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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 
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to push raffinate to areas that have been underleached and favourably change the hydraulic conditions to 

allow for 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/m
2
 

(0.0025 gpm/ft
2
).  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 
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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. 

 

 

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, 
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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 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 colour contoured sections that highlight high 

and low resistivity values. 

 

 

Figure 2. Resistivity Data Acquisition across the Leach Pad through different C&O periods 
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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 centre 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.   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.   
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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 centre 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 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. 
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Figure 4. Resistivity data from centre of leach pad during truck dump operations. A) 2D vertical 
profile. B) Horizontal slice through 3D model at a depth of 6m. 

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 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 
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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 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.    
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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 

 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 
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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 20-25 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 coloured 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 centre 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 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. 
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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 1.2x10
9
L 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 colour 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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