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Abstract

This paperpresents a casestudy of the active closure and post-closure monitoring period for the San Manuel
Heap Leach Facility (HLF) at the BHP San Manuel copper mine in Pinal County, Arizona, USA. Prior to
closure, this HLF contained approximately 90 million tons of oxide ore and covered a 237-acre HDPE-
lined footprint adjacent to the northeastern extent of the open pit and in-situ recovery wellfield. Operations
atthe HLF started in 1985 and ended in 2002. With the formal suspension of mining operations at the San
Manuel Mine Site in June 1999, BHP started the formal process of closure of the mine site and HLF.

Site-specific challenges to closure of this copper HLF included short-term management of the acidic
solution inventory circulating through the HLF, design of a regrade surface that achieves physical mass and
erosional stability, installation of a surface water control system to contain contact water, and long-term
management of residual draindown from the HLF

In 2004, the project received owner funding to commence detailed engineering and construction for
permanent closure. Final closure of the HLF included expansion of the HDPE-lined footprint to
accommodate the proposed regrade design, management of residual solution drain down, incorporation of
landform elements, and selection of a final cover system. During the active closure period, the original
cover system design failed to perform as designed, and the project team re-designed the system prior to
completion of construction activities in 2008. BHP completed construction activities in 2008.

Post-closure monitoringand inspection results include cover stability, recording long-term draindown
rates, stormwater runoff volumes, and maintenance activity. The long-term erosional performance of the
finalregrade and rock armor cover system informs future engineering trade-off studies for alternative cover

systems at other sites.
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Introduction

Magma Copper Company (predecessor company to BHP) developed the San Manuel Mine and Plant sites
as an integrated copper mining, milling, smelting, and refining complex. Magma also built the company

town of San Manuel, approximately 50 miles north of Tucson and 130 miles east of Phoenix (Figure 1).
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Figure 1: Site location

Site History

Production from the underground block cave operation started in 1953. A dedicated 6-mile-long railroad
hauled ore from the mine site to the mill facility at the Plant site near the town of San Manuel. Concentrate
from the mill entered the smelter and refinery process. A COMEX warehouse stored the refined product
before off-site shipping.

Development of the open pit to access the oxide resource and construction of the HLF started in the
mid-1980s. Development of the in-situ leach operation within the open pit started in 1986 and continued
through 1999. At the time of closure, the in-situ leach (ISL) produced approximately 18,000 tonnes of
copper annually (Sutton, 2019). Figure 2 shows the position of the HLF and adjacent ISL with respect to
the open pit and underground and surface infrastructure, overburden stockpiles, and process facilities

(solvent extraction/electro-wining or SX/EW plant).
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Figure 2: Site layout of the San Manuel Mine Site, Arizona
Site and Facility Overview

Climate

The regional climate settingis a semi-arid environment, and the site experiences averagedaily temperatures
ranging from 52°F in winter to 79°F in summer. Annual precipitation and evaporation average
approximately 9.1 inches and 63.4 inches, respectively. Rainfall patterns in southern Arizona are
characterized by long-duration, low-intensity frontal storms during the winter and short-duration, high-

intensity summer monsoons.

Geological Background and Ore Characteristics

Initial geological reserve estimates determined the oxide deposit contained approximately 286.5 million
tons of ore at an average grade of 0.60% total copper and 0.39% acid-soluble copper. Chrysocolla is the
primary copper-bearingmineral in the deposit. Within thisreserve,roughly 21 milliontons were designated
as minable by open-pit methods. Ultimately, the pit operated for 10 years, from 1985 to 1995, and supplied

90 million tons of ore to the facility.
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Facility Design and Operation

The San Manuel Heap Leach Facility was one of the first copper heap leach projects in Arizona to include
a lined leach pad. Construction of the HLF liner pad commenced in 1986 and extended over six phases
through 1992. The final HDPE liner footprint covered an area of approximately 237 acres prior to
reclamation. The base of the heap was constructed at an elevation of approximately 3,110 feet above mean
sea level (amsl). In comparison, the maximum HLF height reached approximately 3,460 feet amsl—an
elevation gain of 350 to 420 feet depending on the section of the facility.

The leach pad consisted of an 80 mil HDPE liner placed over a compacted San Manuel Formation
sub-base. An 18-inch sand layer overlaysthe HDPE and contains a 12-inch perforated HDPE collection
pipe network for solution recovery. The base slope of the liner ranged from 1% to 8%, directing gravity
flow toward the pregnant leach solution (PLS) collection pond.

Duringthe early operatingperiod, the HLF received sequential lifts of truck-hauled run-of-mine oxide
ore at a rate of 30,000 to 40,000 short tons per day. Each leach cycle lasted for approximately 45 to 60 days
with an average application rate of raffinate solution of 0.008 gallons per minute (gpm) per square foot.
Applied raffinate exhibited a pH of 1.6 units, containing 1.8 grams per liter (g/L) of iron, 0.20 g/L copper,
and 15 g/L sulfuric acid. During steady-state operations, approximately 7,000 gpm of raffinate circulated
through the HLF.

Subsequent lifts were added by stripping and ripping the surface of the previous lift to optimize acid
flow and recovery. The HDPE-lined perimeter channel collected the Pregnant Leach Solution from the
internal drainage system and conveyed PLS to the Heap PLS pond. Pump systems at PLS pond transferred
the PLS to the Plant Feed Pond prior to processing in the SX-EW Plant. The estimated overall copper
recovery from the HLF was 88.3%, equivalent to 690.6 million pounds of high-purity cathode copper over

the facility’s operational life.

Closure Engineering Phase

Inthe low copperprice environment ofthe late 1990s, BHP suspended mining operations atthe San Manuel
Mine and Plant Sites in June 1999. Sulfide ore mining and milling activities ceased while oxide leach
operations idled and re-circulated existing process solution inventory in the HLF and ISL. BHP maintained
the underground mine dewatering systems and underground access. Dewatering continued until BHP
completed technical studies regarding PLS solution containment of the in-situ leach operation within the
pit. In February 2002, BHP stopped dewatering the underground mine and circulating solutions in the ISL.

BHP formed an owner’s team to manage the development of conceptual to detailed engineering

deliverables. External consultants provided subject matter expertise as well as institutional knowledge about
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the mine site. BHP integrated and maintained site data, including historical operating records, as-built

documentation, and monitoring data.

Design Criteria
Design criteria for closure of the San Manuel HLF included the regulatory framework for the state of
Arizona andinternal governance related to responsibleclosure. Table 1 summarizes the principal regulatory

framework for mine closure in the state of Arizona.

Table 1: Principal Regulatory Framework for Mine Closure in Arizona, USA

Program and Lead Agency Mine Closure Elements
Aquifer Protection Program, Groundwater Groundwater quality protection at designated
Protection Program of the Water Quality Division of points of compliance; BADCT engineering
ADEQ guidelines related to closure design
Surface Water Protection Program, Surface Water Point source and non-point source of pollutants
Quality Improvement Section of ADEQ resulting in a discharge to the water of the US

Mined Land Reclamation Plan, Reclamation Division  Mitigate public safety hazards and maintain the
of the Arizona State Mine Inspector closed site in a safe manner

Regulatory

Closure and post-closure requirements for mining facilities in the state of Arizona are governed by the
Aquifer Protection Permit (APP) program for groundwater, the Arizona Storm Water Pollution Protection
Plan (SWPPP) for surface water, and the Mined Land Reclamation Plan for surface reclamation.

The APP program authorizes new operations, existing operations, and mine closure. For the San
Manuel HLF, the operator filed a full APP application for final closure. This closure-based application
included assessment of engineering controls to reduce the potential discharge of pollutants to groundwater
(informed by Best Available Demonstrated Control Technology or BADCT), characterization of existing
groundwater conditions, prediction of future groundwater quality and gradients, and demonstration of
compliance with aquifer quality standards at one or more designated points of compliance.

Table 2 presents the closure-related elements of BADCT guidelines. The purpose of BADCT is to
employ engineering controls, processes, operating methods, or other alternatives, including site-specific
characteristics (i.e., the local subsurface geology), to reduce discharge of pollutants to the greatest degree
achievable before they reach the aquifer. Prescriptive closure BADCT for HLF requires the operator to

prevent, contain, or control discharges after closure.
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Table 2: Prescriptive BADCT Guidelines for HLF Closure in Arizona, USA

Element Prescriptive Criteria

Groundwater Eliminate, to the greatest extent practicable, any reasonable
probability of further discharges and of exceeding Aquifer
Woater Quality Standards at the point of compliance

Solution Management Neutralize or rinse all spent ore and waste residues; Eliminate
free liquids; Recontour the HLF as necessary to eliminate ponding

Physical Stability Demonstrate long-term stability of HLF materials

Im‘erncl Governcmce

BHP governance included risk assessment methodologies, capital project processes such as stage-gate
reviews of conceptual to detailed engineering packages, and decision-support models. Inherent in these
processes, BHP and the technical team conducted trade-off studies of economics, risk profiles, and

additional site characterization to address meaningful data gaps.

Criteria
Based on the regulatory framework and internal governance, the project team adopted the closure objectives
of physical stabilization and chemical stabilization. Physical stabilization considered both slope stability
and cover stability, and control technologies were established with both surface regrading to enhance runoff
and an engineered cover system to reduce infiltration to the maximum extent practicable through the HLE.
To resist water and wind erosion, permanent surface water run-on controls were installed with riprap or an
alternative erosion protection where flow concentration occurs.

From these closure objectives, the engineering team identified engineering design criteria (SRK,
2004) for the 2004 design of the HLF closure (Table 3).

Table 3: 2004 Select Design Criteria for HLF Closure

ltem Sub-ltem Valve Comment
Foundation Limits of Expansion Expand only as much as required to Maintain current distance
achieve nominal 3H:1V slopes without from the edge of pit

removing spent ore from the lined pad

Minimum slope of the 2% BADCT
Heap Liner subgrade
Rough Grade Surface Compact random fill of the excavation
surface
Overall Heap Slope 3H:1V nominal
Composite Prepare subgrade 12-inch minimum Low-permeability
Liner thickness compacted soil liner
System (BADCT)
HDPE Membrane Liner 60 mil minimum Subject to compatibility

analysis with the overliner
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ltem Sub-ltem Valuve Comment
Protective /Overliner 18 inch Minus ¥%4” particle size, non-
thickness calcareous, free-draining
Soil Cover Cover thickness 24-inch minimum
Surface treatment Cross-rip along contour Roughening reduces sheet

flow, aids revegetation

Surface Water Lateral channel down-slope spacing at 150 Limit slope length and
Management feet catchment area

Lateral Channel 5 to 10 cubic feet per second 100-year/1-hour flow

Capacity from approximately 1acre
at 3H:1V
Revegetation Seed with native grasses, hydromulch and Consider the grain-size,
tackifier slope, and chemistry
aspects of the area to be
revegetated

Solution Management

BHP operated the HLF as a closed-loop system. During the interim period between cessation of leach
operations (early 2002) and final closure of the HLF (2004), BHP re-circulated raffinate solution through
the HLF. Recorded HLF draindown in March 2002 at the time of suspended leach operations, the
approximate flow rate was 2,500 gpm. Recorded flow data indicate an 85% reduction in draindown rate
between March 2002 and July 2002.

BHP conducted studies of the groundwater containment and geochemistry of the decommissioned
ISL/underground facilities. The studies demonstrated that the decommissioned ISL/underground facilities
were within hydraulic containment and of similar chemical composition. With regulatory approval of the
proposed action and implementation of a monitoring program, BHP diverted the initial HLF draindown
into the ISL/underground.

The final closure design included construction of a gravity-fed diversion channel that conveyed long-
term HLF draindown into the former ISL/underground. Surface water runoff from the closed HLF also

discharges to the open pit.

Heap Leach Regrade
With early community input collected by BHP, the 2004 regrade plan incorporated some elements of what

is defined today as landform design.

Base Liner Expansion
The closure grading plan flattened slopes to 3H:1V. Slope regrading of the San Manuel HLF required two
liner extension zones to create enough lined foundation area. The North Liner Extension covered an area

0f638,602 ft> (14.7acres) andreceived spentore fromthe eastslope ofthe HLF. The South Liner Extension
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covered an area 0f 308,326 ft> (7.1 acres) and received spent ore from the south slope, as well as covered

the reclaimed and buried PLS Pond. The as-built pad extension liner consisted of:

e Liner bedding layer of 12” screened from No. 1 Stockpile
e 60-mil HDPE geomembrane

e 18" overliner crushed and screened from Tiger Flux Pit

Spatial constraints (e.g., eastern property boundary and the open pit to the south) and the topography

limited the footprint expansion areas and associated regrade plans.

Geotechnical Stability

The slope stability analysis for the existing and future HLF layout was conducted using static and
pseudostatic (0.1gseismicload) analysis versus the BADCT criteria. Theanalysis assumedunsaturated and
drained conditions within the heap. The project team selected a 3H:1V overall slope based on the

geotechnical stability analysis and to promote vegetation and eliminate flat spots.
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Figure 3: 2006 Closure design of the HLF
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Surface Water Management
Theregrade design incorporated a lateral and fall line surface water management system. Figure 3 illustrates
the lateral channels that collect surface water runoff from sub-basins and convey the runoff to a larger fall

line channel designed to discharge into the HDPE-lined perimeter channel.

Rinsing

Arizona prescriptive BADCT calls for rinsing of heap leach pads for closure; however, the requirement is
notspecific to copper mining, whichis leached with acidratherthan cyanide. The designerscite a statement
from ADEQ (1998) stating that little research has been done to demonstrate the effectiveness of rinsing and

detoxification to remove acidity; therefore, rinsing was not performed (SRK 2004).

2004 Cover Concept

Cover modeling estimated negligible infiltration with a cover thickness greaterthan 1 ft using the local
borrow. The design specified a minimum 2-ft thick run of borrow soil cover. Surface water runoff
management for the cover system was a lateral and fall line channel concept. The 2004 design included re-

vegetation of the cover to provide the estimated shear strength to resist erosive forces on the cover.

Construction Phase

Between 2001 and 2004, BHP and external project teams conducted internal technical studies to support
the development of the integrated mine closure plan and to support the permitting requirements for closure.
This period included active dialog with regulatory representatives and engagement with the local
community. In 2004, BHP applied for permanent closure of the San Manuel Mine Site. This application
included the designs and supporting technical studies for the closure of the HLF. Construction activity at
the HLF started in early 2005.

2005 and 2006 Construction

The leach pad closure and cover construction process consisted of:

e Decommissioning of underdrain pipes used for the leaching process through in-place burial,
removal of pipes and pumps above grade around the perimeter, and demolition/removal of concrete
structures.

e Construction of an internal toe drain system to separate residual draindown solutions from storm
water runoff.

e Placementofupto 2.5 feet of mixed San Manuel Formation and inert leach cap from local borrow.
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e Construction of the lateral channels and connected fall line channels to convey surface water runoff
to containment in the perimeter drainage channel.
e Revegetation of growth material using conventional hydroseeding technology during the summer

monsoon period in 2006.

2006 Cover Failure

In July 2006, the contractor completed installation of the lateral and fall line channels and started
hydroseedingofthe soil cover. The timing ofthe hydroseeding coincided with the summer monsoon season.
Accordingto NOAA data, the region recorded its wettest monsoon season on record, with 12.2 inches of
rainfall, representing a 33-year recurrence event. Over a span of five days in early August 2006, the site
received 10.12 inches of rain, approximately half its average annual precipitation. The daily average
precipitation over this period was less than the design storm event.

Erosion from the monsoon event resulted in sediment infilling and rill erosion between the lateral
channels, which caused the channels to accumulate sediment, become blocked, and subsequently overtop.
Failure in one lateral channel resulted in a “cascading” overtopping failure of the downstream lateral
channels. The perimeter diversion channel, designed to control runoff, was also breached in one location,

leading to off-site discharges of sediment-laden water. Figure 4 presents post-event damage to the HLF.
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Figure 4: Post-storm event damage, San Manuel HLP (August 06)

Contributing factors to the August 2006 cover failure include:
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e Inadequate structural best management practices (e.g., silt fence) for stormwater control post-
hydroseeding (Inset A, Figure 4)

e Lack of surface water engineering controls (e.g., increased capacity of downstream lateral
channels) to prevent a cascading overtopping failure (Inset B, Figure 4)

¢ Inadequate sediment storage capacity in the lateral channel design (Inset C, Figure 4)

2007 Cover Redesign

Within days of the cover failure, BHP reconvened the design team and retained additional subject matter
expertise to assess the scope and cause of the cover system failure. This assessment led to a new design
concept that minimized flow concentration by eliminating the lateral channels and improved the erosional
resistance through the installation of a rock armor top cover. The tallest portions of the HLF facility have

3H:1V slopes with slope lengthsup to 1,300 ft. Figure 5 presents the revised cover and regrade design.
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Figure 5: 2008 Closure design of the HLF

2007 and 2008 Construction

The timing of the 2006 failure of the 2004 cover design and surface water management system proved
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valuable in that the primary earthwork contractor was conducting closureat the Plant Site. The construction-
related infrastructure (stockpiles, equipment, and laydown yards) and BHP-owned quarries and borrow
sources were active. As BHP and the project team assessed the root cause of the cover failure, the remedial
options included cost-effective construction options for earthwork and borrow materials.

InJuly 2007, the contractor filled existing erosion gullies and depressions and removedthe lateral and
fall line channel system. In addition, the contractor regraded the five topographic highs of the HLF to
improve stormwater drainage and reduce the risk of ponding. The contractor placed erosion-resistant rock
armor (Dy,,x of 8 inches) on the slopes and larger rock armor (D,,.x of 9 inches) in areas susceptible to

concentrated flow. Construction finished in January 2008.

Post-Closure Phase

BHP maintains ownership of the San Manual HLF and mine site. The post-mining land use is private range
land. Signage, perimeter fencing, and routine site inspection discourage public access to the former mining

site. The closed HLF remains visible from Highway 77 and from the town of Mammoth, Arizona.

Long-Term Draindown

BHP maintains instrumentation to record long-term draindown rates, surface water runoff rates, and local
precipitation. Measured draindown rates for the uncovered HLF dropped from 2,500 gpm in March 2002
to approximately 50 gpm in September 2003. Followinginstallation ofthe original HLF cover in September
2006, measured draindown rates dropped to less than 10 gpm. Draindown steadily declined to less than

3 gpm at the present day (2025).

Note: No flow data from Aug. 2020 to March ‘
em=Heap Draindown (g === Precipitation (in) 2021 and May 2024 to April 2025

Figure 6: HLF Draindown vs. precipitation 2018—April 2025

56



CLOSURE AND POST-CLOSURE CASE STUDY: SAN MANUEL HEAP LEACH FACILITY, ARIZONA, USA

Figure 6 compares the HLF draindown and daily precipitation data from January 2018 to April 2025.
The comparison shows seasonal fluctuations in flow rate in response to specific rain events or winter wet
seasons. For example, the winter monsoon periods of 2019 and 2020 increased recorded draindown by a
factor of 3 times the average (~3gpm vs. 1 gpm). The summer/early fall and winter monsoon periods of
2022 were followed by an increase in draindown response over the following 6 months.

Observations at multiple legacy sites in the arid southwest suggest maximum infiltration typically
occurs during low-intensity, long-duration winter storms and when seasonal evaporation is low. The San
Manuel HLF monitoring data show “breakthrough” of the soil cover during extreme monsoon events, such
as the storms in July of 2021 and 2022, where the storage capacity of the soil cover is depleted (i.e.,

saturation = 100%), followed by peak seepage shortly after.

Erosion Performance

BHP manages several closed legacy mine sites in southern Arizona, USA. Applied reclamation techniques

at these sites are generally characterized by continuous slopes with a rock armor veneer to resist erosion.

Some reclaimed legacy sites have performed well, while others experience repeated rilling and gullying

during storm events, requiring extensive maintenance. In 2019, BHP initiated a multi-year erosion research

study with the University of Arizona. Published technical reports from this program include evaluation of
existing erosion models and the need for a new model (Abramson, et al., 2022), documenting the
development of a new erosion model, Rillgen2D (Pelletier, et al., 2024), and the application of landform
modeling inputs to engineering design using common engineering tools like AutoCAD (Buechler, etal.,
2023).
Summary findings from the research program include:

e Erosion resistance in dryland regions relies on the shear strength of the soil particles rather than
vegetation. Erosion performance can be improved by increasing the particle size (i.e., adding rock
armor) and predicted using the tools developed by Pelletier and Abramson and research datasets
developed by Abt et al. (2013).

e Variations in surface topography due to consolidation, variations in grading, etc., lead to
“microtopography”’that significantly increases the runoff contributing area beyond design assumptions.
This converging pattern of flow is often substantially different than the idealized planar surfaces
designed with tools like AutoCAD.

Generally, the rock cover and limited flow concentration design of the San Manuel HLF has
performed well, with minor rilling observed. (Figure 7). The HLF has been nearly maintenance-free since
the addition of the rock armor cover. Vegetation of the rock cover is opportunistic and a residual result of

the 2006 hydroseed applications to the underlying soil cover system.

57



HEAP LEACH SOLUTIONS 2025 e SPARKS, USA

Figure 7: San Manuel HLF rock armor cover, present day

Conclusion

The case study of the closure of the San Manuel HLF starts with the operating decisions to construct the
facility as part of an integrated mining complex of deep underground mining, HLF operation, and the ISL
in the open pit. The operational knowledge base provided a strong basis for closure-related strategy, taking
advantage of the integrated water budget, hydraulic containment, and surface water management. This
knowledge base expanded as additional site characterization activities addressed substantive data gaps
related to long-term closure risks.

The integrated knowledge base includes design and as-built documentation, site characterization
work, monitoring and maintenance activities, and data logging instrumentation. The closure permit for the
San Manuel Mine site requires 5-year reviews of original mine flooding models and forecasts, and

recalibration of the predicted evolution of hydraulic containment.
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