placed 15 m apart

Slopes
Figure 6 shows the results of the seepage model using two pipes at the toe of the slope. No pipes are placed
on the slope. The maximum head is about 16 m and at the right upper corner, the model shows ponding
indicating that the solution collection system is not sufficient to convey the solution application rate.
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Figure 6: Two pipes placed at the toe of the slope
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When pipes are placed on the slopes, the head is substantially reduced. Figure 7 presents the results
for a pipe spacing of 15 m. In this case, the head is approximately 6 m near the toe. The results indicate that
less pipes are required at the top of the slope and more pipes are required near the toe to reduce the head to
acceptable levels.
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Figure 7: Pipes on the slope separated 15 m apart
Figure 8 shows the results for pipes separated 6 m near the toe of the slope. In this case, the head is
reduced to a level below the maximum allowable head of 2 m.
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Figure 8: Pipes on the slope separated 6 m near the toe
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Empirical pipe spacing calculation
The solution collection pipe spacing was also determined by the empirical equation below for estimating
the peak hydraulic head on the pad liner system between pipes (Hooghoudt, 1940).
𝐿
𝑊 0.5
𝐻 = ×( )
2
𝐾
Where:
H = maximum mid-point hydraulic head on liner (usually 1.5 m for a 0.6-m overall head), 2 m was
allowed in the design
L = drain pipe spacing (to be determined)
W = application rate of 18 L/hr/m2 (150% pregnant leach solution)
K = hydraulic conductivity (permeability) of pad drain material (1 × 10-2 cm/s)
Using this equation, the pipe spacing is about 14 m, which is consistent with the results of the seepage
model for the “flat” area.

Conclusion
It was expected that a single pipe at the toe of the slope would be sufficient to remove the solution without
having an increase in the hydraulic head on the geomembrane on the slope. However, the results show that
a series of solution collection pipes are required on the slope to lower the hydraulic head. The model was
run several times decreasing the pipe spacing until a hydraulic head less than 2 m was achieved.
The results of the seepage model were compared with the results obtained using the conventional
drain spacing equation used in the industry to calculate the spacing of drain pipes on flat ground. Similar
pipe spacing was obtained using the empirical equation and the seepage model.
The results of the seepage model indicate that solution collection pipes are required on steep slopes in
order to maintain low hydraulic head on the geomembrane. For the Creston Mascota gold mine, a pipe
spacing of 15 m was recommended for the “flat” area. For the slopes, a pipe spacing of 6 m was
recommended near the toe (lower third) and 15 m apart in the middle third. No pipes were required in the
upper third.
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Seepage and stability evaluation applied
to the slope leaching of a heap
Nicolás Echeverría, Ausenco, Chile
David Romo, Ausenco, Chile

Abstract
Irrigation on heap leach piles is typically performed solely over the topdeck surface of the stacked material.
The irrigation area is typically separated from the edge of the slopes in order to avoid inducing a pore
pressure increment due to the solution seepage in those zones that are more susceptible to slope failures.
By considering this criterion, the flow lines generated by the solution irrigation will not reach the ore
stacked under the slope areas, and therefore this material in these areas may be poorly leached or even not
leached at all. In certain cases, this effect may cause considerable economic losses in terms of total metal
recovery.
The level of susceptibility and magnitude of the slides that can be caused by the irrigation of the slopes
will depend on different factors such as the characteristics of the solution application, the hydraulic and
strength properties of the material, the geometry of the heap, and the leachate collection system of the pad.
In fact, the effects of the irrigation of the slopes will be different on the cases of dynamic or permanent
heaps, as well as different materials such as crushed or ROM ore.
With the objective of making the irrigation of slopes a safe and attractive alternative to improve the
overall recovery and efficiency of the heap, this work studies the relationship between the solutions seepage
and stability in the leaching of slopes. In order to accomplish this objective, flow analyses in transient
regime and partially saturated conditions models are developed utilizing finite-element numeric methods.
The results are evaluated in terms of stability through limit equilibrium methods.
The model that has been developed to analyze these scenarios considers the stability of different
strength mechanisms, depending on the saturation degree of the ore material. In areas where the material
reaches saturation degrees below 80%, a Mohr-Coulomb approach is utilized, whereas material that is
saturated over 80% but lower than 100%, the material is susceptible to develop undrained strength
conditions even if it doesn’t reach full saturation, and therefore the factors of safety should be lower than
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considering a drained approach. At 100% saturation, the strength is equivalently reduced regardless the
drained or undrained approach.
Different cases are evaluated in terms of heap height (number of layers), overliner permeability, and
geotechnical properties of the ore, considering the leaching solution over the topdeck surface and also over
the heap slopes. The relationships between the described variables are qualitative and quantitatively
evaluated, providing tendencies on the results with respect to the variation of each variable, and guidelines
for safer operations of slopes leaching.
Sensitivity analyses were developed to evaluate different ore types, considering different soil-water
characteristic curves (SWCC) models derived from representative curves, by modifying the main
parameters related to the Fredlund and Xing method (af, mf, nf), and the corresponding hydraulic
conductivity curves. The lower the hydraulic conductivity is, the higher saturation degree is reached within
the heap, implicating that SWCC will determine the strength mechanism and model such as drained or
undrained.
Different overliner hydraulic conductivities where also evaluated, observing that the main effect
corresponds to the height of the phreatic level over the lined base, and does not affect directly over the
saturation degree of the ore material. As expected, the lower the hydraulic conductivity is, the lower factors
of safety will be obtained regardless the type and conditions of the analyses.
The total height of the heap (or the total number of vertical lifts) determines the magnitude or volume
of the failure, as well as the time required to reach a steady-state saturation degree. On the other hand, any
increase on the heap height will also increase the densification of the ore of the lower lift and, therefore,
lower hydraulic conductivity decay, finally leading to higher saturation degree.
In order to assess the operation of leaching solution application on the slopes of a heap, it is necessary
to run evaluations through seepage and stability analyses, considering for each particular case, each one of
the main variables involved in the system. It is also crucial to characterize the unsaturated properties of the
ore in order to evaluate the performance of the heap under these particular conditions, with the objective to
determine the critical operating conditions that minimize the risk of strength reduction due to undrained
behavior.
It is important to note that high-permeability ores that can ensure operating conditions with low
saturation degrees within the heap, the overliner material and drainage system need to be robust in terms of
hydraulic conductivity to minimize the risk of building phreatic level especially below the heap slopes.
Thus, it is strongly recommended to evaluate these operating conditions during the design phases in order
to allow for design features requirement on the minimum hydraulic conditions below the slopes at the base.
In the case of operating operations, it is important to verify the real capacity of the installed drainage system
through on-site and off-site tests.
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In other words, the solution application system needs to be designed for each case scenario in order
to provide sufficient control of the saturation and, in consequence, the stability of the slopes. This means
that both the leachate collection system and the solution application system need to be designed in alignment
with the slopes leaching operation strategy, taking into account the geotechnical properties of the materials
and the heap geometry.
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Decoupling stresses from geosynthetic barrier systems,
towards extended service life and safety
Laura Carbone, Huesker Synthetic GmbH, Germany
Morné Breytenbach, Huesker Synthetic GmbH, Germany
Fernando Ruiz, Huesker Limitada, Brazil

Abstract
Mine structures, particularly heap leach pads, usually incorporate geocomposite barrier systems. These
barrier systems are exposed to extreme stresses for the duration of the structure’s service life. Tensile stress
imposed on geomembranes may cause premature stress cracking, which can lead to the economic and
environmental failure of the barrier system and subsequently the heap leach facility. Various studies have
shown that barrier systems should ideally be designed and also performed without stress. They are simply
intended to act as barriers.
In this paper, two different scenarios of a typical liner system on a slope simulating the full and the
partial mobilization of the interface friction angle are considered. The development of the acting forces in
the geocomposite liners in the two scenarios is calculated and its effect on the stability and on the tensile
load distribution between various geosynthetic barrier system components is analyzed. Finally, the
influence of the deformations on the geomembrane’s long-term serviceability is also discussed.

Introduction
Geomembrane liners have been used significantly in the mining industry since about 1970 for lining
solution and evaporation ponds, tailings impoundments and heap leach pads (Breytenbach and Smith,
2006). Geomembranes, typically high-density polyethylene (HDPE), are included as barrier in lining
systems (Rowe, 2005; Thusyanthan et al., 2007). As manufactured, HDPE is impermeable to liquid flow,
and movement through intact HDPE is limited to diffusive processes, which are normally very slow. During
its service life, a number of other factors including quality of installation, stresses caused by slope
instability, contact with aggressive chemicals and the depletion of antioxidants may affect the properties of
HDPE, which can give rise to defects or cause failure (Needham et al., 2006). These different degradation
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mechanisms may have synergistic effects that could accelerate the overall rate of HDPE geomembrane
degradation (Rowe and Sangam, 2002).
The service life of a geomembrane liner can be defined as the range of time the liner continues to act
as an effective hydraulic barrier for the purposes of the site under consideration (Needham et al., 2006).
Thus, when a geomembrane is under stress at the same time as oxidation is occurring, the degradation
process is more complex (Rowe and Sangam, 2002).
The design of lining systems on steep slopes is always a global challenge (Sabatini et al., 2002). The
design should be environmentally acceptable for the duration of its intended service life. Typically, in the
design, the two main states in which failure can occur are (Dookhi, 2014):
 Ultimate limit state where there is a complete loss of stability or function (example, slope failure),
 Serviceability limit state such that the function of a structure is impaired (example, stressing of a
liner leading to increased permeability or to impaired stresses in slope).
The analysis of ultimate limit state (i.e., slope stability) is usually conducted by using the limit
equilibrium concepts. Serviceability limit state relates to the stresses, strains and deformations, in the
system and within defined liner components; this type of analysis requires usually more sophisticated
analytical techniques such as finite difference and finite element formulations.
In this paper, two different scenarios of a typical liner system on slope are considered where a different
in-situ mobilization of the interface shear strength is assumed. In fact, the interface friction angle is a very
sensitive parameter and small changes in the boundary conditions can imply a loss in the shear strength
(Carbone, 2014) that results in a decrease of the safety factor (Peng et al., 2016; Sabatini et al., 2002). The
stability of the system in the two scenarios is analyzed by considering limit equilibrium analysis assuming
the infinite slope approach. Whereas, the assessment of the tensile stress transferred to the different layers
during operational conditions is calculated by applying a simple analytical model proposed by Liu and
Gilbert (2003, 2005) that maintains strain compatibility and force equilibrium of the system.

Geosynthetic liner on slope: Main characteristics and assumptions
In this study a typical geocomposite lining system 30 m long, with a slope inclination equal to 13° is
considered. The liner comprises the following interfaces from top to bottom (Figure 1):
 Granular soil layer
 Non-woven geotextile
 Double textured geomembrane
 Non-woven geotextile
 Base soil
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Figure 1: Scheme of the geocomposite liners considered in the study
The data for the textured HDPE geomembrane (GMB), for the non-woven geotextiles (GTX) and for
the soils were acquired from literature (Frost and Lee, 2001; Liu and Gilbert, 2005; Peng et al., 2016) and
shown in Table 1. In the system the two non-woven geotextiles are used as protection of the geomembrane
against the top and the base soils respectively. According to Frost and Lee (2001) it is assumed that the
thicker the geotextile, the higher the shear strength parameter. The GTX1 of 543 gr/m2 and the GTX2 of 203
gr/m2 are placed respectively on top and on bottom of the geomembrane.
The interface behavior was assured to be elastic-perfect plastic with a Mohr-Coulomb failure criterion.
Table 1: Characteristics of the geocomposite liners considered in the study
Properties
Granular soil*

Interface friction angles
3

soil= 18 kN/m
soil = 32°
tsoil = 0.7m

soil/GTX = 29°

Kc= 485 kN/m
Geotextile
(GTX1)

=543 gr/m2**
Kt,GTX= 33.3 kN/m***

GTX1/GMB = 21° (peak value) **

Geomembrane Kt,GMB= 380 kN/m***
(GMB)

 GMB/GTX2= 19° (peak value) **

Geotextile
(GTX2)***

 GTX2/base= 25° ***

=203 gr/m2**
Kt,GTX= 10.0 kN/m

GTX1/GMB = 12° (large displacement value) **
 GMB/GTX2= 11° (large displacement value) **

* Literature data from (Liu and Gilbert, 2005)
** Literature data from Frost and Lee, (2001) - see also Figure 3
*** Literature data taken from Peng et al., (2016)
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Ultimate state: static stability analysis of the liner on slope
The analysis of slope stability of the geocomposite liner at the interface at the ultimate limit state is done
by applying the limit equilibrium approach. The cover soil is considered as a rigid block resting on the on
the geosynthetic package, where the interface between the soil and geosynthetic or between geosynthetics
acts as a well-defined failure plane. Tangential stresses are mobilized along the geosynthetic interfaces and
consequently, tensile forces are mobilized in the different geosynthetics (Carbone, 2014). Stability analysis
is conducted by assuming an infinite slope approach, i.e., the cover soil is infinitely long such that the
passive wedge is ignored. Stability under static loading can be maintained if the slope angle is less than the
angle of friction between the most critical interfaces. The adhesion at the interface, seepage and external
forces are not considered in this calculation.
Considering the normal and shear forces acting along the slope, and assuming a Mohr-Coulomb shear
strength envelope, the factor of safety i.e., the ratio between the resisting and the driving forces can be
expressed as:
FS 

Fres
W  cos b  tan crit tan crit


Finst
W  sinb
tan b

(1)

where W is the top soil weight, β the slope inclination angle and δcrit the critical interface friction angle, i.e.,
the interface that exhibits the lowest interface friction angle.
The resistance force (Fres) is considered as purely frictional and is calculated at the critical interface.
Therefore, to run the calculation the proper evaluation of the interface friction angles is required. It is worth
noting that the interface friction angle is a very sensitive parameter that changes according to the materials
in contact and to the boundary conditions of the system (Carbone, 2014). Most of the geosyntheticgeosynthetic interfaces are usually characterized by strain-softening behavior (Blond and Elie, 2006;
Carbone, 2014; Dookhi, 2014; Fox and Stark, 2004; Gallagher et al., 2016; Koerner, 2005; Sabatini et al.,
2002) as shown in Figure 2. This implies that, in situ, if the residual interface friction angle is mobilized
instead of the peak value, a loss in the interface shear strength can occur.

Figure 2: a) Direct shear test data; b) Mohr-Coulomb failure envelope (Koerner, 2005)
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In the practice, the use of the peak, residual/large displacement or a combination of shear strength is
still debated (Dookhi, 2014; Thiel, 2001). The residual shear strength is often much lower than the peak
shear strength, especially when textured geomembranes are used (Carbone, 2014; Frost and Lee, 2001;
Hebeler et al., 2005; Manheim et al., 2015). In this latter case, the general trend is principally attributed to
the removal of micro-texture asperities of the geomembrane and to the wear of the material in contact (i.e.,
tearing of the filaments when a non-woven geotextile is the counter material) (Carbone, 2014; Frost and
Lee, 2001).

Curve used for GTX1
parameters

Curve used for
GTX2 parameters

Figure 3: Typical stress –strain displacement curves of moderately/heavy textured geomembrane
vs. non-woven geotextiles of different mass per unit area
(modified from Frost and Lee, 2001)

Serviceability state: tensile forces on the lining system layers
Although the stability of the lining system is verified, the forces acting on the interfaces, in particular the
tensile strength should be checked. In fact, the forces involved should be consistent with the allowable
tensile strength of every geosynthetic (Carbone, 2014), especially when a geomembrane, that should not
take any tensile strength, is part of the geocomposite system (Thusyanthan et al., 2007).
Since the calculation of tensile load transfer into the system is very complex, numerical analysis
methods are usually employed. Liu and Gilbert (2005) proposed a set of graphical solutions based on an
analytical model (Liu and Gilbert, 2003), in which force equilibrium and displacement compatibility
between different components are satisfied. According to this model, if the applied driving force due to the
weight of the cover soil (Finst) exceeds the resisting force, the soil will compress at the toe of the slope
producing a compression force in the soil (Csoil) and a tension force in the geosynthetic (Tgs). A net shear
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stress, net, is induced along the geosynthetic layer and as well as the other forces acting on the system, are
assumed to be uniformly distributed along the geosynthetic layer over the length of the top soil (Les). Hence,
these forces can be expressed as constant shear stresses. The model assumes that the soil and geosynthetics
are two different columns. The soil column is fixed at the toe of the slope while the geosynthetic column is
considered to be fixed at the anchor trench. It is also assumed that the slippage is not occurring at the
interface between soil and geosynthetics so that the two columns strain equally (i.e., no relative
displacement) and the deformation level mobilizes large displacement strength at the interfaces. The soil
and geosynthetic layers are assumed to behave like elastic-plastic materials, with kc representing the
compressive stiffness of the soil and kt representing the tensile stiffness of the geosynthetic. Non-linearity
in these materials can be approximately accommodated by selecting secant stiffnesses that reflect the
expected levels of deformation. For each layer the induced load is proportional to its tensile stiffness (kt,GSY)
relative to the total stiffness kt.
The procedure followed to calculate the total tensile load Tgs transferred in the geosynthetics is
summarized in Figure 4 while for further details see Liu and Gilbert (2005).

Figure 4: Procedure for estimating geosynthetic tension force
(modified from Liu and Gilbert, 2005)
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Results and discussion
The stability analysis of the geocomposite slope was carried out applying Equation (1) using the input
values in Table 1. As can be noted, the critical interface friction angle is the one corresponding to the GMBGTX2 interface. The resisting force is therefore calculated according to the mechanical properties at this
interface. In the calculation, two main scenarios were considered:
 design with the mobilization of the peak interface friction angle (scenario A);
 design with the mobilization of the large displacement interface friction angle (scenario B).
Table 2 shows the results of the stability analysis of the slope in the two considered scenarios. It can
be noted that if progressive failure occurs, large displacement instead of the peak interface friction angle is
mobilized. In this case, the loss in the interface shear strength at the critical interface is of about 43%.
Consequently, the factor of safety (FS) drops down from 1.5 to 0.8 and the slope stability is no more
verified. It is worth nothing that the residual interface friction angle is generally mobilized for values of
displacements of about 80 mm for interfaces including non-woven geotextiles – slightly/moderately/heavily
textured geomembranes (Frost and Lee, 2001; Stark et al. 1996). Therefore, if large displacement shear
strength is mobilized, for example as a consequence of installation damage, the loss in shear strength should
be taken by a geosynthetic of reinforcement.
Generally speaking if all of the interface shear strengths are greater than the slope angle, stability is
achieved and it is assumed that the only deformation involved is a small amount to achieve elastic
equilibrium (Dookhi, 2014; Peng et al., 2016). However, if any interface shear strengths are lower than the
slope angle, wide-width tensile stresses are induced into the overlying geosynthetics (Thusyanthan et al.,
2007). In this case, the analytical model by Liu and Gilbert (2005) was applied to calculate the tensile force
that may possibly be transferred to the geosynthetic layers of the system in case a loss in shear strength
from peak to large displacement values occurs (scenario B).
Table 2: Geocomposite liner on slope results at the ultimate state (stability analysis)
and during serviceability state (tensile load transfer to the geosynthetic layers)
ULTIMATE STATE

SERVICEABILITY STATE

Deformation at the
critical interface

Resisting force
Rd (kN/m)

Safety factor
(FS)

Model parameters

Tensile load carried by
every single layer

Small displacement
(scenario A)

126.8

1.5

–

–

Large displacement
(scenario B)

71.6

0.8

net=0.16
Tgs= 6.3 kN/m

GTX: 8 %
GMB: 92%

The model results are shown in Table 2. The use of a textured geomembrane allows a better interaction
and therefore enables to reach higher slope inclinations. However, if the actual interface friction angle
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decreases with respect to the design value (peak value) and it is lower than the slope inclination angle, the
geomembrane will be subjected to tensile load and will carry the majority (92%) of that tensile load, Tgs
(scenario B).
If the acting stresses are high, ductile tensile failure of the geomembrane can occur (Needham et al.,
2006). If the tensile load taken by the geomembrane is lower than its ultimate tensile strength, creep
phenomena can take place. This may affect the mechanical properties of the material and consequently its
long term behavior.
In situ, the behavior of geomembrane can be influenced by different mechanisms such as swelling,
UV degradation, degradation by extraction, biological degradation, and oxidative degradation (Rowe,
2005) as well as by other physical damages defects or holes due to stress cracking or as a result of a poor
quality of installation. Furthermore, these different degradation mechanisms may have synergistic effects
that could accelerate the overall rate of HDPE geomembrane degradation.
Figure 5 schematizes the three conceptual stages of HDPE geomembrane chemical aging. It can be
noted that after antioxidants depletion and polymer degradation phase (stages A and B), chemical and
physical degradation are acting together during Stage C. As stated by Rowe and Sangam (2002), a direct
consequence of the degradation that occurs during Stage C is the decrease of both stress and strain at break
while tensile modulus and yield stress increase. As the degradation progresses further, the geomembrane
will become increasingly brittle and the tensile properties change to the point that cracking occurs in
stressed areas. Once sufficient cracks have developed to significantly increase the flow through the
geomembrane, the geomembrane may be considered to have reached the end of the so-called ‘‘service life’’.
This can have a more significant effect in heap leaching where a combination of extreme pressures
and high moisture conditions are present (Breytenbach and Smith, 2006).

Figure 5: The three conceptual stages in chemical aging of HDPE geomembranes (adopted by
Rowe and Sangam, (2002) modified from Hsuan and Koerner, 1998)
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Conclusion
With the increased frequency of the utilization of geomembranes with regards to the lining system of critical
structures such as Heap Leach facilities, so too does the understanding of the factors which impact the
service life of these barriers increase. It is fundamentally important that a geomembrane barrier retains its
intended key function, that of an environmental barrier, any stresses which could possibly be transferred to
the geomembrane should be avoided and diverted to material solutions which are intended and designed
for carrying loads, constantly.
Towards this end, in this study two different scenarios of a typical liner system on slope are considered.
The stability of the system was analyzed by taking into account the occurrence of a progressive failure i.e.,
peak and large displacement interface shear strength mobilization. The results show that in this case the
factor of safety (FS) drops dramatically down from 1.5 to 0.8 and the slope stability is no more verified.
Furthermore, the tensile force that might be transferred to the system is calculated by applying the analytical
model proposed by Liu and Gilbert (2003, 2005) that maintains strain compatibility and force equilibrium
of the system. The calculation shows that in case of progressive failure, the geomembrane will take the
major part of the load that implies that it is acting as non-intentional reinforcement.
The tensile force acting together with other degradation mechanisms can lead to a reduction in the service
life of the geomembrane.
Therefore, the means for decoupling loads from barrier systems should be evaluated in every case and
where appropriate applied to ensure the responsible design and operation of lined structures these solutions.
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Abstract
Two-dimensional (2D) limit equilibrium slope stability analyses are widely used today in the design of
geotechnical structures. However, the 2D assumption of plane strain behavior on mining earth structures
can be over-conservative, particularly when dealing with complex topography, geometry and geology
(Reyes and Parra, 2014; Reyes et al., 2014, 2015).
Among those structures, valley-fill heap leach pads have shown a high “three-dimensional (3D)
effect”, primarily due to the geometry of their translational failure mechanism, the topography of the valley
and the shear strength of their liner system (Reyes et al., 2015). Moreover, Reyes et al. (2015) showed the
significant design and economic advantages of considering 3D over 2D analysis. In order to evaluate and
quantify the 3D effect for this type of structure, over 2,000 idealized 3D models of valley-fill heaps were
analyzed, considering standard design parameters, such as the leach pad and heap slopes, valley geometry,
heap height and width, interface shear strength, among other factors.
The results allowed the authors to elaborate on several charts and trends, defining which geometrical
or strength characteristics may yield the higher ratio for a 3D/2D factor of safety, which ideally vary
between 1.03 and 1.67. These findings can be useful for practitioners to decide when it is useful to use 3D
analysis, and under which circumstances 2D evaluations may be over-conservative.

Introduction
In areas where valleys are usually the only place available for heap leach pads (HLP), such as the Andean
region in South America, the civil and geotechnical design require additional effort and specific design
criteria that differ for those used in flatter terrain at lower altitudes (César et. al., 2013, 2014; Garay et al.,
2014). Currently, stability analysis of these facilities is performed through the use of the limit equilibrium
(LE) method in two-dimensional (2D) sections that should be chosen to be representative and critical. The
2D approach is based on plane strain conditions, assuming a non-variable cross-section perpendicular to
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the sliding direction (SD), therefore three-dimensional (3D) effects, such as the end effects, are negligible
and conservative. Usually, the 2D sections chosen for valley-fill HLP are critical but not necessarily
representative due to the aggressive terrain and complicated heap layouts, so the tendency is to be
conservative.
3D LE slope stability analysis are a practical option take into account the 3D effects of valley-fill heap
leach pads. Reyes and Parra (2014) and Reyes et al. (2015) showed the viability of 3D slope stability
analysis by the LE method on mining structures and presented two case studies of 3D analyses of a mine
waste dump and HLP, respectively. Based upon their findings, Reyes et al. (2015) studied four case studies
of practical application of 3D analysis of a valley-fill HLP, whose results showed a 25% to 31% increase
of the factor of safety (FS) when compared with the minimum 2D FS for translational failures. Reyes et al.
(2015) identified several components of the HLP, such as its geometry, valley configuration and interface
shear strength that influence the 3D effect of its FS.
This paper extends the findings of Reyes et al. (2015) by evaluating a large number of idealized valleyfill HLP in order to properly identify which geometrical or geotechnical indexes influence the increase of
the 3D FS over the 2D FS. The findings are important in the sense that can guide practitioners to identify
when it is useful to use 3D analysis and under which circumstances 2D evaluations may be overconservative.

Parametric analysis
The evaluate which geometrical or geotechnical parameters influence the 3D effect of valley-fill HLP, a
parametric analysis was carried out using the ratio of 3D FS and 2D FS (3D/2D FS) as principal index.
Several 2D and 3D slope stability analyses by the LE method were performed using Spencer (1967)
procedure for both 2D and 3D conditions. SVSLOPE 3D (SoilVision Systems Ltd., 2016), a part of the
SVOffice 5 geotechnical software suite, was the computer program used for all the 3D slope stability
analyses. Additionally and following Akthar’s (2011) recommendations, over 90,000 columns (natural 3D
extensions of 2D slices) were used in the 3D analysis. The following sections describe the models analyzed
and the parameters evaluated.

Model description
Figure 1 shows an example of one of the symmetric HLP evaluated. Since only translation failures are of
concern, the foundation was not modeled and interpreted by in the analysis as a bedrock with infinite
strength. Two planes were defined in the model to represent a symmetric valley configuration, as
highlighted in Figure 1. This kind of configuration allowed to authors to easily perform several analysis in
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SVSLOPE 3D (SoilVision Systems Ltd., 2016), since for a single heap configuration, several valley
geometries could be analyze in a relatively short amount of time.

Figure 1: Isometric view of the idealized 3D model of a valley-fill HLP

Geometrical and strength indexes
Figure 1 shows an example of one of the symmetric HLP evaluated. Since only translation failures are of
concern, the foundation was not modeled and interpreted by in the analysis as bedrock with infinite strength.
Two planes were defined in the model to represent a symmetric valley configuration, as highlighted in
Figure 1. This kind of configuration allowed to authors to easily perform several analysis in SVSLOPE 3D,
since for a single heap configuration, several valley geometries could be analyze in a relatively short amount
of time. An overall heap slope of 2.5H:1V was kept constant for all the models, since its typical for most
HLP. Also, the heap pyramidal configuration of heap was maintained, varying only its height and width.
The following sections describe the other geometrical and geotechnical index included in the parametric
analysis that the author considered of importance for the 3D effect of FS.

Figure 2: Frontal (left) and plan (right) view of the idealized 3D model of a valley -fill HLP
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Heap geometry
The analysis considered the values of 50 and 100 m of crest width (Lc) of the heap (its top lift) which
influenced the magnitude of the failure surface. Figures 1 and 2 show Lc within the analyzed HLP
configuration. Similarly, the overall heap height (H) was influential on the size of the 3D failure surface. H
defines the level of normal stresses the interface would be subjected to. Since nonlinear envelopes of
resistances were considered on this study, H values were crucial. Heights of 75, 150 and 250 m were
considered. Figure 2 show H in a frontal view of the analyzed HLP.

Valley geometry
This study only considered narrow, symmetrical and “closed” valleys for simplicity. The side slopes of the
valley were modeled as planes and primarily characterized by their dip (Dv), dip direction (DDv) and
minimum distance between side valley slopes (Lv). Dv values of 15, 30, 45 and 60° were considered in the
analysis and were consistent with real side valley slopes of the Andean region which are used for HLP
design. Angles of 90, 105, 120, 135 and 150° were considered as DDv for the side valley geometry, which
represent the orientation of sides of the slope and determine, along with the Lv, how narrow the valley is.
Finally, Lv values of 25, 50 and 100 m were considered in the analysis. Figures 1 and 2 show Dv, DDv and
Lv within the idealized HLP model.

Underliner-geomembrane shear strength
The shear strength of the interface generated by the contact of the geomembrane and underliner of the
containment system of typical HLP was modeled as a nonlinear envelope, following the findings and
recommendations of Parra et al. (2012), Ayala et al. (2014) and Ayala and Huallanca (2014) for low
permeability soils as underliner. The nonlinear nature of HLP interface shear strength has an important
influence on its stability (Parra et al. 2012) that was validated in this study. To account for different
magnitudes of shear strength, three different envelopes were defined based primarily on the research and
database of Ayala et al. (2014) and the authors’ database low permeability soils-geomembrane interfaces
at high confining pressures. The three envelopes were labeled as I1, I2 and I3 and are shown in Figure 3.
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Figure 3: Interfaces nonlinear shear strength envelopes defined for the parametric analysis

Results and interpretation
Over 1,000 analyses were performed varying in each one the geometrical and geotechnical indexes
described in previous sections. By reviewing the results, several graphs were built to evaluate the influence
of the valley and HLP geometry on its 3D/2D FS. It is important to note that past research, including Reyes
et al. (2015), used the ratio of slope width and height as a geometrical index to assess the variation of 3D/2D
FS; however, defining and/or using this ratio for valley-fill HLP may lead to incorrect conclusions since
particularly the width of valley-fill HLP depends of the side valley geometry (e.g. Dv, DDv, Lv). As
consequence, all the figures presented in the next paragraphs relate the 3D/2D FS and side valley slope dip
(Dv) with another of defined indexes.
In all the analyses, it was very clear that the greater the value Dv, the greater is 3D/2D FS ratio was
obtained, regarding of the value of all the other variables. 3D/2D FS ranged from 1.03 to 1.67: the lowest
values correspond to the widest, flattest and lowest valley, while the highest value corresponds to the
narrowest, steepest and highest valley.
Figure 4 shows trends of 3D/2D FS and Dv for different values of DDv. It can clearly be seen that, in
general, the higher the values of DDv, the higher the 3D FS and 3D effect is obtained. Particularly, Figure
4 shows the results for Lc=50m, H=75m, Lv=25m and interface I1. Similar trends are obtained for all the
other cases analyzed.
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Figure 4: 3D/2D FS trends for different DDv and for Lc=50m, H=75m, Lv=25m and interface I1
An evaluation of the results for different values of Lv shows something expected: the wider the width
of valley, the lowest values of 3D/2D FS are obtained. However, while Lv influence the 3D/2D FS is clear
in all the analysis, relatively high values of 3D/2D FS can be obtained for wide valleys if, for example, the
side slope angles (Dv) are higher than 30°. Figure 5 shows this comparison for Lc=100m, H=250m and
interface I2.

Figure 5: 3D/2D FS trends for different Lv and for Lc=100m, H=150m and interface I1
Figure 6 shows a comparison of 3D/2D FS and Dv versus different heights of heap (H). It can be seen
that greater values of 3D FS are obtained for higher heaps. However, for the lowest height considered, there
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is an important variability, obtaining low to high values of 3D/2D FS. This is an indicative that for smaller
heaps, the valley geometry has a greater influence on the 3D FS than the HLP configuration.

Figure 6: 3D/2D FS trends for different H and for interface I2
The analysis results showed that Lc of the heap had no direct impact or influence in the 3D/2D FS by
his own. Finally, Figure 7 shows the influence of the interface shear strength on the 3D/2D FS. It can be
deduced that the higher strength of interface, the lower that 3D/2D FS is obtained. However, the difference
between the results for each interface may not be significant.

Figure 7: 3D/2D FS trends for different interface shear strength envelopes and for H=150m
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The figures presented in this section summarize some of the results of all the analysis but the
interpretations were completed by analyzing all the data obtained from the parametric evaluation. No
additional figures are included in this paper due to space limitations.

Conclusions
The authors performed several 3D slope stability analyses using the limit equilibrium method on idealized
models of valley-fill heap leach pads, which are typical in the Andean region. This parametric analysis was
performed using the software SVSLOPE 3D (SoilVision Systems Ltd., 2016) and Spencer’s (1967)
procedure. The models evaluated several geometrical and strength indexes: heap height and crest width,
side valley slope dip and dip direction, minimum distance between side valley slopes (see Figures 1 and 2)
and soil-geomembrane interface shear strength envelope (see Figure 3).
The results indicate that the 3D/2D FS ratio can vary between 1.03 and 1.67: the lowest values
correspond to the widest, flattest and lowest valley, while the highest value corresponds to the narrowest,
steepest and highest valley. This variation is primarily influenced by the valley geometry (side valley slope
dip and dip direction as well as the minimum distance between them), which indicates that for narrow and
steep valleys, the 3D FS is much higher than the 2D FS. The heap height and shear strength envelope levels
(see Figure 3) also influence the 3D/2D FS ratio but in a minor degree. It is important to note that the 3D/2D
FS increase is significant and suggest that in several practical applications that the 2D analysis and its
resulting heap design are over-conservative. Several figures are presented showcasing the parametric
analysis results.
It can be concluded that 2D-based valley-fill heap leach pad geotechnical design is an overlyconservative design tool under many circumstances and may be leading to designs that can be optimized
by a 3D evaluation, especially if apparent instabilities are obtained by the former that can be overcame by
a 3D slope stability analysis.
The trends developed in this study can be used as a tool for a preliminary screening of any valley-fill
heap leach pad. This screening can allow any practitioner to recognize whether a 2D slope stability analysis
of the heap is representative or overly conservative. By doing this, the effort that represents performing a
limit equilibrium 3D analysis may be worthwhile in order to achieve an optimal design and to avoid
unnecessary stability countermeasures, as shown by Reyes et al. (2015). A complete summary of this
research can be requested from the authors (ksmendozac@gmail.com, andresrp3@gmail.com). Finally, the
results of this parametric analysis can be used as input for a future design code.

284

HEAP LEACH MINING SOLUTIONS, 2016 ● LIMA, PERU

References
Akhtar, K. 2011. Three dimensional slope stability analyses for natural and manmade slopes. Ph.D. dissertation, Urbana, Illinois:
University of Illinois at Urbana-Champaign.
César, C., Mendoza, J. and Parra, D. 2013. Heap leach pad design in very aggressive terrain, in Proceedings of the 1 st
International Heap Leach Solutions Conference, published by InfoMine, Vancouver, Canada: 308-320.
César, C., Parra, D. and Mendoza, J. 2014. Geomembrane and pipe design issues in deeper heap leach pads, in Proceedings of the
3rd International Heap Leach Solutions Conference, published by InfoMine, Vancouver, Canada: 167-179.
Garay, H., Mendoza, J., César, C. and Najar, E. 2014. Evaluation of geosynthetic clay liners in heap leach pads, in Proceedings of
the 3rd International Heap Leach Solutions Conference, published by InfoMine, Vancouver, Canada: 317-329.
Reyes, A. and Parra, D. 2014. 3D slope stability analysis by the limit equilibrium method of a mine waste dump, in Proceedings
of the 18th International Conference on Tailings and Mine Waste 2014, Keystone, Colorado: Colorado State University:
257-271.
Reyes, A., Garma, P. and Parra, D. 2014. 3D slope stability analysis by the limit equilibrium method of a heap leach pad, in
D. van Zyl and I. Gonzáles (eds.), Proceedings of the 3rd International Heap Leach Solutions Conference, published by
InfoMine, Vancouver, Canada: 257-271.
Reyes, A., Garma, P. and Parra, D. 2015. 3D slope stability analysis of valley-fill heap leach pads, in Proceedings of the 3rd
International Conference on Heap Leach Solutions, published by InfoMine, Vancouver, Canada: 161-178.
SoilVision Systems Ltd. 2016. SVSLOPE Theory Manual, SoilVision Systems Ltd, Saskatoon, Saskatchewan, Canada.
Spencer, E. 1967. A method of analysis of stability of embankments assuming parallel inter-slice forces, Geotechnique
17(1): 11-26.

285

HEAP LEACH MINING SOLUTIONS, 2016 ● LIMA, PERU

286

Proceedings of Heap Leach Mining Solutions, 2016
October 18-20, 2016, Lima, Peru
Published by InfoMine, © 2016 InfoMine, ISBN: 978-1-988185-03-3

Study of the behavior of materials with
fines content in heap leaching processes
Luis Chahua, Knight Piésold Consultores S.A., Peru
Guillermo Barreda, Knight Piésold Consultores S.A., Peru
Gavi Sotelo, Knight Piésold Consultores S.A., Peru
Miguel Narva, Universidad Nacional Mayor de San Marcos, Peru

Abstract
The geotechnical design for a leach pad requires several different variables to be reviewed during the
analysis of the physical stability of the structure. These variables include: 1) the material that comprises the
natural foundation; 2) the potential fill material that will form the grading surface; 3) the interface shear
strength between the soil liner and the geomembrane; 4) the ore that will be part of the heap; 5) the irrigation
rate during the operation and 6) the placement/zoning of material within the heap leach pad.
Typically, the first three variables are controlled during the design and construction of the heap leach
pad, while the last three variables are controlled by the mining company as part of their operation process.
Simply, we can say that the combination of the last three variables can have a solution flow behavior along
the following range: 1) free drainage, if the irrigation rate is applied at a lower enough rate compared to the
ore hydraulic conductivity; and 2) pore pressure generation at areas where the irrigation rate is applied
exceeding the ore hydraulic conductivity.
This paper presents an analysis of the last three variables taking into account the characteristics of two
types of materials available at a mining project: 1) till material with significant fines content and medium
to high plasticity; and 2) coarse ore, which corresponds to a material with a maximum size of 6” and low
fines content. For the analysis, different mixtures were prepared using these materials in order to obtain the
physical characteristics and hydraulic properties to develop the geotechnical analysis and material
zoning/placement within the heap configuration.
Based on the zoning recommendations, the mine developed a large scale leach test in an existing pilot
cell in order to evaluate the mixing process and solution flow behavior during the implementation of the
leaching process. This consisted of: 1) controlling the flow and volume (input and output); 2) recording the
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pore pressure readings; 3) electrical resistivity testing and 4) soils classification testing. The results of the
pilot cell monitoring and testing are also presented in this document.

Introduction
The successful operation of a heap leach facility requires the participation of different parties, such as: 1) a
Geotechnical Engineer, who is in charge of reviewing the physical stability of the heap, considering the ore
behavior during the leaching process; 2) a Geological Engineer, who is in charge of maximizing sources of
materials for the extraction of high grade metals; and 3) a Metallurgical Engineer, who is directly involved
in the leaching process and review of alternatives to optimize the percentage of extraction of minerals. One
of the keys aspects during the leaching process is to achieve a balance between the interests of each of the
participating parties, which sometimes can be contradictory. Specifically, regarding the geotechnical design
for a leach pad, the following variables should be reviewed during the analysis of the physical stability of
the structure: 1) the material that comprises the natural foundation; 2) potential fill material to form the
grading surface; 3) the interface shear strength between the soil liner and the geomembrane; 4) the ore that
will be part of the heap; 5) the irrigation rate during the operation and 6) the placement/zoning of material
within the heap leach pad.
This paper presents an example of analysis for the last three variables taking into account the
characteristics of two types of materials available at a specific mining project and in coordination between
the three parties. Figure 1 illustrates the steps followed in this paper.
Material
Description

Laboratory
Testing

Seepage
Model

Large scale
test

Figure 1: Steps followed in this paper
Initially, the materials that will be used to load the heap are described. The sources and types of
materials were coordinated with the Geological Engineer and the Metallurgical Engineer from the mine.
Then the results of laboratory testing performed for each representative sample are shown in order to
characterize the geotechnical condition of the materials. After that, we present the seepage model prepared
to determine the distribution of pore pressures within the body of the heap and recommend zoning
alternatives for location of the materials within the heap leach pad.
Based on the zoning recommendations, the mine developed a large scale leach test in an existing pilot
cell, in order to evaluate the mixing process and solution flow behavior during the leaching process. This
included: 1) controlling the flow and volume (input and output); 2) recording the pore pressure readings;
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3) electrical resistivity testing and 4) soils classification testing. Future additional testing will be developed
by the mine and has not been included in this paper.

Material description
According to the Geology, Metallurgy and Geotechnical department of the mine, the project has two main
types of materials, which will be used to load the heap leach pad. The characteristics of these materials are:
1) coarse ore (CO), which consists of gravel and cobble with 6” maximum size with low fines content and
represents most of the available material; and 2) till material (TM), which has between 22 to 55% of fines
content and its plasticity varies from medium to high.
The grain size bands of these materials are shown in Figure 2, in which we can observe the distribution
of different sizes of particles expressed in percentages.
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Figure 2: Grain size distribution curve of the coarse material and till material
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indicate that this material will present appropriate conditions with the application of irrigation during the
leaching process. This material could have a behavior as a free draining material.
Till material (TM) consist of 22 to 55% of fines content. The presence of a significant amount of fines
content could reduce the overall void inside the heap leach; consequently, this material would present a low
hydraulic conductivity (O’Kane Consultants Inc., 2000). During the leaching process, application of
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irrigation on the low hydraulic conductivity material will develop potentially saturated areas with
generation of pore pressures. Therefore, this material might be a problem for physical stability of the heap
leach as well as present low recovery of metals during the leaching process.
Hence, the development of a seepage model was required in order to evaluate zoning alternatives that
will allow the overall fines content within the heap to be maximized without developing areas with
increased pore pressures that could compromise the physical stability of heap and also allow an appropriate
recovery of gold. The geotechnical characterization of the materials to be disposed within the heap was
required in order to develop a seepage model. Thus, a series of laboratory testing were developed in samples
of these materials, and is described in the next section.

Laboratory testing
Standard classification tests
For physical characterization of coarse ore (CO) and till material (TM) standard classification tests were
performed on samples provided by the mine. The results of these tests show that the coarse ore was
classified as well-graded gravel with 5.3% of fines content and the till material classified as silt with 51.7%
fines content.
Using these two types of materials, some mixtures were prepared in the laboratory using the following
weight ratios: 6CO:1TM and 2CO:1TM. The standard classification tests show that the mixture 6CO:1TM
classified as clayey gravel with 12.5% fines content and mixture 2CO:1TM classified as poorly graded
gravel with clay with 20.7% fines content.

Permeability tests
Rigid wall and flexible wall permeability test were performed in order to determine the saturated hydraulic
conductivity of the original materials and mixtures. When developing these tests, the application of different
loads, which represent the conditions that these materials are subjected within the heap configuration, was
considered. Additionally, during the development of these tests the variation of dry density for different
loads of equivalent ore height was determined (see Figure 3a). Figure 3b shows the results of saturated
hydraulic conductivity and its variation with different loads (expressed on the equivalent ore height) and
different fines content.
As illustrated in Figure 3b, the saturated hydraulic conductivity of the coarse ore is higher than the
irrigation rates of 10 and 11 L/h/m2 (which will be applied in the leaching process) for all loads of equivalent
ore height, indicating that this material will has a behavior of “free draining” material during the leaching
process (O’Kane Consultants Inc., 2000). In the case of the mixture of materials with 12.5% of fines content,
the behavior as “free draining” material can be observed until a load of equivalent ore height of 86.0 m; for
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higher loads could be generated pore pressure within this material during the leaching process (O 'Kane
Consultants Inc., 2000). In the case of till material with 51.7% of fines content and mixture with 20.7% of
fines content, the saturated hydraulic conductivity is lower than irrigation rates, even for low loads of
equivalent ore height (about 0.5 to 6.5 m), this condition could generate that areas with generation of pore
pressures can be created within the body of heap during the leaching process, which will affect physical
stability of the heap and will decrease the recovery of high-grade solution. For that reason the use of the
mixture that exceed 20% of fines content is discarded. Agreement with this preliminary analysis, based in
the saturated hydraulic conductivity tests, should develop a seepage analysis in order to limit the fines
content within the configuration of the leach pad.
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Figure 3: (a) Variation of dry density vs equivalent ore height
(b) Variation of saturated hydraulic conductivity vs equivalent ore height
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parameters under unsaturated conditions, according with the numerical model proposed by Van Genuchten
(1980). The samples tested corresponded to the mixtures with fines content between 12.5% and 20.7%.
These samples were remolded to dry densities of 1.65 and 1.80 g/cm3 in order to represent different loads
of ore height based on the variations shown in Figure 3a.
Figure 4 shows the soil-water characteristic curve (SWCC) obtained in the mixtures, and Table 1
summarizes the hydraulic parameters for unsaturated conditions in these materials.
The results of the laboratory testing described in this section were used to develop the seepage model,
which is described in next section.
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Figure 4: Characteristic curve for remolded samples using dry densities of 1.65 y 1.80 g/cm3
(a) mixture of materials with 12.5% of fines content,
(b) mixture of materials with 20.7% of fines content
Table 1: Hydraulic parameters under unsaturated conditions for the developed mixtures
Mixture proportion
(Coarse ore: Till material)

Fines content
(%)

Density
(g/cm3)

α
(1/cm)

n

Ɵr (%
vol)

Ɵs (%
vol)

6:1

12.5

1.65

0.0258

1.3668

0.23

24.29

6:1

12.5

1.80

0.0461

1.2753

0.29

24.71

2:1

20.7

1.65

0.0196

1.2668

0.00

32.20

2:1

20.7

1.80

0.0233

1.2661

0.10

31.09

Seepage model
The configuration of the heap used to develop the seepage analysis is shown in Figure 5. The overall slope
was 2.5H: 1V with benches of 8.0 m high and 12.0 m wide. The maximum height of the heap is 120.0 m.
In the heap, coarse ore was already loaded between elevations 4,380 and 4,396 m; from that elevation,
coarse ore and till material were evaluated for placement.
In order to optimize the maximum fines content within the heap configuration, the materials
considered for heap loading were designated as follows: 1) material with 5% fines content, which represents
the coarse ore, was named as “type A”; 2) material with 14% fines content, which represents a mixture of
materials, was named “type B”; and 3) material with 16% fines content, which represents a mixture of
materials, was named “type C”. Other mixtures were also evaluated as part of the alternative analysis, but
they are not presented in this paper, as they were not selected for the final evaluation.
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Figure 5: Heap leach configurations

Hydraulic parameters for unsaturated conditions
For the study of the hydraulic parameters in unsaturated conditions initially were reviewed results SWCC
tests for the mixture of materials with 12.5% and 20.7% of fines content, which at the same time varies
with the dry density. The parameters obtained in SWCC tests correspond to the parameters according to the
mathematical model of Van Genuchten (1980), the variation of these parameters according to SWCC tests
is described below:
 Parameter α: according to laboratory results it has been noted that the value of this parameter has
a tendency to be higher when the fines content decreases, which agrees with that described by Lu
and Likos (2004). When the material is denser, it has been seen that the value of this parameter
increases slightly.
 Parameter n: according to laboratory results it has been noted that this parameter tends to be higher
when the fines content of material decreases, which agrees with that described by Lu and Likos
(2004). When the material is denser, the value of this parameter tends to be lower.
 Parameter θs: according to laboratory results it has been noted that the value for this parameter
decrease as the fines content in the material decreases. When the material is denser this parameter
has no significant variation.
 Parameter θr: according to laboratory results it has been noted that the value for this parameter
tend to be near to zero in all cases (for different fines content and dry density values).
Additionally the trend of variation for the parameters mentioned above, for different fines content and
different dry densities, was analyzed using this database of the computer program RETC (Van Genuchten
et al., 1991). Also, other databases and some criteria for the estimation of soil water characteristic curves
found in references such as Leij et al. (1996), Carsel and Parrish (1988) and Schaap et al. (2001), Shao and
Horton (1998) and Yang and You (2013) were revised. Based on the literature review and the results of
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SWCC tests for mixture of materials with 12.5% and 20.7% of fines content and different dry densities,
were obtained the parameters according to model of Van Genuchten (1980) for the materials type A, type
B and type C using an interpolation process.
Subsequently, the hydraulic conductivity for unsaturated conditions was built based on the Van
Genuchten parameters and the saturated hydraulic conductivity, while considering that these parameters
will vary with the load applied of ore. Figure 6 shows an example of the variation of the hydraulic
conductivity curves.
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Figure 6: Variation of hydraulic conductivity curve for materials
with different fines content and different loads of ore
The flow conditions applied on the heap were distributed according to the mine operation plan, which
considered the following distribution: 1) an irrigation rate of 11 L/h/m2 applied on the upper surface of the
heap, 2) an irrigation rate of 10 L/h/m2 applied on the slopes and benches for the last four layers, 3) a flow
rate of 400 mm/year, which represents the average annual rainfall, applied on the faces of slopes and
benches.

Zoning alternatives analyzed
Three zoning alternatives were defined for the materials within the heap configuration, which were analyzed
using the seepage model that was described previously. Such zoning alternatives are presented in Figure 7
and their characteristics are summarized in Table 2.
As illustrated in Figure 7, all the alternatives considered a minimum distance of 40m from the mixture
of materials (types B and C), intending to place coarse ore (type A) in order to avoid potential saturated
areas that could be generated during the leaching process, and compromise the stability of the heap.
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(a)

(b)

(c)
Figure 7: Zoning alternatives for the materials within heap configuration
Table 2: Description of zoning alternatives proposed
Alternative

Zoning of materials within heap configuration

Alternative 1

Extremes: material type A in a width of 40 m from the edges of
the slopes
Internal: material type B

Alternative 2

Extremes: material type A in a width of 40 m from the edges of
the slopes
Internal: material type C

Alternative 3

Extremes: material type A in a width of 40 m from the edges of
the slopes
Internal: material type B in the last 3 lifts and material type C
underneath
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Results and interpretation
Seepage analyses performed in the zoning alternatives, show that pore pressure areas were developed as
shown in Figure 8. The results obtained in each zoning alternative are described below.
 Alternative 1, formation of saturated areas are produced from a depth of four lifts, which generate
pore pressures that reach values of 60 kPa as maximum; consequently, a reduction of
approximately 10% in the safety factor of the physical stability of the heap is produced.
 Alternative 2, formation of saturated areas are produced from a depth of one lift, which generate
pore pressures that reach values of 180 kPa as maximum; consequently, a reduction of
approximately 25% in the safety factor of the physical stability of the heap is produced.
 Alternative 3, formations of saturated areas are produced from a depth of four lifts, which generate
pore pressures that reach values of 60 kPa as maximum; consequently, a reduction of
approximately 10% in the safety factor of the physical stability of the heap is produced.

(a)

(b)

(c)
Figure 8: Saturated areas generated (a) Alternative 1, with pore pressure of 60 kPa as maximum;
(b) Alternative 2, with pore pressure of 180 kPa as maximum;
(c) Alternative 3, with pore pressure of 60 kPa as maximum.
As shown in Figure 8, there are some lifts located in type B and C areas that do not present areas with
pore pressure generation, because in lifts near the surface the materials have hydraulic conductivities that
allow adequate drainage with the application of the selected irrigation rate; however, with depth, a decrease
in hydraulic conductivity is produced (tendency which is presented in Figure 3), with the generation of pore
pressures within the body of the heap configuration.
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For areas with coarse ore (type A), as expected, the behavior generated with the application of the
selected irrigation rate was as a free draining material due to high hydraulic conductivity that this material
presents.
The results of the seepage analysis indicate that zoning alternatives 1 and 3 appear to be viable for the
loading of the coarse ore and till material within the heap configuration. Furthermore, based on the results
of the permeability testing it was required to limit the maximum fines content for the till material to be used
in the mixture to avoid the formation of “blocks with low permeability” that might lead to the generation
of areas where non-adequate contact exists between the solution and the till material (which could produce
a reduction in the recovery of gold). Because of the importance of a good mixing process and in order to
test the effectiveness of a mixing process using the existing crushing system rather than the direct discharge
with trucks, the mine decided to conduct a large scale test in an existing pilot cell. In the following section
we present the results obtained as part of this work.

Large-scale test
Initially, it was planned to perform a test in the pilot cell using only the till material (in order to evaluate
the maximization of fines contents); however, based on the results indicated in the previous section, at this
stage, the mine determined that for the first test, the mixing process would be evaluated using the existing
crushing system and aiming to obtain a material whose fines content did not exceed 14%, in accordance
with the characteristics of alternative 1 reviewed in the previous section. Also, in order to review the
geotechnical behavior of the stockpiled material in the pilot cell, inspection records and control tests during
the development of the leaching test were also incorporated.

Adaptation of the pilot cell
The existing pilot cell was adapted for testing while considering the following aspects: 1) a lining system,
consisting of a smooth HDPE geomembrane 2.0 mm, 2) a collection system, which would consist of pipes
HDPE perforated of 100 mm arranged in a “herringbone”, and 3) a protection system, comprising 300 mm
overliner material whose granulometric characteristics met the appropriate functions of a filter material and
drainage layer. The material staked in the pilot cell was 8.0 m height.
Under the considerations described above, modifications to the pilot cell were made (see Figure 9a).
The material to be used for the test was then prepared carrying out mixtures between the coarse ore and till
material using an average proportion by weight of 2.7 to 1.0 respectively in order to not exceed the fines
content of 14%. The mixing process began with the entry of materials in the proportions indicated in a
primary crusher of rotary type (see Figure 9b); then passing through the apron feeder, conveyor belts and
ore bin. At this point, the mixed material was transported to the pilot cell trough giant fleet.
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During the loading of the material, control laboratory testing of sieve analysis were performed,
determining that the average fines content in this material varied between 10% and 15%. Furthermore, the
till material used for the testing had a fine content up to 30%. In Figure 10, the final configuration of the
pilot cell is shown.

(a)

(b)

Figure 9: (a) Overliner material in the base of the pilot cell, (b) Mixing zone of the materials

Figure 10: Final configuration of pilot cell

Monitoring during leaching test and inspection records
After completion of the material loading, the mine proceeded to start the irrigation phase of the test over 65
days. During this time, daily inspection records were completed, recording also the input flow and output
flow, which were measured by flowmeters installed in the pilot cell. The variation of the input and output
flow is presented in Figure 11.
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The leaching test began with a wetting stage of the stockpiled material, for which an irrigation rate of
5 L/h/m2 was applied on the flat area (platform) of the pilot cell. After three days of starting irrigation, the
first reading of outflow was recorded. The average rate of irrigation was then increased to 11 L/h/m2 and
monitoring of the input and output flows was modified to a frequency interval of 2 h. Five days after the
irrigation rate was increased, similar values of input and output flow were recorded, achieving stabilization
in the flow through the stockpiled material; this can be interpreted as the time when the saturation of the
flow transit zone turned almost homogeneous.
After seven days of flow stabilization in the stockpiled material, the application of irrigation in the
slopes zone of the pilot cell was incorporated, reaching a new equilibrium in the values of input and output
flow after seven days, which was maintained until the end of the leaching test. During the period of
application of the irrigation on the stockpiled material in the pilot cell, there were some days when there
were variations in the flows recorded, which were produced due to some blockage in irrigation pipes which
were caused by weather effects and the normal operation process.
As part of the monitoring during the leaching tests, readings of piezometric level (pore pressure), were
recorded. Recorded readings indicated that pore pressures did not occur during the irrigation period. This
can be interpreted as the solution infiltrated into the body of the heap (due the application rate irrigation)
drained normally through it, which caused a partial wetting of the material, but did not generate a load of
pore pressure within the heap body.
Additionally, during the development of the leaching test, the mine metallurgy department performed
tests in order to estimate the percentage gold recovery obtained in the leaching test, obtaining 69.9%, a
value that was higher than their originally expected value for the mixture.
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Figure 11: Variation of input flow and output flow during the development of leach testing

299

65

HEAP LEACH MINING SOLUTIONS, 2016 ● LIMA, PERU

Monitoring post-leaching test
After the end of the leaching test, some excavations were conducted in the stockpiled material of the pilot
cell, in order to review the wet profile within the heap. Additionally, samples of this material were extracted,
to perform laboratory testing such as particle size analysis and moisture content.
Profiles exposed for excavations, showed a homogeneous distribution of moisture within the body of
the stockpiled material, having obtained moisture contents in these materials around 10%. Furthermore,
saturation areas or areas with preferential flows paths within the body of the stockpile were not detected
(see Figure 12).
The test results for particle size analysis show that the average fines content of the stockpiled material
within the pilot cell was between 10% and 15% (more closely to 10%). This indicates that the process used
for mixing and loading the material resulted in a decrease of the overall fines content with regards to the
original fines content for the till material before the mixing process.
It is noteworthy that prior to the development of the excavations, electrical resistivity testing was
performed on the stockpiled material, simulating additional irrigation. These profiles are illustrated in
Figure 13. The results indicate that within the body of the stack there were 3 distinctive zones with variation
in the electrical resistivity: 1) low resistivity zone (55-132 Ω.m) at the top of the cell, 2) intermediate to
high resistivity zone (141-591 Ω.m) in the middle part of the cell and 3) high resistivity zone (≥ 801 Ω.m).
These zones were generated mainly by: 1) surface compaction due to the transit of trucks and tractors that
were used in the loading of material, 2) the normal segregation process which occurred during the discharge
of material at the pilot cell, resulting in the content of gravels being greater in the lower part and less at the
top, 3) the effects of the geomembrane material installed at the base of the pilot cell, and 4) moisture
generated during the infiltration of the solution into the material of the cell.

Figure 12: Excavations performed after completion of the leaching test,
a homogeneous moisture distribution along the profile of excavations were observed
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Figure 13: Electrical resistivity distribution within the stockpiled material in the pilot cell
According to control records made after the end of the leaching test, it was verified that this material
had a behavior as free draining material (for 8 m load). Additionally, in the body of the stockpiled material,
after the cut (see Figure 12), an homogeneous moisture distribution was observed, confirming that the low
resistivity value obtained on the test was produced mainly due to the compaction of the materials near the
surface and not by the effect of increased moisture content or generation of saturated areas.

Conclusions
There is an influence on the geotechnical behavior of materials produced during the solution application,
due to the fines content (or more precisely, related to the granulometric composition of the material.
According to saturated hydraulic conductivity or permeability tests, materials with more than 20% of fines
content could cause pore pressure generation problem, because for low loads the saturated hydraulic
conductivity is less than irrigation rate; for that reason this type of material (20% of fines content) was not
considered between the zoning alternatives.
Additionally, in this paper the seepage analysis for the proposed alternatives illustrated that the
presence of materials with significant fines content produced saturated areas with the generation of pore
pressure within of the heap configuration, due to the low hydraulic conductivity of these materials.
The zoning of materials allowed adequate control of seepage considering the global fines content of
materials that will be included in the heap. However, the method to be used for the construction of the heap
should be duly reviewed and planned in order to verify that this method or procedure avoids placing
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materials that could include “blocks or concentration of low permeability material” due to a poor mixture,
as this effect could generate an inadequate interaction between the percolated solution and the material,
resulting in a reduction in the metal percentage recovery. For the example analyzed in this work, this effect
was verified with a large scale test, where the mine used a mixing process which allowed homogenization
of the material that was placed in the pilot cell and reduction of global fines content. This process allowed
the stockpiled material in the pilot cell to have behavior as free draining material and also allowed the use
of the existing till material.
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Abstract
In countries such as Peru, located in complex and active seismic regions, it is vital to consider the seismic
demand on site during design of earth structures. In the mining environment, heap leach pads and their liner
system are considered more sensitive to seismic induced displacements than other mine facilities due to the
potential for geomembrane tearing during seismic events, which can lead to environmental damage and
economic detriment. Additionally, heap leach pads in these regions, and particularly in Peru, are usually
built within narrow valleys where the three-dimensional nature of these locations may significantly
influence seismic behavior. This kind of complexity requires an adequate characterization and definition of
the shear strength and deformational properties of the materials involved in its design.
This paper presents a Peruvian case study of a valley-fill heap leach pad where the design was defined
by its seismic behavior, and a three-dimensional (3D) dynamic analysis was performed using the software
FLAC3D (Itasca, 2012) in order to validate 2D seismic analysis for the heap.
A large set of geotechnical information was used for the analysis which included state-of-the-art
characterization of static and dynamic properties of leached ore and interface (liner system). The shear
strength and deformability properties of the leached ore were defined considering a homogeneous media
and implementing a non-linear variation of these with the confining stresses. The shear strength of the
interface was determined using large-scale direct shear tests. The dynamic properties of the leached ore
were studied using geophysical surveys directly on the heap and using combined resonant column and
torsional shear tests as well as cyclic triaxial test. The approach of Yegian et al. (1998) was used to define
the soil-geomembrane interface dynamic properties. The results allowed the authors both to validate 2D
simplified and dynamic analysis and to understand the behavior of the ore and interface in the valley during
a seismic event.
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Introduction
The Peruvian mining industry operates at high altitude in the Andes, where its topography is very aggressive
and unfavorable for heap leach pad (HLP) design and construction. A standard project can operate at
altitudes higher than 3,000 meters above sea level, where the only place available for earth mining structures
is usually narrow valleys. The design of earthworks, liner systems, solution collection systems and first lift
stacking usually involve special and specific design criteria that differs significantly from the ones used in
conventional HLP constructed in almost ideal conditions, such as flat terrains at much lower altitudes.
In countries such as Peru and Chile, which are subjected to strong seismic events, seismic stability
analysis of HLP is paramount during design stages and is regularly performed through pseudo-static
analysis and less often by the calculation of seismic-induced permanent displacements (SIPD). The
approach for SIPD calculation varies from simplified methodologies to fully coupled dynamic analysis
(Reyes and Pérez, 2015) and is focused on determining the magnitude of displacements induced by seismic
forces in the soil-geomembrane interface of the HLP liner system. The analysis methodologies are whether
from one-dimensional (1D) or two-dimensional (2D) nature; however, no previous study has assessed the
influence of the three-dimensional nature of valleys for HLP on both the heap and interface dynamic
response.
Based on geotechnical site investigations, advance laboratory testing and previous studies related to
seismic analyses of HLP, this paper presents the 3D dynamic analysis of a valley-fill heap leach pad located
in northern Peru. This evaluation was part of a large set of seismic analyses that included 1D seismic
response analysis, simplified procedures for the calculation of SIPD and 2D and 3D fully coupled dynamic
analyses. Parra et al. (2016) and Regalado et al. (2016) discuss in detail the dynamic properties of the
leached ore and the overall seismic evaluation of the HLP, respectively. The results of 3D evaluation
presented in this paper allowed the authors to understand the behavior of the ore in soil-geomembrane
interface within the heap during a seismic event.

Case study
The case study presented in this paper is a 120-m high HLP located at a mine site in northern Peru with a
maximum capacity of almost 10 Mt. While the HLP was already been stacked with a capacity of 6 Mt, the
authors were in charge of its stability verification, focusing on its seismic stability condition. In order to
accomplish this, a large set of geotechnical field investigations and laboratory tests was carried out to
characterize both the static and cyclic behavior of the materials involved in the HLP design such as the soil
foundation, soil-geomembrane interface of the liner system and the leached ore.
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To evaluate the seismic stability of this HLP, several seismic analysis were performed which included
preliminary pseudo-static slope stability analysis, 1D seismic response analysis, simplified calculations of
SIPD and 2D and 3D dynamic analysis; the latter of these being described in this paper while the others are
both described and compared by Regalado et al. (2016). Figure 1 presents a plan view and two
representative cross-sections of the HLP. The following sections describe geotechnical characterization and
3D dynamic analysis details.

1-1’

2-2’
Figure 1: Plan view and cross-sections 1-1’ and 2-2’ of the heap leach pad

Field investigation and laboratory testing
The field work was focused on characterizing the foundations soils, soil-geomembrane interface and
leached ore. Several samples of soil liner and geomembrane were collected in situ by removing part of the
leached ore at the toe of the heap and cutting the geomembrane. On the other hand, leached ore samples
were collected directly from the operating heap and their global of field particle-size distribution (PSD)
curves, which included particles larger 3 in, were determined through several excavations along existing
heap slopes. Additionally, several boreholes were executed at the toe of the heap to evaluate the foundation
over-consolidated clayey soils. Standard penetration tests (SPT) were executed and undisturbed samples
were collected. No phreatic level was detected. Finally, a complete geophysical survey was completed along
the heap and foundation soils.
Using the samples collected from the operating heap, a relatively large set laboratory tests were carried
out. Regarding the clayey foundation soils, drained triaxial tests were carried out on undisturbed samples
which, in conjunction with geophysical tests results, provide the information necessary for the analysis.
Leached ore was subjected to additional tests, since no database is available particularly for its
dynamic properties. The samples collected were reconstituted in laboratory using the parallel gradation
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technique. This method scaled the field PSD curve to a parallel one considering the maximum particle size
allowed by the testing device, which is usually between 10 to 15 times smaller the maximum particle size
of standard LO and MW. This technique 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
monotonic triaxial tests on rockfill, crushed rock and alluvial soils, respectively. The PSD curve of the
materials tested in the laboratory maintained the same coefficient of uniformity (CU), PSD shape and
relative density as the materials in the field but limiting the fines content to a maximum of 10%. Using this
technique, monotonic drained triaxial tests were performed in a local laboratory in Lima, Peru.
Additionally, the laboratory program included sets of special tests performed at the University of Texas at
Austin using resonant column-torsional shear (RCTS) and cyclic-triaxial (CTX). The RCTS tests were
performed in a sequential series on the same specimen with isotropic confining pressures (σ’0) ranging from
200 kPa to 800 kPa. For each specimen, nonlinear RCTS tests were conducted at two or three σ’ 0 over a
shearing strain (γ) range from about 10-6 % to slightly more than 0.1%. CTX tests were conducted on these
specimens at a single σ’0 of 700 kPa for each specimen and over an estimated shearing strain range from
about 0.01% to 1.4%. Further detail on these cyclic tests and others performed exclusively on leached ore
and rock mine waste materials are presented by Parra et al. (2016).
Finally, two sets of large scale direct shear (LSDS) tests were performed on the low permeability soiltextured geomembrane interface: all of them tested on remolded soil samples considering an interface
consisting of the textured side an LLDPE 2.0 mm geomembrane in contact with a low permeability soil.
One test was performed under normal stresses ranging from 100 to 800 kPa in a local laboratory and the
other one was carried out at the TRI Environmental laboratory at Austin, Texas using normal stresses up to
2000 kPa, since most of the interface in the leach pad is subjected to normal stresses from 1000 to 2000
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.

3D dynamic analysis
The HLP studied is located over an over-consolidated, unsaturated clayey soil foundation. Hence, only
translational failures were of concern. Thus, the foundation soil was represented in all the analyses as a
cluster with much higher strength than the interface or leached ore. The following sections briefly describe
the static and dynamic geotechnical properties for evaluation as well as the analysis itself.
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Static properties
The CD triaxial tests on leached ore provided nonlinear shear strength envelopes since it was considered
cohesionless with a reducing friction angle as confining pressure increases. The logarithmic tendency
developed by Leps (1970) for coarse granular materials was consistent with the results of CD triaxial tests,
with a friction angle ranging from 35 to 39°. This nonlinear strength envelope was then used in the 3D
analysis. On the other hand, the nonlinear monotonic stress-strain behavior was modeled using the
Hardening Soil (HS) formulation (Brinkgreve et al., 2014). The HS is an advanced model for simulating
the behavior of different types of soil, both soft and stiff (Schanz, 1998). The HS formulation was calibrated
with the resulting stress-strain curves of the CD triaxial tests. Another nonlinear shear strength envelope
was defined for the interface and subsequently used in the 3D model. The studies published by Ayala and
Huallanca (2014) and Parra et al. (2012) evidence the influence of the nonlinear behavior of the interface
for the stability analyses. The LSDS results at high normal stresses demonstrated the shear strength is
nonlinear at high stresses. The Figure 2 shows the nonlinear shear strength envelopes for leached ore and
interface.

Figure 2: Nonlinear shear resistance envelope for leached ore and interface

Seismicity
The seismic analysis used the uniform hazard response spectrum for 100 years return period and defined
for Class B soil (rock) as a design criterion. Seismic records from both horizontal components used as input
for site response analysis were obtained from published motions from Peruvian subduction earthquakes
recorded in Peru. The earthquake motions from the 1970 Lima and 2001 Atico were chosen to perform the
dynamic the 2D and 3D analyses. It is important to mention that the both Lima and Atico earthquake
motions were recorded near the epicenter of the event, capturing their high energy content. No other
earthquake motions were selected due to the limited database available for Peru. These two seismic records
were rotated to the most critical direction before any processing was done. Then, they were spectral matched
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to the 100 years return period uniform hazard response spectrum using the SeismoMatch software, which
is based in the pulse wave algorithm proposed by Abrahamson (1992) and Hancock et al. (2006).

Dynamic properties
First, based on the curves obtained by the both RCTS and CTX tests on leached ore, the normalized shear
modulus and damping ratio curves for this material were determined for confining pressures of 200 and
700 kPa. These proposed curves were compared with the Menq (2003) formulation, observing a good
agreement from the small-strain range up to 0.01% of shear strain. Detailed discussion of these tests results
is presented by Parra et al. (2016). Additionally, the geophysics survey results, performed directly on top
of the heap’s leached ore, were compared with the RCTS shear wave measuring obtaining a good agreement
between the in-situ measurements and the predictions of the RCTS device. Figure 3 present the dynamic
properties of the leached ore as tested in laboratory and as proposed for the seismic analysis.

Figure 3: Normalized modulus reduction and damping ratio curves for leached ore
The dynamic properties of the interface were defined by reviewing existing information on this matter.
The backbone curve for the interface was modeled based on its static shear strength, according to the
conclusion of Kavazanjian and Matasovic (1995) and Arab (2011). The damping ratio was modeled based
on the cyclic shear tests on interfaces performed by Arab (2011) which show a relatively constant damping
ratio value. This constant nature of the interface damping ratio is similar to the findings of Yegian et al.
(1998), which only was used to determine the maximum shear modulus (Gmax). It is important to mention
that no cyclic shear test on the interface was developed for this paper; however, sensibility seismic response
analyses were carried out to analyses the inherent uncertainties of this modelling: these evaluations showed
similar results for all cases.
For the foundation soil, the modulus reduction and damping ratio curves were represented by means
of the Darendeli (2001) formulation, which use several parameters such as plasticity index (PI), overconsolidation ratio (OCR) and confining stress, among others. The Darendeli (2001) formulation was
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proposed by clayey and silty soils with a low percent of coarse grained soil. Additionally, the geophysical
survey’s shear wave velocity profiles of the foundation were used in the seismic analysis.
Finally, the dynamic properties of the bedrock were assigned considering an elastic material and only
as a medium to broadcast waves. Because of the translational failure does not occur through this material,
the shear strains induced by the earthquake were not of importance. Table 2 presents the main properties
used in the seismic analysis.
Table 2: Main geotechnical parameters for seismic analysis
Static properties
Material

Cohesion
(kPa)

Friction
angle (°)

Leached ore

Nonlinear
envelope

Soilgeomembrane
interface

Nonlinear
envelope

Foundation soil

150

32

Dynamic properties

Shear modulus
(MPa)

Maximum shear
modulus (MPa)

Modulus reduction and
damping ratio curves

Defined based on HS
model calibration

Based on RCTS and
geophysical tests

Based on RCTS and CTX
tests

Nonlinear envelope

Based on Yegian et
al. (1998)

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

Defined based on HS
model calibration

Based on
geophysical tests

Darendeli (2001)

3D dynamic analysis
Modulus reduction and damping curves considerations
The dynamic analysis for the HLP was conducted using the Mohr-Coulomb’s law of deformation stress.
This law takes in considerations the energy dissipated and can determinate the damping rate as function of
the shear plastic deformation. However, being an elastic-plastic model, the elastic branch does not consider
the development of damping. In this case, FLAC3D (Itasca, 2012) allowed implementing the Rayleigh
damping model in addition to the mechanical damping hysteretic simplified of Mohr-Coulomb.
Modulus reduction and damping ratio curves for the leached ore and the soil foundation were
calibrated using sigmoidal models implemented in FLAC3D; Figures 4 and 5 show these calibrations.
According to Yegian et al. (1998), for small accelerations transmitted in an interface model, the
soil/geomembrane interface shows a rigid behavior; as the acceleration is increased, a sudden increase of
displacement occurs. This could be attributed to a yield behavior of the interface (Yegian et al., 1998).
Hence, interface elements in FLAC3D using a Mohr-Coulomb model were used, since they can simulate the
modulus reduction in a similar fashion as the Yegian et al. (1998) curve and exhibit damping ratio with
levels up to 40%.
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Figure 4: Normalized modulus reduction and damping ratio curves for leached ore
25.0

1.0

Efective stress confinement 1600 kPa
Efective stress confinement 800 kPa

0.9
20.0

0.8

Efective stress confinement 200 kPa
Calibration

Damping ratio (%).

0.7

G/Gmax

0.6
0.5
0.4
0.3

Efective stress confinement 800 kPa

0.2

Efective stress confinement 1600 kPa

15.0

10.0

5.0

Efective stress confinement 200 kPa

0.1

Calibration

0.0
0.0001

0.001

0.01

0.1

1

10

Shear strength (%)

0.0
0.0001

0.001

0.01

0.1

1

10

Shear strength (%)

Figure 5: Normalized modulus reduction and damping ratio curves for soil foundation

Model geometry
With the aim to simulate a proper transmission of energy of the seismic waves, the mesh of the model was
defined using the Kuhlemeyer and Lysmer (1973) criteria, which defines the height (L) of the mesh zone
as a function of the shear waves velocities (Cs) and the maximum transmittable frequency ( f smax ) , where
zones with 5 m were defined for the leach ore and soil foundations materials, and 25 m for the rock, using
the following expression.

L

Cs
10  f smax

Table 2 indicates the maximum frequency transmitted by the mesh analysis for more critical shear
waves, calculated with properties of each material at depths of 5 m. These frequencies are above of 4 Hz,
which is the limit frequency of the seismic records used.
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Table 2: Mesh size determination

Materials

Zone size
m

Cs
m/s

Freq. Cs
Hz

Freq. Limit
Hz

Foundation soil

5

320

6.4

4.0

Rock

25

1200

4.8

4.0

Leached ore

5

202

4.0

4.0

Figure 6 shows the final geometry and a representative cross-section of the model, as presented in
FLAC3D. As can be seen, with stages were considered for the heap geometry in order to represent its stagedconstruction. At each stage, vertical stresses and density were initialized according to the gravity, and
horizontals stresses were calculated following the recommendations of Jaky (1994). It is important to
mention that the model was rotated so that the North direction matched the one of the sliding direction of
the 3D failure surface.

Stage 5
Stage 4
Stage 3
Stage 2
Stage 1

Soil Foundation

~ 1200 m
Rock

~ 1300 m

Figure 6: Geometrical model in FLAC3D

Static factor of safety
First, a static analysis was performed in order to obtain the stress distribution prior to the application of
seismic records. Here, a stage-constructions analysis was included for the heap configuration. Then, the
static equilibrium in dry conditions is obtained for the heap. Afterwards, a pore pressure grid generated by
a groundwater level considered 5 m above the interface was incorporated to simulate the solution level
above the leach pad. Figure 7 shows the total vertical displacements or settlements of the leached ore
resulting from the staged-construction analysis, reaching a maximum settlement value of 1 m, which is
considered acceptable given the height of the heap. It is also noted that the largest settlement occurs in the
transition zone between each stage.
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Figure 7: Heap settlement from static analysis in FLAC3D
FLAC3D provides a full solution of the coupled stress/displacement, equilibrium and constitutive
equations. Given a set or properties, the system is determined to be stable or unstable. Using the shear
strength reduction technique and by automatically performing a series of simulations while changing the
strength properties, a factor of safety was and the critical failure surface were defined. Figure 8 shows
contours of static safety factor; the failure surface on the north of the heap being the one of concern. The
minimum value is 1.425, covering isolated and small sectors, globally safety factors ranging from 1.6 to
1.7. This calculation was remarkably close to both the factor of safety and failure surface geometry
determined by a 3D limit equilibrium analysis perform for the same HLP by Reyes et al. (2015).

Figure 8: Static factor of safety in FLAC3D

Dynamic analysis of the base
Earthquake ground motions developed for dynamic analysis are usually provided as outcrop motions,
normally rock outcrop motions. According to Mejia and Dawson (2006), the input register for a viscous
and lineal base model is typically half of the original record. This represents a scaling factor of 0.5 for the
original records; this procedure obviates the deconvolution process for rigid bases. To properly enter the
seismic record in the viscous base, the earthquakes for this project were introduced as shear stress and as a
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function of the shear wave velocity (CS), the density (ρ) and the particle velocity of the upward propagation
motion vsu  , according to the following equation:

  0.5 2  CS    vsu 
The procedure could be affected by changes in the surface topography of the rock model. A dynamic
analysis was performed considering only the base (see Figure 9), in order to verify that the surface seismic
records match with the design records. This verification was accomplished by comparing specific energy
density, response acceleration spectra and the seismic record itself. The analysis showed that was necessary
to apply scaling factors 1.206 and 1.364 for the 1970 Lima and 2001 Atico, respectively, in order to obtain
the desired design earthquake.

Points of control

Figure 9: Base model and points of control

Elastic dynamic analysis
Figure 10 shows contours of the shear modulus and dynamic stiffness for the leached ore and interface,
respectively. Using these parameters, an elastic undamped dynamic analysis was conducted in order to
estimate the fundamental frequency of each material and for each seismic record. The obtained values were
then used to implement a Rayleigh damping for each material in order to account for small-strain damping,
which is not usually properly modeled the hysteretic damping of FLAC3D. Table 3 shows the values of
fundamental frequency for each material.
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Figure 10: (Left) Dynamic shear modulus (Pa) of leached ore and
(right) dynamic shear stiffness (Pa/m) of the interface
Table 3: Fundamental frequency of the materials
Fundamental frequency (Hz)
Seismic record

Rock

Foundation soil

Leached ore

1970 Lima

0.45

0.75

1.19

2001 Atico

0.52

0.52

1.35

Formal dynamic analysis
The formal dynamic analysis was performed considering the fully non-linear method, using FLAC3D, to
predict the dynamic behavior of the heap under the seismic records described in previous sections. The
analysis showed the stress/deformation behavior of the HLP, especially in the interface. Figures 11 and 12
shows the shear displacements in the interface zone which were limited to 0.3 m in order to identify areas
where is exceeded; note that Figures 11 and 12 only show the interface. Shear displacements above 0.3 m
are highlighted in red. The largest displacements of the interface occur in areas of low vertical stress or low
confinement, primarily at the toe of the HLP.
The horizontal earthquake was applied in the North-South direction which, due to a previous rotation
of the model, matches the sliding direction of the HLP. Figure 13 shows the leached ore heap displacements
and settlements for the 1970 Lima earthquake, where the heap displacement contours match the predicted
failure surface geometry analyzed by Reyes et al. (2015) in their 3D limit equilibrium analysis of the same
HLP. Also, Figures 14 and 15 shows the shear strains of the leached for a critical section and in plan view,
respectively. These deformations were limited to 3.5%, as recommended by Ishihara (1996). The sectors
with higher shear strains cover about 20 m and are located at the toe of the heap in areas of low confinement.
Finally, Figure 16 shows control points located at the interface while Figure 17 shows the development of
shear strains at the interface during the earthquake motions.
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~55 m

Figure 11: Shear displacements in the interface, seismic record 1970 Lima

~ 45 m

Figure 12: Shear displacements in the interface, seismic record 2001 Atico

Figure 13: (Left) Total displacements and
(right) vertical displacements on the heap surface from 1970 Lima
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~ 16 m
Shear deformation above to 3.5%

~ 20 m
Shear deformation above to 3.5%

Figure 14: Maximum shear strain of leached ore for at the toe of the heap for the
(left) 1970 Lima and (right) 2001 Atico earthquakes

Figure 15: Plan view of the maximum shear strain of leached ore for the
(left) 1970 Lima and (right) 2001 Atico earthquakes

Figure 16: History locations on the interface, plan view
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Figure 17: Shear strain development for control points in the interface for the
(left) 1970 Lima and (right) 2001 Atico earthquakes
The results show that the highest shear displacements and the highest leached ore shear strain levels
developed mostly around the toe of the heap in areas with low confinement. The low damping ratio of the
leached ore, cohesionless nature of the ore and low confinement were found to induce both high
displacements of ore and within the interface. Since the focus of the analysis is calculating shear
displacements of the soil-geomembrane interface, the analysis allowed the authors to assess their
development within the leach pad and to further define the seismic design of the HLP. Regalado et al.
(2016) describe in the detail how these results were compared with simplified calculation of seismic induced
permanent displacements and 2D dynamic analysis in 2 cross-sections of the HLP and how apparent
instabilities defined by these evaluations were overcome using the 3D results.

Conclusions
The dynamic behavior of a Peruvian heap leach pad was analyzed for two representatives spectrally
matched earthquakes, 1970 Lima and 2001 Atico, using the computer program FLAC3D in order to validate
its seismic design. Several geotechnical investigations, advanced laboratory tests, a proper geometrical
construction considering the power transmission concepts, and proper definition of static and dynamic
properties of materials was performed for the 3D model.
The static analysis showed that surface settlements are within an acceptable, considering the final
height of the pad. In addition, local and global safety factors, which consider the three-dimensional effect,
are acceptable according to general criteria used in similar projects and very close to a three-dimensional
limit equilibrium slope stability analysis performed for the same heap by Reyes et al. (2015).
The analysis focused on the behavior of the interface since translational failures were of concern.
Shear displacements and strains were monitored both in the interface and within the heap. The shear
displacements in the interface resulted in values mostly lower than 0.3 m, with local areas at the toe of the
heap with values. The low damping ratio of the leached ore, cohesionless nature of the ore and low
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confinement were found to induce both high displacements of ore and within the interface. However, these
sectors were found to do not represent a threat to the overall stability of the heap and integrity of the liner
system. A comparison of the results presented in this paper and extended description of the seismic design
of the studied heap leach pad is presented by Regalado et al. (2016).
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Smart wireless solutions – process control and variables
monitoring in a leach pad operation
Hugo Barrientos, Emerson Process Management, Chile

Abstract
The growing need to optimize the mining process creates a need for users to have a simple, reliable, secure
and cost-effective method to monitor the values of the variables measured in the field.
The solutions described in this abstract and presentation will demonstrate how the implementation of
Smart Wireless technology helps to optimize the heap leaching and electrowinning processes, increasing
process efficiency and up-time.
An effective monitoring of the variables involved in the operation of a heap leach can improve
production and optimize the use of sulfuric acid, which results in more effective management of resources
and helps to reduce consumable costs. Constant monitoring and control of key variables along the pad
ensures uniform irrigation at all levels of the modules, avoiding injuries to personnel during maintenance
sampling perforation. Moreover, online wireless monitoring provides actionable information from the
process to make informed decisions based on real-time data from the safety of the control room, protecting
the plant personnel from toxic environments and risky working sites, and minimizing maintenance rounds
on the pad.
As a result of the applications studied, users can monitor variables in real time, getting all the process
information needed to make better and informed decisions to increase productivity and make better action
plans based on real-time data.
The open communications platform provides for an easy and quick installation, reducing costs and
maintenance, and operator time. The non-proprietary solution can be easily installed without the need for
electrical infrastructure or mechanical modification of the process.

Introduction
This document describes introductory concepts pertaining to heap leaching in pads and the implementation
of wireless technology to monitor and measure the pad variables in real time.
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The leaching process requires a wide supporting base to place the first layer for waterproofing
purposes, on which minerals obtained from crushing and milling are irrigated. This material is distributed
in different sections in trapezoid shape and predetermined height to proceed with its irrigation combined
with a sulfuric acid solution. Following the solution percolation throughout the whole pad, the enriched
liquids are collected and taken to the mineral-substance recovery processing plant. The sulfuric acid used
during pad irrigation is a critical and costly component in this process, from which copper sulfate is
obtained. Efficient operation depends on constant monitoring at critical points during the whole process,
such as pressure at the bottom of the pad and flow rate.

Method
Challenge
During heap leaching, monitoring the uniform irrigation of sulfuric acid is crucial for ensuring accuracy
and efficacy in the leaching process. Monitoring this variable consists of properly controlling irrigation
rates and pressure management. Other challenges to face in this process pertain to monitoring of the pH,
bacterium temperature, air injection and pressure control valves.
The pad in which the solution in question was applied has a length of 2,000 m and a width of 650 m,
and its remote location as well as harsh operational conditions made wired equipment difficult to
implement.

Solution
Emerson Process Management offers a complete solution to approach each of the challenges described with
wireless field instrumentation following protocol WirelessHART. This solution allows the removal of
wiring and external power in highly corrosive environments in large and remote areas.
WirelessHART is a communication protocol implemented in wireless mesh networks designed to
fulfill the needs of process automation applications. Wireless networks installed among field devices have
redundant, safe and robust paths, are capable of auto resetting and offer at least 99.9% reliability.
Auto resetting refers to the capability of field devices to automatically detect others in the mesh with
which they can establish communication as well as to the ability to automatically communicate with other
devices that they deem most appropriate.
Emerson’s SmartWireless solution in heap leaching consists of implementing a WirelessHart network
for variable control and monitoring. The instrumentation or devices were incorporated into the wireless
network and their information was entered in the plant information system (SCADA) through a Gateway
port.
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This measuring system transfers data among field devices to the current control or data acquisition
system in a fully user-friendly manner, not interrupting the operation process.
The physical layer is compatible with ISM (Industrial, Scientific and Medical) of 2.4GHz (from 2,400
to 2,482.5 MHz) with DSSS modulation and frequency hopping. The device performs the hopping to the
bandwidth channels it requires, doing so automatically and not needing pre-configuration.
The data link layer is compatible with IEEE 802.15.4, which is the basis for the development of
WirelessHart and certified as communication standard by IEC 62591 to ensure interoperability among
different manufacturers.
Another tool used is the Time Division Multiple Access (TDMA) to arbitrarily assign and coordinate
communication among network devices.
Communications are highly safe using encrypted blocks AES-128, which include a password per
device to access the network and other codes for accessing Data-Link through a network password.
The wireless network architecture with Industrial Wi-Fi communication (IEEE 802.15.4- IEC 62591WirelessHART) has been designed as a device data-acquisition network.
 The flow measurement solution includes the use of a WirelessHart differential pressure
transmitter and a measurement primary element, which is defined according to process features
(measurement principle and materials used).
 The temperature measurement solution uses a temperature transmitter on a single measurement
point or a multivariable WirelessHart temperature transmitter with a 4-input capacity and its
corresponding temperature sensors.
 The pressure measurement solution uses a WirelessHart manometer transmitter, which allows
remote monitoring.
 The pH measurement solution uses a pH analyzer and pH sensor element defined according to the
process characteristics.
 The pressure control valve solution uses discrete transmitters that integrate with the pressure
control valve performing opening and closing tasks as well as remotely flow rate control.
 The positioning monitoring of the proportional valve utilizes a WirelessHart positioner integrated
into a proportional control valve, which allows to determine the valve position remotely.

Results
It is noteworthy to mention that this presentation will analyze the actual implemented solution, which
obtained the following results:
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 A collapse risk-reduction of 25% – level measurements along the leach pad help to detect collapse
risk improving safety (wireless monitoring, no need to expose operators to the pad) and process
efficiency improvement.
 A 3% increase in copper production – improved production due to a improve measurement of
process variables.
 A reduced environmental impact due to decreasing the use of sulfuric acid down to 14%, which
resulted in yearly savings of $140,000 – improved measurements lead to a more efficient use of
sulfuric acid.

Conclusion
The WirelessHart protocol adds a new dimension to the process automation field. Based on the proven
success of the HART protocol, WirelessHart technology broadens the scope of process instrumentation
ensuring compatibility with current systems and practices.
WirelessHart is the first wireless standard available for industrial process monitoring. Smart Wireless
solutions allow users to design new applications and plant procedures, both on site and remotely, offering
process-improvement opportunities as well as extending the useful life of the plant assets.
Emerson SmartWireless products extend digital architecture benefits, improving plant efficiency,
providing process information previously not accessible (flow measurements), allowing asset control
optimization, process automation and simplifying both decision-making and management procedures.
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On the dynamic properties
of leached ore and mine waste
Denys Parra, Anddes and National University of Engineering, Peru
Andrés Reyes, Anddes, Peru and The University of British Columbia, Canada
Renzo Ayala, Anddes, Peru
Andrew Keene, The University of Texas at Austin, USA
Kenneth Stokoe, The University of Texas at Austin, USA
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Abstract
Seismic design of heap leach pads and rock mine waste dumps located at highly active seismic zones, such
as Peru and Chile, requires a proper determination of the dynamic properties of the materials involved in it,
such as leached ore, mine waste, soil-geomembrane interfaces and foundation soils, in order to perform
seismic stability or response analysis. Shear modulus and damping ratio are two of the most important soil
parameters in seismic analysis, which are nonlinear and strain-dependent. Variation of normalized shear
modulus and damping ratio with shear strain curves are commonly used to show these characteristics.
This paper presents a summary of laboratory testing executed at the University of Texas at Austin
using resonant column, torsional shear and cyclic-triaxial tests, for obtaining normalized shear modulus and
damping ratio curves. Those tests were performed on samples of crushed and blasted leached ore and rock
mine waste taken from different heap leach pads and mine waste dumps currently in operation in Peru.
These curves were compared with those of the existing literature, showing a good agreement primarily for
the blasted samples. However, in the case of the crushed leached ore sample, results seem to indicate that
the geologic origin and mineralogy of the ore and mainly the crushing process may influence the dynamic
properties.
Based on the testing program results, the authors proposed normalized shear modulus and damping
ratio curves for leached ore and mine waste materials obtained by a blasting process, over a range of standard
confining pressures.
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Introduction
Heap leach pads (HLP) are constructed by stacking precious or base metal ore materials, blasted or
blasted/crushed, in loose and relatively dry fill lifts, commonly placed at the angle-of-repose. The ore is
placed on top of a geomembrane liner and foundation and irrigated with sodium cyanide (for gold and silver)
or acidic (for copper, nickel and uranium) solutions that dissolve metals into the heap. On the other hand,
rock mine waste dumps (MWD) are constructed by stacking blasted rock mine waste materials in a similar
fashion as heap leach pads but usually without a liner system. Failure of these massive facilities would
generate heavy environmental and economic damage and therefore, both static and seismic slope stability
analyses are paramount for its operation and closure.
In highly active seismic regions, seismic design of these facilities, which usually involved seismic
response analysis and calculation of seismic induced permanent displacements, is crucial during design
stages. Hence, it is necessary a proper determination of the dynamic properties of the materials involved in
these seismic evaluations, such as leached ore (LO) and mine waste (MW). Since MW and run-of-mine
(ROM) ore are essentially similar materials, the determination of the dynamic properties of MW materials
not only can be used for dynamic analysis of MWD, but also for understanding the dynamic behavior of
ROM ore.
Currently, several empirical curves for dynamic properties exist in the literature for different types of
soils, such as: Seed and Idriss (1970) for sands, Seed et al. (1986) and Rollins et al. (1998) for gravelly
materials, Vucetic and Dobry (1991) for clays, Darendeli (2001) for fine-grained soils, Menq (2003), for
sandy and gravelly soils, and Senetakis et al. (2013) for quartz and volcanic sands. However, since there is
currently no database available for estimating dynamic properties of LO or MW, the curves from dynamic
laboratory tests must be obtained and compared with curves from existing literature to guide seismic design
of HLP or MWD.
Samples were taken from three different sites, from which five different material types were tested in
the laboratory. Of the five samples collected, two came from HLP and three from MWD. Two of the sites
were gold mining operations where both the HLP and MWD were evaluated. The third site was a
polymetallic mining operation where only the MWD was evaluated. All of the sites were located in a
seismically active area along the Andes Mountains in Peru. Photographs of a HLP and MWD from the same
site are shown in Figure 1.

Materials
The LO and MW materials tested in this study were obtained from three different mining projects (labeled
Project 1, 2 and 3) and were reconstituted in laboratory using the parallel-gradation technique. This method
scaled the field particular-size distribution (PSD) curve to a parallel one considering the maximum particle
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size allowed by the testing device, which is usually between 10 to 15 times smaller the maximum particle
size of standard LO and MW. This technique 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
monotonic triaxial tests on rockfill, crushed rock and alluvial soils, respectively. The PSD curve of the
materials tested in the laboratory maintained similar coefficient of uniformity (CU), PSD shape and dry
density as the materials in the field but limiting the fines content to a maximum of 10%. Photographs of the
field materials and laboratory samples are shown in Figure 2.

a

b

Figure 1: (a) Heap leach pad and (b) and mine waste dump in the Andes region
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(b)

(a)

25 mm
76.2 mm mesh
Mesh

(c)

(d)

25 mm
76.2 mm mesh
Figure 2: Photographs of leached ore tested in the field (a) and
laboratory (b) and mine waste tested in the field (c) and laboratory (d)

The PSD curves of all the tested materials as placed in the field and reconstituted in the laboratory are
shown in Figure 3. The field material matrix classified as well-graded gravel, poorly graded clayey gravels
and well-graded silty gravels (GW, GP-GC, GW-GM) as the Unified Soil Classification System (USCS).
The materials reconstituted for laboratory testing classify as well-graded sands, well-graded silty sands and
poorly-graded silty sands (SW, SW-SM, SP-SM).
In Project 1, two samples of LO (LO-02 and LO-03) were tested for verification purposes by using
essentially the same material and reconstitution in the laboratory. A similar approach was taken for Project
2 for both LO (LO-09 and LO-11) and MW (MW-06 and MW-07). In all of the other cases, only one sample
set was used in the laboratory tests. The basic index properties of the specimens that were tested are shown
in Table 1.
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Figure 3: Gradation curves for samples used in the laboratory testing program
Table 1: Index properties of field material and specimens subjected to RCTS and CTX testing
Sample

Material

Location

Gs1

Cu2

Cc3

D504 Fines

WC5

γt6

e7

USCS8

–

–

–

(mm) (%)

(%)

(kN/m3)

–

–

Field
2.25
Project 1
crushed
leached ore Laboratory 2.25

90

2.77 20.3

4.9

2.60 - 2.80

15.3 - 16.5 0.433 - 0.480

GW

36

0.79

3.5

5.0

0.70 - 3.36

15.4 - 16.5 0.406 - 0.480

SW

Field
2.61
LO-09/ Project 2
blasted
LO-11 leached ore Laboratory 2.61

28

1.46 90.0

2.5

2.17 - 2.23

20.0 - 21.4 0.150 - 0.214

GW

28

0.80

3.1

5.0

2.94 - 2.96

20.0 - 20.3 0.299 - 0.318

SW

Field
2.50
Project 1
MW-04 blasted mine
waste
Laboratory 2.50

12

3.00 32.6

5.8

1.00 - 12.70

–

–

GP-GC

12

1.33

3.2

6.0

8.80

15.5

0.712

SW-SM

Field
2.67
MW-06/ Project 2
blasted mine
MW-07
waste
Laboratory 2.67

21

0.18

111

2.0

0.40 - 4.50

20.8 - 23.8 0.111 - 0.265

GW

26

0.92

3.0

3.0

4.24 - 4.76

20.5 - 21.7 0.265 - 0.328

SW

Field
3.23
Project 3
MW-20 blasted mine
waste
Laboratory 3.23

220

2.5

25.4

6.0

1.90 - 2.80

20.2 - 27.9 0.166 - 0.607 GW-GM

24

1.2

1.0

10.0

2.39 - 3.33

23.4 - 24.5 0.320 - 0.390 SP-SM

LO-02/
LO-03

Notes: 1) Specific gravity, 2) Coefficient of uniformity, 3) Coefficient of curvature, 4) Average diameter by mass,
5) Water content, 6) Total unit weight, 7) Void ratio at 1 atmosphere of confining pressure and
8) Unified Soil Classification System (USCS) Symbol for Soil Type.

Laboratory testing
The normalized shear modulus and damping ratio curves of these materials were evaluated at the University
of Texas at Austin using a combined resonant column (RC) and torsional shear (TS) device and cyclictriaxial (CTX) device. The laboratory samples were reconstituted using the under-compaction method (Ladd
1978) to match in-situ density and water content. The RCTS tests were performed in a sequential series on
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the same specimen with isotropic confining pressures (σ’0) ranging from 69 kPa to 1213 kPa. For each
specimen, nonlinear RC tests were conducted at two or three σ’0 over a shearing strain (γ) range from about
10-6 % to slightly more than 0.1%. CTX tests were conducted on these specimens at a single σ’ 0 for each
specimen, over a range from 303 kPa to 700 kPa, and over an estimated shearing strain range from about
0.01% to 1.4%.
The RCTS apparatus used in these tests is a computer-controlled RCTS device. This equipment has
been developed at The University of Texas at Austin over the past several decades and a large number of
RCTS tests (>900) have been performed on cylindrical soil and rock specimens. This equipment has a fixedfree configuration, with the bottom of the specimen fixed and torsional excitation applied at the top. The
basic operational principle is to vibrate the cylindrical specimen in first-mode torsional motion. Sinusoidal
torsional excitation is applied to the top of the specimen and swept over a range in frequencies, and the
variation of the amplitude with frequency is obtained at the top of the specimen. Once first-mode resonance
is established, measurements of the resonant frequency and amplitude of vibration are made. These
measurements are then combined with equipment characteristics and specimen size to calculate shear wave
velocities (VS) and shear modulus (Gmax) based on elastic wave propagation theory. Material damping is
determined either from the width of the frequency response curve or from the free-vibration decay curve.
The RCTS tests are performed at 5 confining pressures in order of increasing pressure. At the middle and
highest pressure levels, nonlinear tests are conducted over a shearing strain range from about 10-6 % to
slightly more than 10-1 %. In Figure 4, a schematic of the RCTS device is shown.
The CTX tests were performed based on the procedures presented in ASTM D3999 for measuring
Young’s modulus and estimating the shear modulus; damping ratio is also calculated. The testing procedures
were modified to fit the specific needs of these projects. In particular, the tests were performed on drained
instead of undrained saturated specimens. Additionally, local deformations were measured within the
middle third of the specimens (along the height) using miniature LVDTs mounted to the specimen. Last,
the load cell was placed inside the cell to eliminate friction between the piston and the cell that would
otherwise be measured by the load cell. This was possible because the confining pressure was applied
entirely with air and filling the cell with water to aid in saturating the specimen was not necessary. Both,
tests with load control (at the lower strain levels) called “stress” and displacement control (at the higher
strain levels) called “strain”, were performed as part of the cyclic triaxial testing.
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Figure 4: Resonant column torsional shear test device of The University of Texas at Aust in

Nonlinear shear modulus and damping ratio in RCTS and CTX tests
The dynamic behavior at strain levels where the specimen tested exhibit linear, nonlinear-elastic, and highly
nonlinear (plastic) behaviors, is shown by combining results from RC and CTX tests. This behavior is
presented in terms of normalized shear modulus (G) by Gmax and damping ratio versus the log of γ (G/Gmaxlogγ and D-logγ) plots shown in Figures 5, 6, 7, 8 and 9 for all the materials tested, which are separated by
project and type of material. Gmax values obtained from the resonant column tests were used to normalize
the cyclic triaxial shear modulus values as well.
Curves generated from the equations developed by Menq (2003) for gravelly soils were used to
compare the results of the nonlinear dynamic behavior of the materials evaluated by the RC and CTX tests.
The equations developed by Menq (2003) were chosen due to their ability to predict G/Gmax-logγ and Dlogγ relationships using Cu values and different confining pressures. A brief discussion regarding the
G/Gmax-logγ and D-logγ relationships is presented below.
Crushed LO from Project 1 (Figure 5): The dynamic properties curves are not in agreement with those
predicted by Menq (2003), showing a “stiffer” behavior for the G/Gmax plot and much lower values when
observing the damping ratio.
Blasted LO from Project 2 (Figure 6): Normalized shear modulus curves for a confining pressure of
200 kPa are in excellent agreement with those predicted by Menq (2003) for strains up to 0.01%. However,
for the confining pressures of 700 kPa and 800 kPa, the curve predicted by Menq (2003) do not fit very
well, particularly for high shear strains. On the other hand, damping ratio curves for both confining pressures
are in general good agreement with those predicted by Menq (2003). Nevertheless, for high strains, damping
ratio predicted by CTX is largely lower than the Menq’s (2003) curves.
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MW from Project 1 (Figure 7): In general, the normalized shear modulus curves for the range of
confining pressures tested, fit pretty well with those predicted by Menq (2003). Regarding damping ratio
curves, curves obtained in the RC testing are not in agreement with the Menq’s (2003) curves, showing
higher values for small strains in agreement with the findings of Yee et al. (2003). CTX tests were not
performed for this material.
MW from Project 2 (Figure 8): Curves obtained from the testing and the predicted by Menq (2003)
are in good agreement, mainly for small shear strains, for both normalized shear modulus and damping ratio.
In addition, CTX results predict reasonably well the damping ratio but not the normalized shear modulus
for strains higher than 0.01%.
MW from Project 3 (Figure 9): In general, curves obtained in laboratory and predicted by Menq (2003)
are in good agreement, for both normalized shear modulus and damping ratio, except for the lowest
confining pressure (85 kPa). CTX tests were not performed for this material.

Figure 5: Crushed leached ore from Project 1. Normalized shear modulus and damping ra tio
versus shear strain and predictions of the dynamic property curves from Menq (2003)

Figure 6: Blasted leached ore from Project 2. Normalized shear modulus and damping ratio
versus shear strain and predictions of the dynamic property curves from Menq (2003)
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Figure 7: Mine waste from Project 1. Normalized shear modulus and damping ratio versus shear
strain and predictions of the dynamic property curves from Menq (2003)

Figure 8: Mine waste from Project 2. Normalized shear modulus and damping ratio versus shear
strain and predictions of the dynamic property curves from Menq (2003)

Figure 9: Mine waste from Project 3. Normalized shear modulus and damping ratio versus shear
strain and predictions of the dynamic property curves from Menq (2003)
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Crushed samples
The only crushed material tested in the RC and CTX laboratory programs were LO samples LO-02 and LO03 from Project 1. The G/Gmax-logγ and D-logγ relationships were quite different from the ones predicted
by Menq (2003). An analysis of the mineralogy of the LO material indicates a volcanic origin. Consequently,
the Senetakis et al. (2013) formulation for dynamic properties of volcanic crushed sands was chosen for
comparison purposes. As we can observe in Figure 10, the curves of normalized shear modulus obtained in
the laboratory and the predicted are in good agreement, mainly for the lower confining pressure; for damping
ratio the laboratory curves and the predicted are in agreement just for shear strain lower than 3x10 -3%, but
not for higher stains .
It is important to note that MW sample MW-04 from the same Project 1 than the crushed ore material,
is also of the same volcanic origin, however, dynamic properties do not seem to be influenced by this aspect.
Therefore, a preliminary conclusion seems to indicate that the effect of the crushing process, which
influences the angularity and texture of coarse particles, would be affecting the dynamic properties obtained
in the dynamic laboratory testing. As we only tested one crushed LO sample, it is not possible to conclude
regarding the effects of the geological origin or the crushing process. More testing is needed for future
research.

Figure 10: Crushed leached ore from Project 1. Normalized shear modulus and damping ratio
versus shear strain and predictions of the dynamic property curves from Senetakis et al. (2013)

Proposed normalized shear modulus and damping ratio
Figures 11 and 12 show the summary of all the testing performed in LO and MW in this study, respectively.
As shown in Figure 11, samples LO-02 and LO-03 of crushed LO show a different trend when compared
with the other samples. However, blasted LO samples LO-09 and LO-11 behave similar to the MW materials
for both normalized shear modulus and damping ratio.

336

HEAP LEACH MINING SOLUTIONS, 2016 ● LIMA, PERU
As shown in Table 1, MW samples Cu values ranged from 12 to 28. Although variability of Cu when
the material is mined by blasting in an open pit and their influence on the dynamic properties are expected,
the testing program results shown in Figure 12 indicate very similar trends for both normalized shear
modulus and damping ratio. No such conclusion can be obtained for the blasted or ROM LO samples since
only one set of samples from the same project was evaluated.

Figure 11: Normalized shear modulus and damping ratio versus shear stra in for leached ore

Figure 12: Normalized shear modulus and damping ratio versus shear strain for mine waste
Based on the discussion above, the authors propose normalized shear modulus and damping ratio
curves for MW materials based on the results of the RC and CTX testing program. The proposed curves are
shown in Figure 13 over a range of confining pressures ranging from 100 to 1200 kPa. The proposed curves
for normalized shear modulus are similar to those predicted by Menq (2003) up to 0.01%.
It is important to mention that the damping ratio proposed for small-strain is based both on the testing
results, as well as in the findings of Yee et al. (2013). By performing validations of seismic response
analysis, this author suggested values of small-strain damping ratio from to 2 to 5%, rather than the ones
obtained in the resonant column tests presented in this study.
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Since ROM ore and MW are obtained by blasting in the open pit, they can be considered similar
materials. Consequently, the testing program results of blasted LO were compared with the dynamic
property curves proposed in this study for MW, as shown in Figure 14. It can be observed that the proposed
curves nicely fit the test results of the blasted LO of this study (samples LO-09 and LO-11 from Project 2),
but are different from the crushed samples testing results (samples LO-02 and LO-03).

Figure 13: Proposed curves for normalized shear modulus and damping ratio for mine waste
materials tested in this study

Figure 14: Comparison of the proposed curves for normalized shear modulus and damping ratio
for mine waste materials with testing results of leached ore materials
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Figure 15: Proposed curves for normalized shear modulus and damping ratio for blasted leached
ore and mine waste materials
The proposed normalized shear modulus and damping ratio curves for blasted (ROM) LO and MW
materials are presented in Figure 15. Those curves may be taken as a preliminary and as a reference for
obtaining dynamic property curves for seismic response and dynamic analysis of HLP and MWD. This
should be combined with an adequate calculation of Gmax based on geophysical surveys or accepted
empirical relationships. However, a proper determination of these dynamic properties based on dynamic
laboratory testing always is needed in any case.

Conclusions
Currently, several empirical curves for dynamic properties exist in the literature for different types of soils.
However, for leached ore or mine waste, typical materials of mining operation, there is no testing previously
performed and therefore no database available. Hence, when dealing with the seismic design of structures
such as heap leach pads and mine waste dumps, cyclic testing is required to verify any existing dynamic
curve to be used in it.
In order to assess the dynamic properties of these materials, samples from two heap leach pads and
three mine waste dumps from three mining operations were reconstituted in laboratory using the parallelgradation technique, tested during the design stages of each project and summarized for this study. The
linear and nonlinear shear modulus and damping ratio of these materials were evaluated at the University
of Texas at Austin using tests that involved a combined resonant column and torsional shear device and
cyclic triaxial device.
The laboratory testing results for obtaining the variation of normalized shear modulus and damping
ratio with shear strain of blasted (ROM) leached ore and mine waste materials show a reasonable agreement
with the curves generated from the equations developed by Menq (2003) for sandy gravelly soils. A close
fit is observed for shear strains up to 0.01%, while some deviation is observed for damping ratio in some of
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the materials tested. For higher shear strains, Menq’s (2003) curves represent more degradation than that of
the laboratory results.
As for the case of the crushed leached ore of volcanic origin, the laboratory results were quite far from
the curves predicted by Menq (2003) but rather close to the ones predicted by Senetakis et al. (2013) for
volcanic crushed sands; however, the laboratory results of the mine waste material from the same Project 1,
and also of volcanic origin, indicate that dynamic properties do not seem to be influenced by this aspect.
Therefore, this appears to indicate that crushed nature of the ore may influence the dynamic properties.
Normalized shear modulus and damping ratio curves for blasted (ROM) leached ore and mine waste
materials are proposed in this study over a range of confining pressures, which are similar to those predicted
by Menq (2003) for shear strains up to 0.01%. Since current state-of-art of seismic design of earth mining
structures, such as heap leach pads and mine waste dumps, in highly active seismic zones suggests, the use
of seismic response analysis and calculation seismic-induced permanent displacements, these proposed
curves become a useful tool when performing seismic response as well as fully-coupled dynamic analysis.
Proper determination of the maximum shear modulus using geophysical surveys or accepted empirical
correlations is also needed.
More dynamic testing is needed for confirming or adjusting the dynamic properties curves proposed
in this study. Those tests should use the parallel-gradation technique to reconstitute samples in laboratory.
Additional effort should be made for testing crushed leached ore to verify the aspects that may influence its
dynamics properties, such as the geologic origin and the crushing process.
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Abstract
The physical and mechanical properties of a rock massif are significantly affected by their alteration degree
which in turn determines the latter’s mechanical behavior. In mining, facilities (such as leaching pads, mine
tailing and waste rock dumps) are generally built on altered rock massifs. Such alteration is always the
result of mineralization. Hydrothermal alterations are among the most common in the Andean region. This
paper reviews the influence of hydrothermal alterations on the physical and mechanical properties of an
andesitic gold and copper porphyry system in the Peruvian Andes.
Rock cores from diamond drilling were collected. The rock samples were extracted from areas
showing various degrees of alteration, from fresh to completely altered rock. The following laboratory
assays were performed: physical properties (porosity, unit weight, specific gravity), speed of the
compressions and shearing waves, resistance to point loads and x-ray diffraction. For each rock sample, the
degree of alteration was determined quantitatively (through mineralogical composition using MAUD
software) and also taking into account the characteristic spectra of the minerals found in the rock samples.
The physical and mechanical properties of those work samples were correlated to the degree of alteration.
In this study’s final section we summarize the study’s findings relating to the degree of hydrothermal
alteration and how it can impact the physical stability of heap leaching facilities.

Introduction
Rock alteration, in particular hydrothermal, is an inevitable process that may result in significant changes
on rock’s mineralogy, geochemistry and physical properties. Hydrothermal alterations are related to
hydrothermal flows travelling through existing rock fractures, which as a result undergoes mineralogical
changes. Such changes affect the rocks’ physical properties whose use for engineering purposes is also in
turn affected. For this reason, determining rocks’ alteration degree is extremely important in geological
research, in particular in mineralization areas.
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From the metallogenic standpoint, Au-Cu leaching projects belong to one of the following four deposit
types: epithermal (in the volcanic and sedimentary environment), and porphyry (Navarro, 2006). The case
presented here relates to a Cu-Au porphyry type gold deposit.
Given the characteristics of Andean tectonic-magmatics, patterns of successive and repeated intrusive
magnetic processes over time have led to the formation of porphyry type deposits, principally containing
Cu, Mo and/or Au.
Porphyry type deposits are genetically and spatially associated to felsic igneous intrusions. Generally,
several bodies of intrusive rock are placed at various copper porphyry pulses and deposits frequently
associated to breccias and dike swarms. Porphyry intruded rock walls by may be of any type (sedimentary,
igneous and metamorphic). Intrusive rock and flows usually show a strong penetrating fracturing.
Structurally, the mineralization’s hosting needs to be rigid (Maksaev, 2001). Figure 1 shows the distribution
of a porphyry alteration zone.

Figure 1: Distribution of porphyry hydro thermal distribution in a copper porphyry system following combined Lowell and
Gilbert (1970), Gustafson and Hunt (1975) and Giggenbach (1997) models. Potassic alteration nucleus surrounded by
filic alteration (quartz-sericite), local intermediate argillic alteration surrounding the filic zone, external halo of the
propylitic alteration, deep sodium-calcium alteration (Carten, 1986; Dilles and Einaudi, 1992) and advanced argillic
alteration layer (Maksaev, 2004)

Rock alteration
Introduction
The term alteration refers to complex changes in the primary or existing rock. These modifications include
changes to the rock’s mineralogy, texture and composition. To better understand these complex relations a
cross-disciplinary approach is needed, including descriptions of volcanology, ore deposits, petrology,
geochemistry and rock mechanics. Unfortunately, very few studies incorporate all these sets of data
(Gifkins et al., 2005).
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Integrated physical and geochemistry observations is a powerful tool to study altered rock. The
physical characteristics and concentration of the stationary portion not susceptible to alteration in altered
rock can help to identify the original rock, where minerals and primary textures can be clearly recognized
(Paulick and McPhie, 1999; Barrett et al., 2001). Physical changes can also help determine the degree of
alteration (i.e. its intensity), its type and to discriminate among existing alteration processes, such as
diagenesis, metamorphism and hydrothermal alteration (Offler and Whitford, 1992; Gifkins and Allen,
2001). In addition, this integrated approach can help in preparing ore deposit prospecting guidelines
(Grande et al., 2001).
In this research case study, the field geotechnical campaign and sample collection and analysis were
performed on hydrothermally altered volcanic rock.

Hydrothermal alteration
The “hydrothermal alteration” term refers to the effect of high temperature water or liquids on rocks. These
liquids rise from the interior of the Earth’s crust to the surface. Such hydrothermal fluids are mostly of
magmatic origin (Giggenbach, 1997). Hydrothermal alteration can also refer to the chemical interaction
between primary rock and other elements (large amounts of dissolved ions) found inside the hydrothermal
flow or solution (Zharikov et al., 2007). If the result of the interaction between the primary rock and the
hydrothermal flow does not add or remove chemical compounds, the process is called metasomatism
(Zharikov et al., 2007). Typically, hydrothermal alterations appear near main faults or fractures and may
span over areas one kilometer or more wide (Waltham, 2002).
The various types of alterations and their intensity depend of factors such as the composition of the
hydrothermal flow, the composition of the primary rock, temperature, acidity (pH), energy, the water to
rock ratio, interaction times and others (Townley, 2005).
A usual classification of hydrothermal alteration is based on typical mineral associations such as:
Propylitic alteration (epidote-chlorite-albite-calcite and pyrite); intermediate argillic alteration (kaolinitemontmorillonite, smectite), filic alteration (quartz-sericite-pyrite), advanced argillic alteration (kaolinitealunite-quartz and kaolinite) and potassic alteration (potassic feldspar and biotite) (Vallejo Cortés, 2014).

Changes in altered rock’s physical properties
All rock massifs affected by hydrothermal flows may show favorable or unfavorable geomechanical
characteristics. The following changes can be identified by relating the influence of hydrothermal alteration
to the most common geomechanical parameters:
 Intact rock resistance can be modified when silicification is the dominant hydrothermal alteration
or negatively, in case of sericitization or argillic alteration. The same criterion applies to the “mi”
parameter for intact rock (Vallejo Cortés, 2014).
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 Physical properties, including porosity and water absorption, are affected by the degree of
hydrothermal alteration. Higher values of these properties are found among argillic alterations.


RQD values and fracture spacing can be altered by hydrothermal flow pressure which may
increase the number of fractures and results in lower RQD values and narrower fracture spacing.

 The condition of these continuities, in particular their filling, is the most important factor to
significantly improve hydrothermal flows that fill existing fractures with silicon or calcite, or may
reduce its resistance significantly if the filling is sericite or clay.
 Hydrothermal alteration will significantly increase acidity (pH), resulting in greater water
aggressiveness that impacts minerals in particular limestone or carbonate ores.

Determining rock’s alteration degree
To relate the degree or level of rock alteration to its mechanical and/or physical properties, we must in the
first place determine the methodology for measuring rock alteration.
A number of indicators have been proposed to measure the degree of alteration and/or weathering,
principally in rock structures (Gupta and Rao, 2001). Most relate the degree of alteration to intact rock’s
chemical, petrographic and engineering properties (Ruxton, 1968; Weinert, 1964; Irfan and Dearman, 1978;
Lumb, 1962; Illiev, 1966; Mendes et al., 1966; Parker, 1970; Franklin and Chandra, 1972; Miura, 1973;
Paşamehmetoğlu et al., 1981; Hodder and Hetherington, 1991; Knill, 1993; Irfan, 1996; Arel and Tugrul,
2001). Many previous weathering studies have been conducted about granitic, metamorphic and
sedimentary rock. However, little research is available on volcanic rock (Tuğrul, 1995; Irfan, 1999; Pera et
al., 2001; Begonha and Sequeira Braga, 2002; Entwisle et al., 2005; Arıkan et al., 2007; Ceryan et al., 2008;
Yildiz, 2010).
Lumb (1962) figured out a quantitative index for weathering relating the quartz and plagioclase
contents in fresh rock (Hong Kong granite) to that found in totally altered rock or residual soil. Weinert
(1964), referring to basic igneous rocks, classified rock’s decomposition stages by determining the content
of secondary minerals. Mendes et al. (1966) defined a global quality index relating the rock’s mineral
components, the products of alteration and other peculiarities that have a strong influence on rock
mechanical behavior.
Irfan and Dearman (1978) defined micropetrographic and microfracture indexes based on the content
of unaltered feldespars, altered feldespars, quartz, biotite, muscovite, altered biotite, chlorite, etc. as well
as microfissures and voids.
Irfan (1996) presented a mobility index, used to characterize rock weathering by comparing altered
and fresh rock’s feldespars content (i.e. a feldespars decomposition index).
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Ceryan et al. (2008) defined a hydrothermal alteration index based on the P waves speed and porosity,
and relating Vp values and altered rock porosity compared to fresh rock.
Yildiz (2010) assessed volcanic rock’s gradual alteration using a mineralogical alteration index
understood as the ratio of secondary minerals (i.e. smectite, kaolinite, calcite, dolomite, goetite, and others)
in altered rock to the their weight in fresh rock.
Figure 2 shows a sketch of potential mineral alteration paths in a granitic igneous rock where minerals
are transformed by a hydrothermal alteration process (Ceryan et al., 2008).

Figure 2: Transformation sketch for granitic rock forming minerals (Ceryan et al., 2008)

Field geotechnical research
This research project included field geotechnical research of a gold project’s leaching pad foundation with
porphyry type mineralization. Ore probes were obtained using HQ3 diamond drilling. The resulting rock
probes were intact, i.e. exempt from any hydrothermal alteration halo related to a copper porphyry deposit,
ranging from fresh rock to totally altered rock.

Laboratory assays
Rock probes (from the entire alteration halo) were used to perform the following lab assays: specific gravity,
porosity, point load index, P and S wave velocity and X-ray diffraction. Table 1 summarizes the results
from these laboratory assays.
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Table 1: Laboratory assays

Sample

Unit weight

Specific

[kg/cm3]

gravity Gs

Point load
Porosity [%]

resistance
Is50 [MPa]

Vp Shearing

Vs shearing

wave

wave

velocity

velocity

[m/s]

[m/s]

BH03-01

2.57

2.650

3.02%

5.544

4,141

919

BH03-02

2.28

2.521

9.56%

4.797

3,753

1,018

BH03-03

2.35

2.581

8.95%

0.738

3,143

957

BH03-04

2.31

2.466

6.33%

0.359

2,540

384

BH03-05

2.49

2.534

1.74%

1.089

1,785

622

BH03-06

1.91

2.620

27.10%

0.087

752

344

BH03-07

2.01

2.655

24.29%

0.062

823

BH03-08

1.67

0.154

639

254

BH03-09

2.10

2.220

5.41%

0.054

1,130

174

BH03-10

2.15

3.282

34.49%

0.091

610

138

Figure 3 shows the results of the X-ray diffraction test (XRD) for each extracted rock probe. Once the
spectra for each sample were known a qualitative analyses yielded the weight percent of all ore sample.
This process was used to analyze the materials using MAUD 2015diffraction software and taking account
of the characteristic spectra for each ore. MAUD was developed by Trento University. Table 2 shows the
weight percentages for each mineral.
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BH03-09

BH03-10

BH03-07

BH03-08

BH03-05

BH03-06

BH03-03

BH03-04

BH03-01

BH03-02

Figure 3: X-ray diffraction assays. Rock probes
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Table 2: Rock samples. Component weight percentages

Sample

Ort

Plag

Illi

BH03-01 52.5

1.0

2.8

BH03-02 17.5

1.4

BH03-03

0.1

BH03-04

Caol

Esm

Mus

Cua

Bio

4.2

4.3

28.8

4.3

23.2

15.8

35.7

0.8

3.2

18.6

18.0

33.8

1.0

1.4

2.8

18.5

26.8

38.1

BH03-05

0.6

1.3

24.9

2.7

28.3

27.2

12.1

BH03-06

2.7

0.9

14.6

0.6

1.9

77.4

2.2

2.0

31.7

4.5

10.3

22.6

1.4

0.8

4.9

12.0

2.1

51.7

22.5

1.1

BH03-09

3.1

17.6

1.6

8.3

BH03-10

2.4

29.5

BH03-07
BH03-08

2.3

3.6

Clo

11.4

4.3

Hor

Dic

34.9

42.2

Cal

Ank

Goe

2.8
2.0
0.3

24.4

0.7
2.1

0.3

21.6

Pir

1.0
18.2

0.9
0.6

3.9

3.2
2.6

5.7

26.9

2.1

Ortoclase, Plag: plagioclase, Illi: illite, Caol: chaolinite, Esm: esmectite, Clo; chlorite, Mus: muscovite, Cua: quartz,
Bio: biotite, Hor: hornblende, Dic: dickite, Pir: pyrofilite, Cal: calcite, Ank: ankerite, Goe: goetite

Evaluating the effect of alteration on geotechnical properties
Various authors have studied the relation between the degree of alteration and rock geotechnical properties
and examined the changes in resistance to non-confined compression in altered rock with respect to
alteration degrees or weathering, obtained through a qualitative approach (Arikan et al., 2007; Ale et al.,
2012; Arikan and Aydin, 2012; Ündül and Tuğrul, 2012) using the ISRM (2001) proposed methodology.
In recent years, the relationship between geotechnical parameters and alteration rock indexes from a
qualitative approach has also been assessed (Yildiz, 2010). In this research project, we determine the impact
of hydrothermal alteration on the physical properties of an andesitic porphyry rock massif.
Table 3 shows the relationship among three alteration indicators calculated through the quantitative
analysis of weight observed in the outcomes of X-ray diffraction assays (XRD) and P and S waves’ velocity.
Likewise a relationship was determined between the waves’ velocities of altered rock probes to wave
velocities in fresh rock (in this case, sample BH03-01). RVp and RVs designate the P and S waves velocities
ratios, respectively. Figure 4 shows the relationship between Yildiz’s minerological index (IM in Spanish)
(2010) and the P and S waves. Figure 5 shows the relationship with the wave velocity ratios.
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Table 3: Chemical alteration indexes for rock probes’ wave velocities

Sample

Yildiz (2010)

Shearing wave
velocity Vp [m/s]

Philllosilicates

Vs shearing

contents by

wave velocity

weight

[m/s]

RVp

RVs

BH03-01

100%

4,141

18%

919

100%

100%

BH03-02

303%

3,753

43%

1018

91%

94%

BH03-03

435%

3,143

65%

957

76%

89%

BH03-04

398%

2,540

59%

384

61%

85%

BH03-05

576%

1,785

85%

622

43%

58%

BH03-06

639%

752

96%

344

18%

32%

BH03-07

645%

823

95%

–

20%

–

BH03-08

641%

639

94%

254

15%

24%

BH03-09

329%

1,130

55%

174

27%

16%

BH03-10

473%

610

69%

138

15%

13%

a)

b)

Figure 4: Rock probe wave velocity vs. mineralogical index

a)

b)

Figure 5: Rock probe wave velocity to mineralogical index
This study also compared the weight content of phyllosilicates (illite, smectite, kaolinite, and chlorite) in
each rock sample with the physical properties as shown in Figures 6, 7, 8, 9 and 10 below.
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Figure 6: Unit rock probe weight vs. phyllosilicates content

Figure 7: Rock probe porosity vs. phyllosilicates content

Figure 8: Rock probe P velocity vs. phyllosilicates content
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Figure 9: Rock probe S wave velocity vs. phyllosilicates contents

Figure 10: Rock probe point load resistance vs. phyllosilicates contents
Finally, the alteration degree determined using the mineralogical index (MI) shows a stronger corelation to the P wave velocity (RVp) (R2=0.62), as shown in the following equation (1).
𝑅𝑉𝑝 = 1.1239 − 0.1448 ∙ 𝐼𝑀

(1)

Figures 11, 12 and 13 show the P wave velocity (RVp) as it correlates to unit weight, porosity and
point load resistance index, respectively.
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Figure 11: P wave velocity vs. rock probe unit

Figure 12: P wave velocity vs. rock probe porosity

Figure 13; P wave velocity’s rock probe point load resistance index
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Conclusions


In mining projects comprising a Cu-Au porphyry type deposit consideration must be given to the
presence of potential hydrothermal alterations in leach heap pads.



A rock alteration degree index obtained using a quantitative approach provides a better relationship
between alteration levels and rock’s physical properties.



A better relationship may be established between the mineralogical index (IM) with P wave velocity
values obtained for rock probes, as well as for the P wave velocity ratio, RVp.



The phyllosilicates’ contents by weight increases with alteration (from 18% to 96%). This can be
related to the rocks’ physical properties.



The P wave velocity ratio (RVp) shows a strong correlation with unit weight, porosity and point load
index values.



Point load resistance increases exponentially with the degree of alteration when determined using a
quantitative computation approach, as already shown in prior studies on alteration degrees using a
qualitative approach (Arikan et al., 2007; Ale et al., 2012; Arikan and Aydin, 2012; Ündül and
Tuğrul, 2012).



Finally, a qualitative alteration degree ratio can be computed indirectly based on measurements of P
wave velocities in rock probes from diamond drilling.
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Improving environmental mine management:
Integrating lessons learned
from tailings and leach pads facilities
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Kathia Tabra, Pontificia Universidad Católica de Chile, Peru

Abstract
Tailings are the most visible remaining signs of mining activity, that together with leach pads and mine
waste rocks are recognized as the “legacy” impacts of mining. In the past, the primary aim was to provide
a well-engineered structure into which mine wastes can be deposited without a great deal of attention given
to environmental requirements or long term management of facilities. Nowadays, the efficient process of
water management and physical stability of facilities are a priority need in tailings impoundments and leach
pads. Considering the recent failure occurrence of some tailings storage facilities around the world, which
produced severe environmental pollution and social impacts, therefore more secure options are required
today. This has led to stricter perception of authority and community for mine waste management focused
on environmental care, promoting the implementation of best available technologies (BATs) today.
This review highlights on cases of tailings and heap leach pads in the past, which had adverse
situations and provide experience and lessons to improve practice for designing more environmental
friendly facilities. Experience has shown that knowledge of mining processes should not only just focus
attention on the technical and economic efficiency, but also integrate the effects of inputs (reagents) and
waste (tailings, off-leach pads) in the environment, both in its spatial distribution and its evolution over
time.
Additionally, this paper presents the contribution of a number of experiences worldwide in tailings
and leach pads that have deployed new emerging technologies for reduction of negative environmental
impacts, mainly focusing on the following issues: (i) increment of process water recovery, (ii) reduction of
the facilities footprint (impacted areas), (iii) decrease in the risk of physical instability, and (iv) reduction
of facilities seepages.
Finally, the paper describes how these lessons are integrated an what are their advantages and benefits
on tailings and heap leach management, in which more secure, stable and sustainable solutions are needed.
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Introduction
Mining waste can be defined as a material that results from the exploration, mining and processing of
substances. The term “Mining wastes” regroups, in reality, different products resulting from the extractive
industry. Waste rocks consist of non-mineralized and low‐grade mineralized rock removed from, around,
or within the orebody during extraction activities. The cut‐off grade that differentiates low‐grade waste rock
from useable ore is an economic distinction and may vary over time. Processing waste (leached ore) and
tailings are the waste solids or slurries that remain after the treatment of minerals by separation processes,
e.g. crushing, grinding, size‐sorting, flotation, leaching and other physic‐chemical techniques, to remove
the valuable minerals from the less valuable rock (Bellenfant et al., 2013).
Nowadays, the efficient mining process, water management and physical stability of mining waste
facilities are a priority in tailings storage facilities (TSFs) and leach pad facilities (LPFs). Considering the
occurrence around the world of some tailings storage facility dam failures recently, which produced severe
environmental pollution and social impacts, more secure options are required today. This paper describes
how integrated lessons learned in previous experiences are implemented and what are their advantages and
benefits on tailings and heap leach management, in which environmental friendly solutions are needed. The
stricter environmental perception of authority and community for mine waste management has promoted
the implementation of BATs (Cacciuttolo and Holgado, 2016).

Gold mining process and mine waste generation
Sulfides ore flowsheet process
Conventional cyanide tank leaching methods are used on gold ores with adequate grade (gold content per
ton) and tonnage (quantity of ore available for leaching) to justify the complexity of design, and higher
capital cost as compared to cyanide heap leach methods. A gold mill can be divided into 4 major areas: ore
mining and size reduction, leaching, gold recovery, and tailings disposal. Once the ore is removed from the
ground it is crushed in 1 to 3 stages to prepare the ore for grinding. Grinding is usually done wet using
recycled mill water from the tailings impoundment, and additional cyanide is typically added to the mill
water in order to begin leaching as soon as possible (U.S. EPA, 1997a).
The ground ore and mill water made the pulp, which is beneficiated by a flotation process in a series
of cells. During the first stage of flotation (rougher), tailings without cyanide are generated and impounded
in a flotation TSF (Figure 1), while concentrates are conducted to a second stage of flotation (cleaner). At
the cleaner flotation cells, typically sodium cyanide is added along with air and/or oxygen which are
necessary catalysts for the dissolution of gold and silver (Adams, 2016).
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The dissolved gold can be recovered from the gold-bearing cyanide solution (pregnant solution), by
either adsorption on to activated charcoal or precipitation with zinc dust. When activated charcoal is used
it can be added during the leach (carbon-in-leach), or after leaching (carbon-in-pulp), these techniques,
commonly referred to as tank or vat methods, are generally used to beneficiate ores containing more than
0.04 oz/t (U.S. EPA, 1994). Once the dissolved gold is removed from the solution, the mill tailings and
resulting “barren solution” are pumped to the cyanide leach TSF (Figure 1). Then at the gold recovery
process plant, gold is chemically stripped from the carbon, electrowon from the solution, and melted into
impure bars, called doré (U.S. EPA, 1997a; Ritcey, 2005).

Figure 1: Typical sulfide gold ore flowsheet process

Management of tailings storage facilities
The design and operation of the TSFs is extremely important, because it serves for two purposes: (i) as a
settling basin for the mill process water which is then recycled to the grinding and leaching circuits; and
(ii) as the final waste impoundment for the flotation and cyanide leach tailings. The size of the TSF is based
upon the total expected volume of tailings produced over the life of mine, the settling time required to
separate the mill water from the tailings, the adequate management of mill process water (contact water) to
be kept on hand, and the possible water volume from a storm event (non-contact water).
Tailings generated from gold cyanide milling operations contain small quantities of spent cyanide
solution; residual cyanide; and solubilized metal-cyanide complexes, which could be toxic for humans,
flora and wildlife (Donato et al., 2007). For this reason cyanide tailings detoxification is incorporated on
the process previous to tailings deposition on TSF. Additionally, cyanide leach TSFs are typically lined,
where a GCL-geotextile–geomembrane liner is placed at the upstream face of the dam and impoundment
base-contour to prevent seepage through the impoundment (Adams, 2016).
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Oxides ore flowsheet process
Since the 1970's and early 1980's, heap leaching has developed into an efficient way to beneficiate a variety
of low-grade, oxidized gold ores. Compared to tank leaching, heap leaching has several advantages,
including simplicity of design, low capital and operating costs, and short start-up times. In many cases,
heaps are constructed on lined pads with ore sent directly from the mine (run-of-mine ore) with little or no
preparation (Bleiwas, 2012). However, at about half of the heap leaching operations, ore is crushed and
agglomerated prior to its placement on the heap to improve rate of leaching recovery of the heap and
maintain the high pH needed for leaching to occur. Heap or valley fill leaching (HLF) is generally used to
beneficiate ores containing less than 0.04 oz/t (U.S. EPA, 1994).
The reaction of the cyanide solution with the free gold is oxygen-dependent. Therefore, the solution
is oxygenated prior to application or during spraying. The solution concentration is generally between 0.5
and 1.0 pounds of sodium cyanide per m3 of fresh water. Cyanide solution is applied using drip or spray
irrigation, where cyanide leaching is generally effective at a pH of 9.5 to 11, with the optimum being
approximately 10.5. More acidic conditions may result in the loss of cyanide through hydrolysis, reaction
with carbon dioxide, or reaction with hydrogen to form hydrogen cyanide (HCN). The cyanide leachate
percolates through the ore and is collected by pipes located under the pile or carried on an asphalt or plastic
liner directly to ditches around the LPF (Figure 2) (Donato et al., 2007).

Figure 2: Typical oxide gold ore flowsheet process
The pregnant solution is then collected in a lined pond. Typically, the recovered cyanide solution and
pregnant solution, contains between 1 and 3 ppm of gold material. Recovery rates for heap and valley fill
leaching range from 60 to 80 percent, then gold is recovered on plant by ion exchange using carbon columns
to produce a purified solution for gold electrowinning (U.S. EPA, 1994).
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Management of leach pad facilities
Two common types of LPF used in gold heap leaching at Peru include permanent heap construction on a
pad from which the leached ore is not removed and on-off pads, which allow the spent ore to be removed
following the leach cycle and fresh ore to be placed on the pad. Permanent heaps are typically built in lifts
of a 10 m layer of ore. On-off pads are not commonly used in the industry and are constructed to allow
spent ore to be removed after the leaching cycle and re-use of the pad (Breitenbach, 2000). Leaching
typically takes from several weeks to months, depending on the permeability and size of the pile. An
"average" leach cycle takes approximately three months (U.S. EPA, 1994).
After no further recovery of gold will occur, the spent ore and remaining cyanide solution become
wastes. There are several approaches to the decommissioning of cyanide contaminated ore heaps and
neutralizing of cyanide solutions. Typically, the heap is rinsed with water until the cyanide concentration
in the effluent and heap solids are below a specific local standard (Adams, 2016). The heap may then be
reclaimed with wastes in place. If the heap is an on/off pad, the spent ore will have been periodically
removed to a permanent disposal area (U.S. EPA, 1994; Thiel and Smith, 2004).

Copper mining process and mine waste generation
Sulfides ore flowsheet process
Currently, sulfide ores are actually being exploited in Chile, since sulfide ores predominate over the oxides.
Chalcopyrite (CuFeS2) is the main copper sulfide mineral in these ores, which also contain varying amounts
of non-valuable and undesired pyrite (FeS2). On an industrial scale, copper sulfide ores are concentrated
via froth flotation processes (Figure 3) (Reyes-Bozo et al., 2014).

Figure 3: Typical sulfide copper ore flowsheet process
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Froth flotation uses chemical reagents (collectors, frothers and modifiers) to control the wettability of
solid surfaces, the electrochemistry of the solution, the dispersion and aggregation of solid particles, and
the generation of foam (Ayres et al, 2002). In this way, it is possible to recover mineral species of interest
and to prevent the flotation of unwanted gangue minerals (Reyes-Bozo et al., 2014).
Because average copper grades of copper sulfide ores in Chile and Peru have decreased from 1.25%
to 0.90% over the last decade, greater consumption of water, energy and chemical reagents is required to
efficiently process low-grade copper sulfide ores (Cacciuttolo et al., 2015a). In particular, the consumption
of collectors, frothers and modifiers in froth flotation is increasing because higher amounts of low-copper
grade ore are processed. For example, the average concentration of collectors and frothers being used in
2012 in Chile was 50 g/t ore and 30 g/t ore, respectively. These concentrations correspond to 26,243 tonnes
of collectors and 15,745 tonnes of frothers per year (Reyes-Bozo et al., 2014). Conventional flotation cells
consist of a tank with an agitator designed to disperse air into the slurry, as is shown schematically in Figure
3, assembled typically in a multi-stage circuit, with “rougher”, “cleaner”, and “scavenger” cells. Finally
copper concentrate obtained is conducted to a recovery plant and tailings obtained are dewatered typically
by thickeners and disposal on TSF.

Management of tailings storage facilities
The methods used to dispose of tailings have developed due to environmental pressures, changing milling
practice, and realization of profitable applications. Early methods included: (i) discharge of tailings into
rivers, streams and sea, such as Chañaral Bay case in Chile (Vergara, 2011) and Ite Bay in Peru (Diaby et
al., 2006), and (ii) the impound of dewatered coarse fraction of tailings and storage of slimes on to land
(tailings dams). Due to the damage caused by such methods, and the much finer grinding necessary on most
modern ores, other techniques have been developed.
It is economically advantageous to site the impoundment close to the mine, but this imposes limits on
site selection. The type of TSF is generally determined by the local seismic activity, water clarification
requirements, tailings properties and stability; tailings size distribution, topographical – foundation issues,
hydrological conditions, and environmental factors (ICOLD, 2001).
The disposal of tailings adds to the production costs, so it is essential to make disposal as cheap as
possible. This requirement led initially to the development of the once commonly used upstream method
of tailings dam construction, but some accidents in El Cobre tailings dam in Chile (Dobry and Alvarez,
1967) and Amatista tailings dam in Peru (Alva-Hurtado, 1997) resulted in upstream construction banning
in both countries. Actually the most popular method applied in copper TSFs are centerline and downstream
construction methods. Copper TSFs are typically partially lined (U.S. EPA, 1997b), to prevent seepage
through the foundation and core of dam, a cut-off trench and grout-curtain control system are installed along
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the upstream toe of the dam, and a geotextile–geomembrane liner is placed at the upstream face of dam.
This means that the dam has a continuous impervious barrier running all along its upstream face from the
bottom cut-off trench, which waterproofs the riverbed (Cacciuttolo et al., 2014).

Oxides ore flowsheet process
Heap leaching is being done nowadays on relatively oxide low-grade ores (0.1 – 1.0 %) for copper recovery.
Typical operations take place for about one to three months per heap and the recovery achieved is at least
60% and may be as high as 85% in some cases. The lixiviant with copper ores is typically sulfuric acid, this
solution is sprayed or dripped on the top surface of the heap draining down through the ore to a channel
around the perimeter, where the pregnant solution can be recovered for metal recovery (Thiel and Smith,
2004). With copper, the usual recovery plant is SX-EW (solvent extraction/electrowinning) (Figure 4).

Figure 4: Typical oxide copper ore flowsheet process

Management of leach pad facilities
The leach pad should include installation of impermeable liners to avoid environmental problems and
leakage of pregnant solution. Selection of a liner includes aspects such chemical resistance to the solution
and hydraulic pressure. A pad liner is subjected to a general stress created by the heap and local stress
produced by equipment used during heap construction. The pond liner is also subjected to stress developed
by the storage of pregnant or barren solutions. Liners may be installed using clay soils or synthetic
membranes. The decision is influenced by site-related economic conditions and environmental regulations.
Since the economic aspects are considered since the first stages of the project, environment regulations
have a special impact on the economy and performance of the operation (Reichardt, 2008).
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Lessons learned from tailings storage facilities history
Worldwide failures cases
A series of environmental accidents at various gold mines around the world has precipitated widespread
concern over the use of cyanide as a leach reagent. In the majority of these cases, cyanide from processing
operations entered the environment either by leakage through tears and/or punctures in protective TSF
liners, or by spillage from TSFs overflowing solutions (Hilson and Monhemius, 2006; Donato et al., 2007).
For example, at the Omai mine on the night of August 19, 1995 in Guyana 2.9 million m3 of cyanide leach
tailings and wastewater was released by a collapse of the tailings dam, polluting the Omai River. A disaster
similar in scale occurred on January 30, 2000 in Baia Mare, Romania, where cyanide leach tailings dam
breached, resulting in the discharge of wastewater containing as much as 100 t of cyanide that eventually
reached the Danube River (Hilson and Monhemius, 2006).

Environmental impacts
Since 1970, over 70 major failures of TSFs have occurred around the world. Many of these have resulted
in short and long-term damage to ecosystems, significant impact on communities and, most seriously, loss
of over 1,000 lives (ICOLD, 2001). Some potential environmental implications of TSFs include:
 Contamination of streams by seepage of acidic waters containing high content of metals and other
reagent traces (Adams, 2016);
 Contamination of streams due to surface run-off from the TSF area (Adams, 2016);
 Air and water contamination due to wind erosion of dried-out tailings (Cacciuttolo, 2015b);
 Possible risk of catastrophic dam failure or lined leakages and release of wastes (ICOLD, 2001);
 Physical and aesthetic modification to the environment (Diaby et al., 2006);
 Difficulty of establishing vegetative cover to permanently stabilize the tailings, due to unfavorable
soil conditions in the presence of pyritic tailings (Diaby et al., 2006);
 Often deep lake or marine disposal has not been acceptable practice (Cacciuttolo, 2015b).

Lessons learned from heap leach pad facilities history
Worldwide failures cases
Environmental concerns associated with heap leach facilities revolve primarily around failure to contain
process solutions within the heap leach circuit and their potential release into the receiving surface and
subsurface environment, with resultant impacts on the health of people, livestock and ecosystems. In the
majority of HLF failure cases, cyanide from processing operations entered the environment either by
leakage through tears and/or punctures in protective heap leach liners (Reichardt, 2008).
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Two cases of LPFs failure is relevant to know and learn: (i) Zortman-Landusky gold mine is a case
study of the environmental risks of cyanide heap-leach gold mining and the impacts that these operations
can have on communities, water and cultural resources. The mine experienced many problems in 1980
decade, such as cyanide spills, and surface and groundwater contamination from acid mine drainage. This
was one of the first massive cyanide heap-leach operations to open, as well as one of the first to close,
leaving behind significant pollution and cleanup problems (Hilson and Monhemius, 2006). (ii) Summitville
open-pit mine operated from 1985 through 1992 in Colorado, USA, it produced gold from low-grade ore
using cyanide heap-leach techniques, a method to extract gold whereby the ore pile is sprayed with water
containing cyanide, which dissolves the minute gold grains. Environmental problems at Summitville
include significant increases in acidic and metal-rich drainage from the site, leakage of cyanide-bearing
solutions from the heap-leach pad into an underdrain system (designed to catch solutions containing gold
and cyanide that leaked through the liner under the heap), and several surface leaks of cyanide-bearing
solutions into the Wightman Fork of the Alamosa River. The mine’s operator had ceased active mining and
had begun environmental remediation, including treatment of the heap-leach pile and installation of a watertreatment facility, when it declared bankruptcy in December 1992 and abandoned the mine site (USGS,
1995; Breitenbach, 2000).

Environmental impacts
Solid mining wastes are commonly stored in piles (LPFs) around or near mine sites. These storage facilities
allow for the physical containment of the mining waste but they cannot completely prevent environmental
issues. Air and soil can be contaminated by the generation and dispersal of dust, and groundwater and
surface water can be contaminated by potential leakages on base of LPFs.
For the case of cyanide solution released on gold heap LPFs, cyanide is not regarded as a persistent
toxin; it is nevertheless a deadly poison in high concentrations, posing a serious health threat to a wide
range of ecological entities. In fact, the contention that cyanide is not persistent and does not give rise to
chronic health or environmental problems is somewhat misleading (Hilson and Monhemius, 2006). The
CN- ion, which is ubiquitous in nature, tends to react readily with innumerable chemical agents and
molecules to form hundreds of different compounds, many of which are lethal to organisms (Donato et al.,
2007). To determine the persistence and toxicity of the chemical, chemists have traditionally distinguished
‘‘weak’’ from ‘‘strong’’ cyanide complexes. Weak cyanide complexes, often referred to as ‘‘weak acid
dissociable’’ or WAD cyanide, break down, releasing free cyanide ions when the pH is lowered. WAD
cyanide includes cyanide complexes of cadmium, copper, nickel, silver, and zinc, all of which can
disassociate in acid conditions and produce environmentally significant quantities of toxic cyanide ions.
Strong cyanide complexes are more stable than WAD cyanide, thus degrading much more slowly under
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natural conditions. These include cyanide complexes containing gold, cobalt, and iron, which are more
stable in solution. The toxicity of cyanide varies, with free cyanide being the most toxic, and cyanide
complexes being less or non-toxic (Hilson and Monhemius, 2006; Adams, 2016).

Improving environmental mine management on tailings and leach pads
Water management and reagents process recovery
In the interest of ensuring the protection of the environment and public health as well as the conservation
of water, geomembranes and geosynthetics are increasingly being used in the construction of mill TSFs to
prevent contaminant migration into surface and groundwater and to maximize water reclaim. The
recuperation of process water is especially important in gold and copper mining projects located in dry
areas where generally negative water balance is obtained. Metals associated with the gold ore and copper
ore often concentrate in heavy metals residues, sulfates, and traces of reagents, in addition to the extremely
pH of the process liquids, have promulgated increasingly stringent standards regarding the containment
level of TSFs and LPFs (Adams, 2016).
Much of the process material and the waste generated during the leaching process may be exposed to
the environment, with a potential for contaminant transport (Marquez et al, 2004). For example, an
improperly designed tailings impoundment could result in dam failure or a breach in the liner. The release
of cyanide solution and mill tailings from a tailings impoundment may occur during snowmelt and/or heavy
storms unless the TSF are designed to hold the additional volume. Further, these constituents may degrade
surface and groundwater, soil(s), and/or air quality during and after the cyanide leaching process. Birds and
other animals that come into contact with the tailings impoundment and holding ponds may also be
contaminated (Donato et al, 2007). The major contamination threat during and after cyanide leaching is the
release of cyanide and/or soluble metal bearing solution into the surface and groundwater (U.S. EPA,
1997a).

Physical stability
The historic slope stability performance of geomembrane lined fill structures mainly concerns the downhill
side of the heap stack on the outward sloping lined pad foundation. No known heap slope failures have
occurred on the uphill side of lined pads to date. The past slope failures on geomembrane lined fill
structures, such as solid waste landfills, heap leach pads, and cover fill caps, have shown that liner induced
slides generally occur at the planar geomembrane liner interface contact with weaker underliner or overliner
materials (Breitenbach, 2000).
The historic performance of fill structures on geomembrane liner systems indicates that translational
(lateral movement) wedge slip failures generally occur along the planar liner interface contact with soils or

366

HEAP LEACH MINING SOLUTIONS, 2016 ● LIMA, PERU
geosynthetic materials. However, heap leach slope failures differ from landfill failures in that the slope
failure generally occurs during the initial ore heap lift placement operations, rather than at the higher heap
fill lift heights. The only exceptions for higher fills, concerning both lined heap leach pads and landfills,
include either weak foundation conditions beneath the lined facility or excessive hydraulic conditions
within the containment materials above the liner system (Breitenbach, 2000; Thiel and Smith, 2004).
Nowadays, the physical stability of TSFs and LPFs are a priority need. Considering the extreme sitespecific conditions dry weather with rainy season, abrupt mountain topography, complex seismic
conditions, community environmental constraints and a stringent regulatory framework, a new technologies
and conservative designs has been positioning like an attractive/effective solution for mine waste
management (Cacciuttolo, 2015b).

Geochemical and mine effluent stability
TSFs and leached ore pads typically contain fractions of sulfide material which are vulnerable to alteration,
as they come into contact with air and meteoric water. In the absence of sufficient neutralizing minerals
such as calcium carbonates, acid rock drainage (ARD) is generated (Tabra and Lange, 2014). The control
and mitigation of ARD mining wastes alone is considered to be one of the major environmental challenges
facing the mining industry worldwide (GARD guide, 2009).
Cyanide effluent detoxification and copper process effluent treatment have been applied more
frequently on mining projects to recover reagents of the process and improve water quality of downstream
mining areas. For example after the gold had been recovered from the cyanide solution, the leach tailings
slurry is processed to destroy the residual cyanide. The most common cyanide detoxification method is to
use a sulfur dioxide (SO2) – air cyanide destruction circuit (commonly referred to as the INCO process) to
reduce cyanide concentrations before discharge to the TSF. The INCO process is based upon conversion of
free and WAD cyanides to cyanate using a mixture of SO2 and air in the presence of a soluble copper
catalyst at a controlled pH (Hilson and Monhemius, 2006). On the other hand, seepage generated by natural
oxidation of sulfide minerals and dissolution of metals contained in tailings is characterized by low pH,
high metal and sulfate content. In most cases, treatment of collected seepage is required as a final step to
render water suitable for discharge in accordance with the conditions of a water use authorization,
catchment management objectives and downstream user requirements. Treatment of seepage can be
accomplished by means of physical, chemical and/or biological methods. Lime neutralization and
precipitation is the most common technique used in the mining industry to treat acid mine drainage (AMD);
however this treatment is usually ineffective for the removal of manganese and sulfate in order to meet
water quality standards (discharge and/or re-use) (Tabra and Lange, 2014).
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Conclusions: Integrating lessons learned from tailings and leach pads
Present paradigm
The state of art presented in this article lead us to infer that the development and progress approach have
focused on economic rationality with incipient signs of evolving towards a redefinition criteria of an
environmental rationality (social and environmental aspects). The contradictions between environmental
rationality and economic rationality are a confrontation of opposed interests rooted in institutional
structures, knowledge paradigms and legitimating processes that face different agents, social classes and
opposite groups of preferences (Reichardt, 2008; Cacciuttolo, 2015b).
Inefficiencies in mineral characterization, extraction, processing, etc. generate metal losses
throughout the life of the mine, from exploration to closure. In all cases several factors (mineralogical,
technological, managerial, etc.) make the difference between ore and waste, and hence determine the
amount, the composition of the mining legacies and environmental pollution (Dold, 2008).
The situation in countries with mining history where this activity is of economic importance, there is
a conflict between environment health and economic development that generally favors the second as a
consequence of the geopolitical and economical model. As a result, there is a conflict for the use of the
territory and water resources, where society, industry and government need this space to develop their
activities (Cacciuttolo, 2015b).
For these reasons, regulatory frameworks need a reassessment to upgrade the processes with best
available practices of today, with the objective of establishing guidelines, restrictions and incentives to
implement environmentally friendly solutions, for example analyze the feasibility of lining tailings storage
facilities (U.S. EPA, 1997b). Some topics that need a reassessment are presented below:


Definition or redefinition of environmental criteria’s for TSFs and LPFs site selection;



Incentives/restrictions for use of dewatering technologies such as thickened, paste and filtered
tailings where applicable;



Obligation to coat with liner entire contact surface between tailings and natural terrain, to avoid
long term leakage or seepage to the environment;



Explicit definition and distinction on regulatory frameworks about differences between leach
pad with sulfuric acid solutions and leach pad with cyanide solutions, presenting restrictions
and licenses;



Explicit definition and distinction on regulatory frameworks about differences between tailings
management from flotation process and tailings management from cyanide leaching process,
presenting restrictions and licenses;
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Continuous geochemical characterization, prediction and mitigation specifications, tests and
criteria’s for TSFs and LPFs and promotion of long term monitoring;



TSFs and LPFs operation and abandoned baseline for risk analyses and territorial strategic
planning.

The focus on tailings and leached ore safety legislation, regulatory framework, and the specific guidelines
need to evolve to stewardship of TSFs and LPFs, such as cyanide management code (ICMI, 2016).
Current development of an incipient progress of the best available technologies (BATs) and holistic
approach has permitted the evolution of a first step of sustainable practice, which have achieved benefits
such as: (i) reducing the makeup water supply, (ii) reduction of failure risks in seismic zones, thus
improving TSFs and LPFs physical stability, (iii) maximize water recovery, (iv) obtaining of smaller TSFs
and LPFs footprint, (v) and effective dust control, all of which reduced negative environmental impacts.

Future paradigm
The benefits reached with the development of BATs are a good reason to promote shifting of conventional
TSFs and LPFs to alternative environmentally friendly solutions for new or existing large mining
operations. Day by day the deployment of BATs are more accepted as sustainable solutions (Lébre and
Corder, 2015; Cacciuttolo, 2015b; Cacciuttolo and Holgado, 2016).
A new paradigm states that old mine waste deposits related to past mining and metallurgical activities
can be considered as significant reserves of valuable metals because the latter were not exploited or because
economically recoverable metals may remain. Countries can identify interesting old mining wastes deposits
at a national level and assess the metal recovery potential of these dumps. As a first step, it needs to focus
on rehabilitation of past sites. The objective is to develop a methodology combining mining wastes
environmental management and economic valorization in a long term perspective promoting sustainable
development (Bellenfant et al., 2013).
A potential new model of sustainable solution, consider a “Preventive and Recovery-Oriented Waste
Management” (Lébre and Corder, 2015), in which no material is exposed without control of the material
deposited and possible element flows (Figure 5). The material is classified, registered, and extracted in
order to optimize the economic gain for the mining company during operation and to ensure that the low
and very low-grade material is managed in terms of kinetics needed for the metal recovery. The great
difference in this scenery is that future generations will not receive an extremely expensive environmental
problem as heritage, but a system, which will deliver slow but sure net benefits in the future. Therefore, in
the planning and operation of a mine, a complete interdisciplinary approach has to be applied, from
exploration, economic planning, exploitation and metal recovery process towards a final deposition of
materials (Dold, 2008; Lébre and Corder, 2015). This requires upgrading the present mining processes to
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sustainable processes that consider green supplies, less toxic reagents for environment and humans, lifecycle time, and effects on spatial scales.

Figure 5: Current mine waste management practices versus a metal recovery sustainable
oriented waste management. Adapted from Dold (Dold, 2008; Lébre and Corder, 2015)
Providing long term access to the available mineral resources therefore requires more focus on
sustainable mining, both on research for environmentally sound mining and processing technology, as well
as on the social and economic aspects of mining (Dold, 2008; Lébre and Corder, 2015). To counteract the
steady increase in global demand for primary mineral resources and to reduce the negative social and
environmental impacts associated with this meeting demand, it is necessary to increase material efficiency
in manufacturing processes, to search for new substitute raw materials and to recycle materials more widely
and more effectively, through technological innovations (Edraki et al., 2014). Reprocessing of mining
wastes, by prioritizing those with acute environmental impacts, is a way to improve metal recovery while
protecting human being and the environment (Bellenfant et al., 2013).
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Use of covers for reducing the water demand in heap
leach pads located in dry climates
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Abstract
Usually in wet weather, covers are placed over the heap surface to reduce the rainwater inlet into the heap
leach pad. The aim is to reduce the solution dilution and the surplus contaminated water with solution that
requires recirculation or treatment before discharging into the environment. However, this paper presents
the innovative potential for using such covers in heap leach pads located in dry climates, with the objective
of avoiding evaporation from the heap surface and thus reducing the demand for fresh water.
This paper presents a water balance case study of a heap leach pad project located in the south of Peru
at an elevation varying from 4,000 to 4,700 m, with cool weather, little precipitation, and a great deal of
evaporation throughout the year. All of these factors demand optimization of fresh water requirements. A
water balance study was performed to evaluate the inlet flows corresponding to the precipitation over the
leach pad lined area, incorporating the high residual moisture of the clayey ore and considering fresh water
for repositioning. On the other hand, the outlet flows consist of evaporation in the ore exposed area and in
the ponds, considering no discharge into the environment.
In order to reduce evaporation and therefore reduce fresh water demand during the operation of the
leach pad, scenarios with a HDPE geomembrane cover over the heap surface in the active areas under
leaching, were analyzed. Results indicate that although the scenarios analyzed do not completely address
the water shortage, the use of a cover system over the entire active area requires just a small increase in
water availability, compared with a scenario with no cover system. This could be achieved with a minor
effort over the required period.
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Hydrology
The hydrological information consists of estimates series of precipitation for the dry, average, and wet
years; these values were used in the water balance model. The monthly precipitation presents two periods
well differentiated, in the wet season (December to March) it precipitates the 92% of the annual
precipitation and the remainder occurs in the dry season (April to November). The Table 1 shows a
summary of the behavior of the total monthly precipitation for the dry, average and wet years of the project
area.
Table 1: Total monthly precipitation (mm) - Project area
Year

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Dry

5.6

2.7

4.4

0.1

0.2

0.3

0.1

0.1

0.0

0.3

0.6

2.6

Average

56.2

50.7

27.9

3.6

1.2

1.7

1.7

2.3

0.8

2.9

3.2

17.3

Wet

203.0

228.6

97.0

8.6

0.9

0.7

1.1

7.9

2.4

2.5

3.4

36.5

On the other hand, the evaporation and the total actual annual evaporation of the project area are
1,922 mm and 1,390 mm, respectively, as show in the Tables 2 and 3.
Table 2: Total monthly evaporation (mm) - Project area
Year

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Average

163

170

168

167

168

164

161

155

158

150

148

150

Table 3: Total actual monthly evaporation (mm) - Project area
Year

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

average

132

112

117

105

95

93

100

116

116

136

142

140

Based on the hydrological information is deduced that the project area is located in a dry weather,
because of the annual average precipitation do not exceeds to the average annual precipitation, whose value
is equal to 169.5 mm and 1,922 mm according. Figure 1 shows a comparison between the precipitation,
evaporation and the actual average monthly evaporation, evidencing the high rates of evaporation existing
in the project area. This fact coupled with the limited availability of water in the project area, forced to
make efforts to reduce the water demand of the heap leach pad, which is the installation that generates the
highest consumption in the mine.
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Figure 1: Average monthly precipitation, evaporation and actual evaporation in the project area

Water balance
Description of the water balance model
The purpose of the water balance is to verify the operation of the heap leach pad and its interconnection
with the operation ponds, (pregnant leach solution pond “PLS pond” and storm water pond “SW pond”), in
addition to define the areas to be covered in order to reduce the water demand. The water balance model
was developed considering the water inflow and outflow from all the mining operation, however, it should
be noted that the higher demands correspond to the heap leach pad operation. The water balance was
performed by using the GoldSim software, which is based on the following formulation:
Inflow - Outflow = Changes in the storage capacity
The inflow correspond to the precipitation that falls on the leach pad area (from the active areas under
leaching and inactive areas), operation pond areas, drainage areas, and the ore natural moisture. The
outflows correspond to the evaporation in the leach pad (from the active areas under leaching and inactive
areas with no irrigation), the evaporation in the operation ponds, the ore residual moisture and the demands
from different mining components (human and industrial consumption, laboratory, dust suppression, etc.).
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Changes in the storage capacity are associated with changes on the moisture content stored in the ore
voids and the fluctuation of the water level in the ponds. The recirculation flow between the operation ponds
(PLS and SW) and the leaching area, are considered to be internal flows (it does not generate inflow and
outflow of the system). In addition, according to the leach pad operation, the water balance considers the
lined areas on the inside of the leach pad entering to the system and areas not lined of contribution that are
derived by the existing drainage system. Figure 2 shows the water balance simulation layout of the heap
leach pad.

Fresh water

Active area

Barren solution

Inactive area

Process plant
PLS pond
SW pond

Figure 2: Water balance simulation layout of the heap leach pad

Parameters and simulation criteria
The water balance model depends on the planned ore production plan, stacking plan, ore properties
(moisture characteristics, density and leaching cycle), irrigation type, rainfall, evaporation, size of the
operation ponds and the initial storage in them. As the water balance is based on the conditions of the plant
operation, the results to be obtained are directly dependent on the operating parameters entered into the
model, therefore, they are susceptible to changes, so in general, this model must be dynamic and
periodically updated by the mining operation. Table 4 shows the parameters used for the water balance
simulation.
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Table 4: Parameters used for the water balance simulation
Description

Unit

Criterion

Ore reserves (2018-2023)

Mt

43.29

Capacity of the leach pad (design)

Mt

50

2D projected area of the leach pad

ha

133

Daily production rate

t/day

21,000

Period of leach pad operation

years

5.5

fractured ROM ore density

t/m³

1.58

Nominal application rate

l/h/m²

10

Maximum application rate (design)

l/h/m²

11

Maximum pumping rate

m3/h

1,060

Irrigation method

aspersion / dripping

goteo

Breakdown duration, free draindown time

hours

24

Typical height of the stacked lift

m

8

Leaching cycle

días

60

PLS pond capacity

m³

45,000

SW pond capacity

m³

100,000

2D total pond area (PLS+SW)

ha

3.2

Ore natural moisture - Wet season

%

3.05

Ore natural moisture - Dry season

%

2.35

Ore residual moisture (Pit 1 + Pit 2)

%

6.82

Ore residual moisture (Pit 2 since 2022 to 2023)

%

5.6

Pond evaporation factor

-

0.75

Leaching area evaporation factor

-

1.10

No leached area evaporation factor

-

0.15

Dripping system evaporation losses

%

0.0

Volume at the beginning of the simulation

m³

5,000

Minimum operation volume

m³

5,000

Use of cover on ore surface (type blanket)

Yes/No

Yes

Month of start of the simulation

-

Jul 2018

Month of the end of the simulation

-

December 2023

Annual total precipitation (dry year, 100-year return period)

mm

17.0

Annual total precipitation (average year)

mm

169.5

Annual total precipitation (wet year, 100-year return period)

mm

592.5

Maximum precipitation (100-year return period)

mm

27.1

Water demand for other areas of the mine

l/s

3.35

Water demand for projects

l/s

1.2 a 1.75

Cover efficiency on the pad

%

80
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Scenarios of simulation
According to the operating parameters listed in Table 4, the water balance simulation was conducted, whose
target is to confirm the water demands of the heap leach pad, which compromise the reposition water needs
of the mine, and to compare it with the limited water availability of this mining operation located in a dry
weather.
In order to have alternatives of water demands optimization in the heap leach pad operation and
therefore satisfy the mine water requirements, three simulation scenarios were analyzed which are described
below. Dry, wet, and average years were analyzed for each scenario.
 Scenario 1: It considers the parameters listed in Table 4 and does not consider the cover
installation on the leach pad.
 Scenario 2: It takes as a basis the Scenario 1 and adds covers on the leach pad surface, consisting
in a 1 mm HDPE 1 smooth geomembrane, with an efficiency of 80%. A cover system will be
installed to reduce water losses by evaporation on active areas under leaching of the leach pad
and therefore, optimize the fresh water demands. 50% of the active area of the leach pad is
considered to be covered.
 Scenario 3: The Scenario 2 is taken as a basis, but increasing the active area to be covered up to
100%, using the same type of cover and taking all the considerations explained above.

Residual moisture of the ore
Since 2018 to 2021, the ore from the existing open pit stacked in the initial phases of the heap leach pad,
will be mixed with a clayey ore from a new open pit in a ratio of 3 to 1. The clayey ore will reduce the
residual moisture from 8.7% to 6.82%, which means that in the above-mentioned period the mixed ore will
retain more water, which will favorably affect the water balance results, reducing significantly the demand
for reposition fresh water by 23% approximately.

Water balance results
Since the construction and operation of the leach pad will performed by phases, water balance results will
vary with the increase of the leach pad extension until the ultimate configuration. These results indicate a
negative balance water along the operation period for a dry year condition, which implies the need of
permanent fresh water to the system, while the water balance results for the wet and average years provide
in some cases positive values.

Reposition fresh water demand
The requirement of reposition fresh water demand to operate properly the heap leach pad is maximum in
the dry season and minimum in wet season. The greater water demand occurs in years with minimal
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precipitation, which means that the amount of captured water by the leach pad is not enough to sustain
operations during the dry season. Table 5 shows the results of reposition fresh water demand along the
operational life of the heap leach pad.
Table 5: Overview of the reposition fresh water discharges for the mine (l/s)
Scenario
1

2

3

Condition

2018

2019

2020

2021

2022

2022

Dry year

19.2

20.1

20.4

18.2

15.9

13.2

Average year

18.3

16.1

16.4

14.0

11.5

8.9

Wet year

17.6

12.6

12.9

10.9

9.2

7.3

Dry year

16.8

17.7

18.0

15.8

13.6

10.9

Average year

15.9

13.8

14.1

11.7

9.2

6.7

Wet year

14.7

10.6

10.9

9.0

7.3

5.6

Dry year

14.3

15.4

15.7

13.5

11.2

8.5

Average year

13.4

11.5

11.8

9.4

6.9

4.5

Wet year

12.2

8.9

9.2

7.5

5.9

4.2

Purge water discharge
In general, in all heap leach pad the purge water discharge of the pad-pond system progressively increases
with the increase of the stacked ore area (active and inactive areas). This occur as long as the capacity of
the PLS and SW ponds allows it along the time.
Since the PLS pond (45,000 m3) and the SW pond (100,000 m3) have the capacity to maintain flows
of water discharge during the rainy season within the pad-ponds system, these purge water discharge will
be controlled by the SW pond during the operation of the heap leach pad. Therefore there will not be
discharges outside the ponds and the mine does not need a water treatment plant. Table 6 shows the results
of the purge water discharge of the pad-pond system that will be controlled by the SW pond.
Table 6: Overview of the water purge discharges for the mine (l/s)
Scenario
1

2

3

Condition

2018

2019

2020

2021

2022

2022

Dry year

0.0

0.0

0.0

0.0

0.0

0.0

Average year

0.0

0.0

0.0

0.0

0.0

0.0

Wet year

0.0

52.3

50.2

56.6

72.4

79.2

Dry year

0.0

0.0

0.0

0.0

0.0

0.0

Average year

0.0

0.0

0.0

0.0

0.0

0.0

Wet year

0.0

74.6

71.1

78.8

94.7

101.4

Dry year

0.0

0.0

0.0

0.0

0.0

0.0

Average year

0.0

0.0

0.0

0.0

0.0

0.0

Wet year

0.0

77.0

74.1

81.3

97.1

103.9
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Hydric availability
In order to meet the water demands of the mine, a hydrogeological study for water supply was conducted
for the project, an underground flow model for predicting the hydric availability was analyzed in the
aquifers in the area, as the main source of water supply for the mine operations. According to this
hydrogeological study, the water extraction wells can supply a constant flow of 13.5 l/s along the mine life.

Water demand versus hydric availability
According to the results of the water balance simulation and the results of the hydrogeological study,
comparisons of the water demands versus hydric availability for the three scenarios were performed.
Figures 3, 4 and 5 show the comparisons for the three scenarios analyzed, and for dry, average and wet
years, respectively. Dry year shows in Figure 3, corresponds to the most critical condition. The following
comments considering the most critical condition represented by the dry year condition are presented:
 For the Scenario 1, the water demand is not satisfied practically along the entire operation phase
of the leach pad, the water demand is only satisfied since January 2023 to December 2023, i.e.
the last year of the mine life.
 For the Scenario 2, the cover system up to 50% of the active area and considering 80% efficiency,
the water demand is satisfied by the hydric availability since January 2022 to December 2023.
 For the Scenario 3, the cover system up to 100% of the active area, with 80% efficiency, the water
demand is satisfied by the hydric availability from March 2021 to December 2023.

Figure 3: Comparison of water demand versus hydric availability for dry year

380

HEAP LEACH MINING SOLUTIONS, 2016 ● LIMA, PERU

Figure 4: Comparison of water demand versus hydric availability for average year

Figure 5: Comparison of water demand versus hydric availability for wet year

Conclusions
Usually in wet weather, a cover system installed over the heap surface is used for reducing the rainwater
inlet into the heap leach pad. However, the potential use of those covers presented in this study in heap
leach pads located in dry weather, is with the objective of avoiding the evaporation of the heap surface and
along with this, reducing the fresh water demand.
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The water balance of a leach pad located in a dry climate was analyzed under three scenarios. In the
first scenario the use of a cover system over the ore heap surface was not considered, while the second and
third scenario a cover system consisting of 1 mm HDPE smooth geomembrane were included. This cover
system should be placed on the active areas under leaching of the heap leach pad. For the second and third
scenarios, it was considered that the cover will extend 50% and 100% of the active area, respectively.
For the scenarios 1, 2 and 3 analyzed, the average values of fresh water demands for a dry year for
the mine vary from 13.2 to 20.4 l/s, 10.9 to 18.0 l/s, 8.5 to 15.7 l/s, respectively. The average values of fresh
water demands along the entire period of operation are equal to 17.8, 15.5 and 13.1 l/s, respectively.
From the comparison between the water demands for coverage equal to 100% of the active area versus
the hydric availability current and future, this study can conclude that for the dry year condition, the water
demand is not still satisfied during the leach pad operation phase since July 2018 to February 2021. For
conditions of average and wet years, the water demand is satisfied in the wet months but is not satisfied
since July 2018 to November 2020.
Based on the results of the three scenarios analyzed we conclude that, although none of them
completely satisfy the mine water availability, the use of a cover system on the surface of the leach pad up
to 100% of the active area, requires to increase the hydric availability from 13.5 l/s to only 16 l/s during
2018 to 2021 for the dry year condition, which can be achieved relatively easy looking for alternative
sources of water supply close to the mine. This effort will be much larger and more expensive if a cover
system is not used to reduce evaporation, in which case it is required to increase water availability to
20.5 l/s.
A schedule for the cover system installation should be developed with respect to the water demand
over the life of the heap leach pad, which will allow an optimization of the operating cost of the cover
system installation.
Ore residual moisture is a parameter which influence significantly in the results of the water balance
of the leach pad, therefore, this parameter must be continuously monitored during the operation of this
facility and the water balance updated on a regular basis in order to assess the change effects of this
parameter, and any other that may affect this calculation.
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Abstract
Heap leaching is a mineral industrial mining process to extract precious metals, copper, uranium, and other
compounds from ore, deposited in large piles, via a series of chemical reactions that absorb specific minerals
and then re-separates them after their division from other earth materials. Heap leach mining places ore on
a liner, then adds the chemicals via drip systems to the ore. Drainage geocomposites are used in these
applications to recover the pregnant solution and improve the stability of the pile. This paper presents a
review of laboratory evaluations conducted on Enhanced Flow Drainage Geocomposites (EFDG) to assess
their applicability in heap leach pads (HLP) using laboratory evaluations. Three studies were conducted.
First, transmissivity tests were performed under very high normal loads, up to 2MPa, to reflect normal loads
actually experienced in HLP. Long-term flow tests were then conducted during 90 days, involving the
circulation of sulfuric acid through ore and into the EFDG. In addition, filtration tests modelling the
mechanisms involved in the deposition of tailings in a slurry form were performed, using a modified version
of ASTM D5101. All these tests were found to be conclusive and confirmed the applicability of EFDG for
HLP applications based on laboratory evaluations.

Introduction
Heap leach pads (HLPs) are among the world’s largest man-made structure. Typically, the ore are staked
at heights in the range of 40 to 70 meters, by successive 5 to 10 meters lifts (Breitenbach et al. 2005). Thiel
and Smith (2004) even report heap leach pads 150 m and 230 m high in South America. Heap leaching is
a mineral processing technology whereby large piles of crushed rock are leached with various chemical
solutions that extract valuable minerals. This method is used for copper, gold, nickel and uranium. The
mined ore is crushed and heaped on a lined impermeable pad and irrigated with a leaching solution for an
extended period of time (weeks, months or years). As the solution gradually percolates through the ore
heap, it dissolves the valuable mineral, producing what is known as a ‘pregnant solution’. This solution is
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collected at the base of the heap leach pad where a drainage base of crushed rock and embedded perforated
pipes is installed above the liner system and below the ore heap. The importance of this drainage base
cannot be overemphasized. This layer has to:


Protect the geomembrane liner against puncture,



Allow efficient removal of the ore-bearing solution from beneath the heap, and



Assess stability combining maintain of low hydraulic head and high friction angle of liner
interfaces.

In terms of structure, heap leach pads essentially consist in a liner and a drainage system, which are designed
to permit recovery of the pregnant solution leaching through the ore. Considerations are also given to the
global stability of the system, which may be affected by the performance of the drainage systems as well.
Enhanced Flow Drainage Geocomposites (EFDG) have been used for decades in civil and environmental
applications. This paper presents a series of studies conducted to assess their performance in mining
applications and in particular as a drainage component in heap leach pads.
The EFDG used in this study is described on Figure 1. It includes the following components:


A non-woven geotextile, which acts as a filter. This layer is typically selected with consideration
to the gradation and properties of the overlying material, with opening sized ranging from 44µm to
200 µm or more.



A series of corrugated, perforated polypropylene tubes. The number of tuber per unit width can be
adjusted to fit specific project’s needs. These tubes provide most of the drainage capability of the
product.



Another non-woven geotextile, which is selected as a cushion, to protect the underlying
geomembrane from puncture when exposed to coarse, angular gravels. This layer may also provide
a secondary drainage medium.

Figure 1: Enhanced flow drainage geocomposite
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Long-term flow test with copper ore
Filtration application in HLPs and more generally with mine residues may be very challenging for geotextile
filtration. First, the high seepage forces and suspended particles that must be filtered can lead to the blinding
or clogging of the geotextile filter. Second, circulation of the pregnant solution can lead to chemical
clogging (Faure, 2004; Fourie et al. 2010; Legge et al. 2009).
Long-term flow tests were conducted in SAGEOS laboratories in Canada to observe the performance
of DTPG when subjected to acid circulation at a concentration representative of those used in the mining
industry during 3 months. To run this test, 10 test cells (0.1m x 0.2m) were designed to replicate field
conditions prevailing on the EFDG (Figure 2). The filter used was a polyester filter with a filtration opening
size of 120 µm (per CGSB 148.1 n°10). The EFDG was installed at in the bottom of the cell, and then
covered with by one kilogram of crushed copper ore with an average grade of 3% Cu from a Chilean copper
mine (Lomas Bayas). The ore was covered by a geo-spacer to facilitate uniform infiltration of the solution.
This latter component was then covered by a closed cell foam compressed by a rigid plate, in order to seal
the system while applying a nominal stress of 100 kPa.

Figure 2: Cross-section of an experimental leaching cell.
Over 90 days, acid leachate crosses the ore then EFDG
An average daily flow of 15 L/h/m² of the 20 g/l sulfuric acid solution with a pH of 1.4 concentrated
at 20 g/L was recirculated during 90 days through each cell. This flow rate represents 32 m³ per square
meter of drainage system.
The solution was injected through the geo-spacer, in order to flow downward through the ore, then
the EFDG, to eventually be drained out by the perforated tube. During the testing period, the solution was
replaced 3 times to avoid excessive copper concentration and facilitate control of the pH, which was
maintained at approximately 1.4.
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The representativity of the extraction process modelled at the laboratory scale was assessed by
monitoring periodically the copper concentration of the sulfuric acid. The observations are reported on
Table 1.
Table 1: Copper concentration in the leaching solution during experiment
Days of leaching

Copper concentration (ppm)

Copper recovered (g / kg of ore)

20

267.5

2.40

40

120

1.08

60

122.5

1.10

80

111.5

1.00

90

99

0.89

Based on these observations, it is possible to state that the chemical reaction which is expected to take
place in a leach pad was actually taking place at the laboratory scale.

Results
Flow rate
The flow rate was monitored to determine the evolution of the hydraulic properties i.e. to evaluate a possible
clogging of the system. Results are expressed as an ‘equivalent flow rate under a hydrostatic head of 5 mm’.
This value does not have any significance by itself and cannot be related to the in-plane transmissivity of
the geocomposite nor the permeability of the filter. However, it can be used as an indicator of the clogging
of any component of the system, such as:
 blinding or clogging of the filter;
 clogging or collapse of the drainage media;
 overall degradation of the product, i.e. chemical dissolution or any other issue.

Figure 3 shows a typical flow rate curve as it has been monitored over time for each of the cells that
were tested.
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Figure 3: Typical flow rate under a hydraulic head of 5 mm

From Figure 3, it is possible to observe that the flow rate remains relatively constant over time, which
suggests that no clogging did occur and that the EFDG has maintained its functionality over the duration of
the test.

Observation of the exhumed geocomposite
After 3 months of continuous flow in the conditions described above, cells were dismantled to permit visual
inspection of the geocomposites. Once observed that the integrity of the drainage pipe and perforated pipe
had been fully maintained, three observations were made during these inspections:


Quantity of particles retained on the upper geotextile (filter), making sure to remove the particles
that were on top of the geotextile but not the embedded ones;



Quantity of particles retained on the lower geotextile as well as trapped between the two geotextiles;



Quantity of particles retained into the pipe. It was observed that the upper geotextile had retained
in average 80 g/m² of particles, while only 10g/m² were found in the lower geotextile.
A quantity of 80 g/m² of particles in average was observed into the upper geotextile, while only 10g/m²

were found on the lower geotextile. On the other hand, the perforated drainage pipe was found to be
completely free of particles.
Following these measurements, permittivity tests were conducted on the filter. The tests were
conducted with a hydraulic head of 10 mm to avoid excessive pressure that could have washed out the
embedded particles. With these conditions, a reduction in permittivity in the range of 10% was observed,
confirming the visual observation of a geotextile looking almost ‘clean’ on its inner side, compared to the
outside, as can be seen on Figure 4.
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Figure 4: External and internal view of the geocomposite after
three months of percolation of sulfuric acid

Behavior under high compressive load
Compressive load on the drainage layer can reach 2 MPa (Thiel and Smith, 2004; Castillo, 2005). For
traditional planar geocomposites involving a planar drainage core (such as biplanar or triplanar geonet), it
has been shown by several authors that the hydraulic properties of these geosynthetics are adversely affected
by such high compression stresses. Creep resistance is indeed a component that is taken in consideration in
the selection of such products, and can be evaluated with ASTM standard D7341. However, Saunier et al.
(2010) have shown that the particular structure of EFDG is favorable to the development of an arching
effect around the pipe. This statement was made following the observation that transmissivity is not affected
by compression stress, nor by time. Their results are reported on Figure 5.

Figure 5: Transmissivity under different loads up to 2 Mpa and 100 h
(i = hydraulic gradient) (after Saunier et al, 2010)
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Filtration compatibility with tailings
Tailings are conveyed to their storage facility in a slurry form. Slurries are highly challenging materials for
geotextile filtration as the presence of a high concentration of fines segregated from the soil may create a
cake on the surface of the geotextile, and reduce its permeability thus endanger the efficiency of the system
and the geotechnical stability of the facility.
To assess the filtration behavior of the geotextile used as a filter in the EFDG, a modified gradient
ratio test was developed to model the mechanisms prevailing at the time the slurry is deposited on the
geotextile filter. The following hypotheses were considered to develop the experiment:


First, the slurry reaches the geotextile with a solid / water ratio of 72% water / 28% solid.



In the early stage of the slurry / geotextile interaction, the water head will be similar to the height
of the slurry, and the system will settle.



Eventually, more material will reach the deposit, and increase the water head, and eventually
hydraulic gradient prevailing in the vicinity of the interface.
Considering these hypothesis, a testing strategy was developed, using a testing apparatus conforming

to ASTM D5101, modified in order to model the above described scenario.
A slurry was prepared to the prescribed solid / water ratio, using the tailing which particle size
distribution is presented on Figure 6-a. To initiate the test, this slurry was deposited in a liquid form (Figure
6-b) on the surface of the geotextile filter, selected for its filtration opening size of 60-70 µm (per CGSB
148.1 n°10). This led to a total head of about 300 mm above the geotextile.

(a) Gradation

(b) consistency for deposition

Figure 6: Gradation of the tailing
A valve located downstream the geotextile was opened immediately to initiate the test, by connecting
the downstream section of the test cell to a container with a free surface maintained at a height of 150 mm
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above the geotextile. Given that, the initial conditions prevailing were a water (slurry) head of about 300
mm upstream the geotextile, and 150 mm downstream. A ‘slurry head’ of 150 mm was thus applied on the
geotextile filter, initiating a flow through the geotextile at the same time the slurry was settling. Hydraulic
head were monitored under the geotextile, at distances of 25 and 75 mm and above the slurry, as well as
the flow rate. This stage, combining a falling head and sedimentation of the tailing, was maintained until
stabilization of the upstream head to 150 mm = same as the downstream head. During that stage, the soil /
geotextile interface developed its structure in a fashion similar to what is likely to be taking place on-site.
After stabilization, the upper portion of the test cell was closed, and the standard gradient ratio test was
initiated using the standard apparatus (Figure 7), using a hydraulic gradient of 1.0. During the test, the same
hydraulic head were monitored, under the geotextile, at distances of 25 and 75mm and above the soil/slurry,
as well as the flow rate.

Figure 7: Set-up of the filtration test (Gradient Ratio, ASTM D5101
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As there is no precise limit differentiating a ‘soil’ from a ‘slurry’ during the deposition stage, it was
not possible to determine a flow length in the porous media, thus to calculate a permeability of a soil,
geotextile, or obviously slurry. It was thus decided to determine a ‘permittivity’ of the entire system, by
dividing the flow rate by the total water head. This value was considered to be a sufficient indicator to
observe a trend, i.e. an increase or a reduction of permeability over time. It is also a convenient way to
normalize the flow rate to the water head, to analyze the geotextile interface behavior during the slurry
deposition stage of the test.
Results and observations are presented in Figures 8 to 10.
Suspended particles

Mostly water

Suspended particles
Settled particles
Suspended particles

Settled particles

Settled particles
Settled particles

(a) after 5 minutes

(b) after 15 minutes

(c) after 2 h 45 min

(d) after 66 hours

Figure 8: Settlement of the slurry during the first stage of the test

Figure 9: Permittivity versus time
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Figure 10: Gradient ratio versus time

Figure 11: Water head versus time
The following observations were made:


The permittivity of the system, calculated by dividing the flow rate per unit area at a given time by
the total hydraulic head, first decreased to reflect the accumulation of soil particles at the surface
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of the geotextile (Figure 9). It eventually stabilized to remain stable until the end of the first part of
the test (sedimentation). After full settlement / deposition of the soil particles, the second phase of
the test was initiated with the constant head test, and the permittivity stayed at the same level as
what was measured before. It was thus concluded that the permittivity of the system was stable
over time, thus that no clogging mechanism was developing as the water flows through the system.
In order to estimate the permeability of the tailing / geotextile system, the permittivity can be
multiplied by the height of soil after deposition (measured from the outside of the cell, i.e. on Figure
8-d). A value of 6.10-5 cm/s was determined, which was reported to be similar to the permeability
of the tailing as documented by the owner.
With a permeability of the system similar to the permeability of the native material and no decrease
of permeability over time, the system was considered to be stable.


Gradient ratio values of approximately 3 were observed and remained stable through the duration
of the test (Figure 10). Although 3 is on the upper bound of what is usually considered acceptable,
it has to be analyzed considering two factors:
o

First, the soil was not compacted but installed in a slurry form. As a consequence, the
arrangement of sedimented particles is likely to be more compact in the vicinity of the
filter, where the water has the highest potential for being evacuated and to generate a soillike structure, more than a slurry.

o

Second, it does not evolve through time, which indicates that the permeability of the tailing/
geotextile interface does not decrease faster than the permeability of the tailing, measured
at a distance of the interface.

As a consequence, the gradient ratios were not considered to reflect a stable behavior of the
geotextile / tailing interface.


Analysis of the evolution of the water heads (Figure 11) shows that more than half of the head loss
occurs between the top of the soil and the piezometer located at a distance of 76mm from the
geotextile, i.e. on the very top of the sedimented slurry. This observation can be explained by the
sedimentation process, which favors segregation of the particles with the coarser particles settling
first. As a consequence, the gradation of the soil progresses, with a decreasing concentration of
coarser particles, as the distance to the geotextile increases. This mechanism favors creation of a
very fine grained layer on the top of the soil surface, which exhibits a lower permeability, thus a
higher head loss on the upper layer, as observed on Figure 11.
Overall, it is possible to consider that the tested geotextile, with a FOS of 70µm (as measured per

CGSB 148.1 n°10) has offered a good filtration performance of the tailing with the particle size distribution
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shown on Figure 6-a, prepared as a 28% solid / 72% water slurry, during both sedimentation and filtration
under a hydraulic gradient of 1.0.

Conclusion
The behavior of Enhanced Flow Drainage Geocomposite (EFDG) as a pregnant solution collection layer in
heap-leach pads was investigated considering existing and genuine laboratory work. The following
observations were made:


No evidence of clogging could be detected after 90 days of circulation of a 20 g/l sulfuric acid
through a copper ore and the EFDG. As a consequence, it was concluded that the exceptional
chemical composition of the pregnant solution is not likely to affect the performance of DTPG with
respect to its filtration and drainage efficiency.



High normal loads do not affect the transmissivity of EFDG as demonstrated by Saunier et al.



A geotextile filter typically used for the filtration of fine-grained materials in EFDG, with a FOS of
70 µm as measured per CGSB 148.1 n°10, has offered an excellent filtration performance after
receiving a slurry with a soil / water ratio of 28% solid / 72% water.
Based on these observations, Enhanced Flow Drainage Geocomposites should be considered

promising solutions for heap leach applications as well as other applications involving potentially harsh
chemical conditions as well as very fine grained materials, including tailings. They should be investigated
furthermore, in particular with the help of large scale pilot experiments involving actual service conditions
and operations.
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Abstract
In copper L-SX-EW hydromet, the solvent extraction stage (SX) allows purification and concentration of
the Cu bearing leach solution, as such it is the nexus between the leaching and electrowinning stages.
Purification and concentration is achieved by means of an organic reagent (mixture of extractant and
diluent) which is highly selective for copper. Unlike the flotation process where reagents mainly go away
with the concentrate product, the SX plants require an organic inventory volume to achieve successful Cu
extraction and stripping. Unfortunately, the contact of the organic with the leach solution and the EW
electrolyte produces organic entrainment into these process streams, which, if not properly controlled, can
lead to valuable organic losses, which reduce the volume of organic needed for the process to work
effectively, not to mention that the organic reagent is by far the highest cost element in the SX process.
Therefore, current challenging times for the copper industry due to low metal prices require extra attention
to the minimization of organic entrainment and organic contamination/degradation, as these can result in
further organic losses.
This presentation is about the design, implementation, and evaluation of organic coalescence and
collection technology, denominated “organic reclaim boxes”, which have been installed at the E-2 and E-3
stages in the Old Minero Peru SX trains. These are working under extremely demanding operating
conditions of the mixer-settlers (30 to 40% above their design capacity).
With the use of practical engineering and recycled materials, organic losses have been reduced by
approximately 29%

Introduction
Control of organic losses due to physical O/A entrainment also involves actions outside the SX Plant, as
the entrance of solids in the PLS is one of the main causes of organic degradation. In SMCV S.A.A.
strategies of control have been established since the Crushing process, by setting maximum permissible
levels of total clay content in the ore and fine particle content in a -100 mess not higher than 11%. In
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leaching, we implemented an addition system of non-ionic flocculant which was previously evaluated in
order to measure the solid catchment efficiency and minor effects of organic solution degradation
considering the frequent contact with PLS with flocculants.
In SX we increased the frequency and volumes of organic treatment by activating its properties with
regenerating-activating clays and then filtering the organic in filter press and filter plates. 10 % of the total
volume of organic was designated for treatment every day.
During the evaluation of operational conditions until implementing new control systems that may
allow to reduce the O/A entrainment at the SX Plant, we kept working in organic recovery from the Raff
tank through absorbing belts installed horizontally on the tank, with constant rotation and collection. This
was a corrective measure.
The focus of evaluations and later optimization had a preventive approach. The challenge is to avoid
or reduce the volume of organic reagent which stays at the settlers in stages E-2 and E-3, and also avoid its
exposure to UV radiation, evaporation and contamination with solids in the Raff tank, as it causes premature
degradation of reagent, creating the need of higher consumption.
When conducting the implementation of existing control systems, the following points were taken
into account: increased consumption of solvent and extractant reagents, decreased organic inventory,
increased operational costs at SX.

Figure 1: Organic inventory-reagents consumption Figure 2: SX cost – organic inventory

Methodology
The methodology used includes the revision of current conditions in Operations from the stages of Crushing
and Leaching until SX, implementing controls in each stage in order to prevent contamination of the
Organic Solution due to the transference of solids from the PLS solution coming from the Leaching stage
in quantities higher that 60 ppm.
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Operational controls in crushing - agglomeration
It is necessary to know the physical properties of the ore to be treated, identifying its hardness and clay
content, as these are the sources of generation of fine particles in the ore. In the spraying stage in the Leach
pads, fine particles smaller than 100 microns will be entrained towards the pads´ drain and will contaminate
the organic solution.
Ore hardness is a non-controlled variable since it is defined by the nature of the ore body. However,
it is necessary to know it in order to coordinate with the mine the minimum size of the ore so power applied
in comminution does not generate an excess of fine particles. In this case, the parameter of control is the
reduction of the circulating load.
In SMCV S.A.A. it was determined that the maximum limit of tolerance for total clay in the ore shall
not exceed 8.5% of the weight per ton of mineral and 11% of content in the 100-micron mesh.
During the Agglomeration stage, the agglomerated material quality is defined by the adequate dose
of sulfuric acid and raffinate until achieving optimum moisture to allow a proper adhesion of fine particles
to coarse particles, allowing this way an optimum permeability during the Leaching stage.

Figure 3: Monitoring fines content in -100 and -200 mesh, actual vs. KPI

Controls in leaching
In this stage there are multiple operational variables that may influence segregation or generation of fine
particles, for example: irrigation rate, irrigation frame, type of sprinkler o sprayer´s nozzle, ore density,
compaction, etc. These are measured to see their impact on Metallurgical recovery, in our case copper
recovery. In the evaluation conducted for solid control in PLS, the quantity of suspended solids in the PLS
drain from the Leach Pads was taken as a variable of control.
The Maximum Permissible Level for Suspended Solids in the Leach Area is 60 ppm.
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Figure 4: Solids content in PLS, actual vs. KPI
For the control of suspended solids, we installed a system of preparation and dosing of non-ionic
flocculants, having assessed its efficiency to capture and precipitate solids and to interact with organic
solution not altering the physical or chemical properties of this reagent.

Photo 1: Settling tests

Photo 2: Flocculant dosing system

Controls in “SX” solvent extraction
The copper reduction in the Leaching PLS creates the need to treat larger flows in Solvent Extraction, as in
the case of SMCV S.A.A. and in consequence, design parameters are exceeded, causing higher rates of
specific flow in the settlers, a higher amount of crud generated by more suspended solids, decrease in the
organic quality expressed in lower interfacial tension and longer phase separation times, leading to higher
loss of organic due to entrainment. It is a proven fact that the greater flows of treatment, the greater the
organic entrainment will be.
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Figure 5: Increase of flow in the PLS and increase of organic entrainment

The crud formation rate has increased since the current PLS has more suspended solids than before.
Besides this, the flow is higher at present.

Figure 6: Increase of crud formation
The final consequence is reflected in the increase of organic entrainment in the Raffinatte tank.
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Table 1: Annual average of organic entrainment
To counteract this condition, we have been working with several alternatives since 2014, some of
them were corrective (controls outside SX Plant, specifically in the Raffinate tank), and later efforts focused
on identifying and proposing preventive actions to prevent organic from leaving the SX settlers (conducted
in the source of the problem).
We will detail every action implemented to control and reduce organic loss due to entrainment.

Implementation of equipment designed to reduce O/A entrainment
Curtain retainer (corrective action)
To reduce entrainment from the Raffinate Tank to Leaching, we opted for physical barriers which helped
to prevent the organic floating on the solution from entering the pump box. In order to do so, a Curtain
Retainer was designed and built to allow Raff that was 1.5 m below surface to go towards the pumps, thus
avoiding the suction of organic that was floating or going towards the surface.
Drawing 1 shows the manufacturing conditions of the curtain.
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Drawing 1: Layout of the curtain retainer of organic in the Raff Tank

On the other hand, an additional barrier was placed in the middle of the Raffinate tank. This had a
positive effect preventing the organic from staying in the curtain and thus avoiding being suctioned by the
pumps that return raff flow to the Leaching Pads.

Photo 3: Curtain installed in the Raff Tank
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Increase in organic treatment capacity (corrective action)
Every SX Plant treats its organic with activated clay. This returns quality to the organic by improving its
interfacial tension and its phase separation time, allowing a better performance and lower entrainment. It is
a well-known fact that organic moving in the plant, the more contact it has with Solids-bearing PLS and
other elements, more affected its extractant capacity will be, specially its extraction capacity, interfacial
tension and phase separation time. When these increase, organic entrainment will also increase. This can
be observed in a laboratory evaluation conducted with consecutive contacts of organic with PLS.
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Figure 7: Interfacial tension effect

Figure 8: effect of the phase separation time

Figure 9: Effect of solids in organic entrainment

Under the initial conditions, it was only possible to treat 5.7% of the organic inventory using a system
which included tanks and a filter plate, with a treatment capacity of m3/day.
Part of the problem was that the plant had 3 organic tanks and the treatment was rotated in such a way
that the organic of a tank was treated every 20 days. Therefore, organic from the tank feeding Train 5, with
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larger volume, had the lowest possibility of being treated and could not increase its interfacial tension values
above our parameter of 23 dynes/cm.
Considering this situation, we decided to increase the time of treatment to the organic in train 5 in a
continuous basis until reaching the minimum level of interfacial tension required. Graph No 10 shows
greater efficiency of extraction when organic in train 5 was treated, and in the periods when this was not
filtered, this condition worsened.

Figure 10: Improvements in the efficiency of extraction

After a long treatment to the organic in Train 5 (tank 3), interfacial tension increased and phase
separation time improved, contributing to reduce organic entrainment in raff and aqueous in organic. Good
planning in the organic treatment with clay allowed to have interfacial tensions in the expected range this
year.
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Figure 11: Increase in interfacial tension

Installation of coalescing mesh (preventive action)
Dispersion coming out of mixers, caused by the mixture of organic with PLS, requires good separation in
the settlers in order to avoid entrainment. When specific flow in the settler is too high and exceeds design,
entrainment increases. Considering this perspective, and as train 5 has a construction system where welding
is not possible and elements may damage the cover, we had to think and develop a special system to allow
the installation of coalescing meshes which would permit a significant reduction of entrainment in that
train.
Below you will find a view in perspective of the design of the meshes installed in October 2015, and
a photo of the mesh being lifted and in operational maintenance. See Photo 9 (a) and (b).
There is also a graph showing entrainment before installing the coalescing meshes and the immediate
reduction of entrainment after the installation of these meshes.

Figure 12: Retainer meshes installed in Train 5 at SX Plant
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Figure 13: Reduction of organic entrainment in Train 5

Organic recoverer collector (RECUCO) (preventive action)
By implementing the retainer meshes in Train 5, there was a large reduction of organic entrainment.
Nevertheless, additional equipment was designed in the Metallurgy area and its pilot tests showed it could
reduce even more the entrainment in the extraction stages of the SX Plant. This equipment, called
RECUCO, has a rectangular structure and interior panels with vertically aligned holes. They are submerged
in the aqueous overflow in the settler which had an air pipe installed at its base, propelling the organic
entrained in the aqueous phase and taking it to the surface to be collected and recovered within the settler.

Figure 14: Recuco design

Figure 15: Recuco installed E-2 SX 5 train

Pilot test results of this equipment collecting a sector of the aqueous overflow area in the extraction
settlers at Train 5, showed a 5-7 %, recovery and it is able to recover 900-1,000 L of organic per month of
operation.
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Table 2: Summary of organic recovery per each Recuco

Results evaluation
With the optimization of existing controls and the new controls implemented since October 2015, it is
possible to measure the positive effects of the reduction in loss by physical entrainment, allowing increased
organic inventory and reduced extractant and diluent consumption, leading finally to a lower operational
cost in SX.

Reduction of O/A physical entrainment loss

Figure 16: Objective 1, reduction of organic entrainment
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Increased organic inventory, lower reagent consumption

Figure 17: Objective 2, Increased inventory and reduced reagent consumption

Lower operational cost

Figure 18: Objective 3, lower operational cost

Conclusions
 All the effort of the Operational Areas SX and Hydro Metallurgy allowed to achieve the objectives set
at the beginning of this Technical Work, by innovating the design of equipment that allowed a reduction
of physical organic entrainment.
 It was possible to reduce organic entrainment from 35.06 ppm to 22.43 ppm, which represents 36.02%
reduction.
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 Once the flow retainer and recovery equipment were installed, the organic inventory increased by
27.99%.
 The SX process cost, led by the consumption of organic solution, was reduced from $/lb. 0.106 to $/lb.
0.083, allowing savings of $ 880,035.00.
 The achievement of these results allowed to include new equipment to reduce entrainment and to
optimize good operational practices for organic treatment, as part of the operational routine, allowing to
reinforce learning and to engage people of the Leaching, Plant and Metallurgical teams from SMCV
S.A.A.
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Management of the stacking system on the pad 4B
Manuel Aragón Gutiérrez, Sociedad Minera Cerro Verde, Peru

Abstract
Leach Pad 4B of Sociedad Minera Cerro Verde started operations in November 2012. It is a permanent pad
designed to stack and leach secondary and transitional copper sulfides up to 20 lifts of 7 meters high each.
This ore is previously crushed in three stages: primary, secondary and tertiary crushing; with a grain size
35 % +3/8” and agglomerated with raff and acid. The stacking system includes two overland conveyor
belts, thirty nine portable belts and one stacker with horizontal and radial belt.
The stacking was highly complex when loading started at the pad due to the irregularities and
restrictions in the areas for the first lifts. The stacking equipment is around 100 m long and from lift 1 to 4
we had very limited spaces for normal stacking operations and relocation of equipment. Planning the
movement of the radial stacker and the portable belt system was essential for the design and field
implementation, in order to achieve the best possible arrangement to facilitate equipment movement and to
minimize stoppages in the Crushing- Stacking Plant.
Considering the eventual ore quality, with high content of fines or clays, floor stabilization methods
were implemented for stacking equipment. These included: modified ripping/scrapping, geogrids and ROM
material, and increase of drain time before preparing the surface with low ground pressure tractors; avoiding
stucks and rollovers and minimizing the compaction effect in lower lifts. Additionally and in order to
minimize ore compaction due to heavy equipment traffic in the pad, causing loss of permeability in the pile,
tests were performed to measure the variation of gravel density at depth when subject to traffic of several
pieces of equipment used for staking ore. With these results, it was possible to manage criteria for the use
and traffic of vehicles on the pad.

Introduction
The Hydrometallurgical Process at Sociedad Minera Cerro Verde (SMCV) treats material with leach pile
technology for two different types of mineral: low-grade Run of Mine (ROM) processed at the blasting size
in the mine and High-grade ore whose grain size is reduced in other to improve its use, to be later
agglomerated and sent to Pad 4B.
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According to the mine plan, SCMV started operating PAD 4B in November 2012. The operation time to
fill it is approximately 11 years over a covered area of approximately 110 ha.
The crushed and agglomerated mineral is transported towards the platform of pad 4B platform through
two 2200-meter overland conveyor belts. Then, the mineral is transported in portable belts (grasshoppers)
and distributed with a radial stacker in 7 meter-lifts to be finally leached according to the pre-stablished
irrigation plan.
Before starting operations in the pad 4B, all stacking equipment was transported from pad 4A (5 km
away approx.) following a detailed plan and layout of equipment and material.
Mineral is stacked on pad 4B in vertical sections called lifts or levels (we expect to stack between 18
and 20 lifts at the end of the operation). From lift 1 to 9, the area stacked will be increasing as it is at the
bottom of a valley forming the initial area of the pad. From lift 10 on, this area will be reducing since it has
to comply with the design of the angle of repose which is 2.5 to 1.
Figures 1 and 2 show the facilities of pad 4B and the Stacking System Flowchart.

Figure 1: Pad 4B facilities
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Figure 2: Ore stacking system in Pad 4B
The type of stacking in pad 4B is “reverse stacking” as equipment offload agglomerate and go on
reversing while the pile is being formed. The system is a simple and continuous arrangement from belt CV
008 to the radial stacker, as shown below:

Figure 3: Stacking system arrangement in pad 4B

The main features of stacking equipment are shown in Table 1:
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Table 1: Main features of the stacking equipment in Pad 4B
Equipment

Movement
devices

Weight (mT)

Power (Hp)

Ramp Portables
Standard Portables
Horizontal Feed Conveyor
Horizontal Conveyor
Radial Stacker
D8 track Dozer

Wheels
Wheels
Wheels
Mix Wheel-Tracks
Tracks
Tracks

50
25
45
100
70
35

150
75
125
125
125
300

Stacking plan design
Stacking on the first lifts
These were the difficulties when beginning the stacking in pad 4B:
 Narrow areas that limited the movement of stacking equipment and therefore, caused more stoppages in
the Crushing – Stacking plants due to constant relocation of equipment.
 Interferences on the stacking ground, such as:
o Presence of Geotechnical instrumentation wires on the pad.
o Presence of vertical wells (HDPE pipelines and gravel protection 2.4 meters in diameter).
o Stacking of gravel curtains to help minimize the phreatic level of the pad in the future.
To manage stacking of the first lifts, the initial area was divided in three sectors following the stacking
sequence. This arrangement resulted in fewer hours of stoppage caused by equipment relocation, as shown
in Figure 4:

Figure 4: Stacking initial sequence
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In order to stack considering all mentioned interferences, cell limits were organized (division of
Leaching units) to make them coincide with the location of geotechnical instrumentations wires and vertical
wells. This arrangement is shown in Figure 5.

Figure 5: Stacking between interferences
For the construction of gravel curtains, we stacked between them. It was later necessary to build
temporary bridges with gravel or agglomerate, to allow the radial stacker and portable belts to pass over.

Figure 6: Stacking around gravel curtains
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Stacking plan management
As the first lifts were being stacked, the main objective was to increase the piles area and consequently, the
irrigation and Leaching cycle. Figure 7 shows the evolution in stacking.

Figure 7: Stacking from lift 1 to 9
 To increase the area in the next lifts, it was essential to use advance stacking, considering to stack ore
larger than the one usually stacked (10% increase higher than p80); the stacker height was also reduced
in order to minimize damage on the agglomerate caused by the impact and the weight of stacking
equipment. It was essential to use a LGP tractor to guarantee less compaction of the ore before moving
the radial stacker.

Figure 8: Advance stacking
 Figure 9 shows the stacking design in a ravine at lift 3. Control boundaries were set in order to locate
the radial stacker and from these, the amount of portable belts needed was planned.
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Figure 9: Advance stacking in East zone in pad 4B
 Finally, to minimize the hours of plant stoppages, the arrangement of cells was defined for stacking from
East to West, allowing to maximize the length of lifts and to have a continuous stacking for several days
and lower stoppages to relocate equipment.

Figure 10: Cells arrangement in lift 9

Equipment stability during stacking operations
Compaction pressure of equipment
To maintain stacking operations in crushed and agglomerated ore piles, we used several pieces of equipment
with wheels and tracks. An evaluation of all the equipment entering the pad was conducted to determine
the pressure and damage caused in the ground during their operation. Results concluded it was necessary
to restrict the use of equipment that damaged the ground. This information is presented in Table 2.
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Table 2: Compaction pressure of the stacking equipment

Equipment

Equipment
weight, kg

Pressure on ground,
kg/cm2

Pressure on ground,
PSI

Person

80

0.1

2

D8 LGP Dozer

30,000

0.5

7

966H Wheel Loader

23,200

1.4

20

Crane Truck

15,000

1.7

24

Motor grader

15,000

1.7

25

Portable

20,000

1.6

22

Radial Stacker **

49,000

0.6

8

** It is estimated that 70 % of the equipment weight is supported on the tracks.

As it shows, every piece of equipment with wheels has values above 20 PSI, while equipment with
tracks applies pressures between 7 and 8 PSI, 3 times less than the ones with wheels. Note that that 80-kilo
person applies a pressure of 2 PSI, 3.7 times less than the one of a 49 Tm- tracked stacker.
The effect of pressure applied by these pieces of equipment decreases according to the depth. It was
then necessary to study the influence of pressure of wheels and tracks at depth. We arranged an assessment
study of densities with a specialized company in order to determine the maximum depth of compaction of
equipment used in pad 4B. Results are shown in Figure 11.

Figure 11: Effect of the ground pressure on compaction
We used a linear relation of the values obtained between the pressures applied by the equipment on
the ground with the depth of influence. This linear behavior is confirmed in soil compaction studies
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conducted in agriculture regarding the effect of the equipment used (“Technical Sheet – Mitigation
Practices for Compaction Effectc” INIA). Figure 11 shows that the vertical effect of the pressure of a moto
grader’s wheels reaches about 1.3 m., the vertical effect of the pressure of a portable belt´s wheels is 1 m.
The operational practice to prepare the ground for fresh ore stacking is done by ripping the ground with a
Cat D8 Bulldozer with LGP pads, rippers used are 1.5 m long and assure a reduction of the compaction
effect of equipment used in the operation as the Bulldozer´s ripper exceeds the maximum compaction depth
(1.3 m).
However, as this was an isolated assessment, we used its results only as referential values. Therefore,
to assure that we were not affecting the ore permeability with the equipment used, we analyzed the exclusion
of the most “harmful” equipment, which resulted in the following plan:
 Minimize the use of the front-end loader in the pad. Just use it when there is no other alternative of
equipment, and with the authorization of the people in charge of the operation.
 Access roads to the stacking area were organized, affecting just one road and not all the pad´s surface.
This road is next to the portable belts.
 Maximize the use of LGP tractors (low ground pressure) to manipulate material within the pad.
 Eliminate the use of the moto grader, replacing it with a D4 LGP Bulldozer.

Improve equipment stability on grounds with high clay or fines content
An increase of the percentage of clay and fines content in ore cause an increased moisture retention in the
ore, which might cause grounding of equipment during ground preparation or when stacking equipment
gets into the pad, as shown in Figures 12 and 13.

Figure 12 and 13: Effect of high clay/fines on equipment stability
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Solutions were applied to avoid events like the ones shown in Figures 12 and 13, implementing the
alternatives in the following list to guarantee a safe operation and integrity of equipment:
 Use large wooden paths: the problem is their limited use, allowing to stabilize only reduced areas of
work and not the whole area of influence while stacking. Also, their handling can generate complications
to the equipment moving them if the unstable area is large (Figure 14).

Figure 14: Wooden paths for stacker tracks
 Use Geogrids, whose function is to distribute pressure over a wider area. However, in case of high
moisture in the ground, the grid lifts up and gets stuck in the tracks or wheels of equipment, causing
their unavoidable sinking (Figure 15).

Figure 15: Use of geogrid
 Use ROM mineral to build a new ground for equipment. The difficulty of this method is that it compacts
the mineral below the ROM, producing the effect of loss of permeability (Figure 16).
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Figure 16: Use of ROM in the crush leach pad
The challenge was therefore to implement a safe method to minimize ground compaction.
After several tests it was concluded that the effective technique was to install a standard geogrid and
then cover it with a 0.40 cm high layer of rocks. We observed in the field that coarse mineral gets adhered
and retained in the grid, creating higher resistance to vertical pressure. The installation of this solution is
simple and solves all the difficulties found in the three previous solutions. Figure 13 shows what was
described above and Figure 14 shows a comparison with a ground only with geogrid. The latter one was
compacted between 15 to 20 cm more than the one without ROM.

Figure 13: Best arrangement Geogrid and ROM ore
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Zone (a)

Zone (b)

Figure 14: Comparison, zone (a) tested with geogrid and ROM and zone (b) only geogrid
As a result of this implementation, there was a safe entrance path in the south zone of pad 4B in lift
3, having a predominant ground with high content of fines and moisture.

Figure 15: Successful stacking equipment relocation through a muddy surface

Conclusions
1. Stacking operations of the first lifts in pad 4B were highly complex due to their relief. Taking this into
consideration, the division of the pad, with aims to reduce the stoppage time caused by relocating
equipment, was the right decision.
2. Advance stacking is a technique only to be used when filling the areas of growth in the pad, avoiding
massive use of material removed with a Bulldozer. However, in order to do so, it is necessary to conduct
adjustments in the ore size (crushing plant) to take good care of the agglomerate´s integrity.
3. For the operation of a permanent pad, it is essential to take care of the ore permeability over which a
new lift is placed. Therefore, it was a correct approach to conduct an assessment of the pressure and the
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effect at depth of all the equipment used in the operation; and to define the best operative practices
based on these results. The indicator of response to this best practice is measured through the phreatic
level control in the pad´s control areas. You can see the historic levels in the previous pad as a reference
and compare them with the pad 4B graph showing a slow slope curve facing the increase in net height
of the pad.

Figure 15: Piezometric level controls
4. As a solution for grounds with high percentages of clays/fines and moisture, the combined application
of geogrids with a ROM cover is a solution that gave satisfactory results in our operations.
5. The best stacking practices described in this document can be observed indirectly by relating the
Irrigation - Drainage flows. As a reference, this factor in similar pads at Sociedad Minera Cerro Verde
ranged between 9% and 12% and currently this value ranges between 3 % and 4% in Pad 4B.
6. As a conclusion, the measurement of this indirect factor shows us that all best practices and stacking
procedures are adequate and effective in the former Leach Pad 4A. Currently, in the Pad 4B it ranges
between 3% and 4%.

Figure 15: Irrigation-drainage curve, % Retention at Pad 4B
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A comparison of unmanned aircraft systems
versus manned aircraft mounted systems for routine
and periodic heap leach pad surveys
Kevin Lutes, NewFields Mine Design and Technical Services, USA
Adam N. Johnson, NewFields Mining and Energy Services, USA
Preston Martin, NewFields Sediment Management and Marine Sciences, USA
Carl Burkhalter, NewFields Mine Design and Technical Services, USA
Gary Krieger, NewFields Environmental and Engineering, USA

Abstract
Managers of Heap Leach Facilities (HLFs) continually seek practical, cost-effective, and safe approaches
to improve facility planning, operation, and closure of the facilities. Recently, several new technologies
have been utilized to help optimize HLF management, including using photogrammetric equipment
installed on Unmanned Aircraft Systems (UASs), and Manned Aircraft Systems (MASs). The
photogrammetric equipment uses a programmed camera to generate composite (orthomosaic) aerial
imagery and a Digital Terrain Model (DTM) with spatial resolutions as defined by the project needs. The
data generated have been used for a variety of applications, including volume estimates of materials for
construction and operations, development of detailed contour maps, and presentation for construction or
loading progress. Both systems have characteristics that are unique; thus, selecting the best system for each
individual project requires proper evaluation.
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