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ABSTRACT

In-situ copper leaching at BHP Copper's San Manuel open pit mine was

established in 1986. Currently, over a thousand wells on the benches of the open pit

mine are simultaneously injecting and pumping sulfuric acid solutions. A large-scale

reconfiguration of the well field in 1996 led to a dramatic, yet temporary, increase in

copper pounds, apparently due to changes in flowpaths. While the first reconfiguration

was accomplished by means of hydrologic intuition, a question arose regarding the issue

of whether subsequent reconfigurations supplemented with additional smaller scale

characterization could ultimately lead to increased copper production. To study this

question, two fifty-well sites were selected within the in-situ leach well field. Because

in-situ leaching involves the movement of fluid within the subsurface, hydrology is a

natural context in which to study the process. The desire to optimize well-to-well in-situ

leaching for enhanced copper recovery through the fundamental understanding of

important hydrologic mechanisms is the primary motivation for this dissertation.

Hydrologic testing in San Manuel is inherently challenging due to the

hydraulically dynamic environment. A hydraulic cross-hole testing procedure termed

"Cyclic Pulse Testing" (CPT) was used to overcome this issue. Over 100 pressure

responses obtained via CPT at the two test sites were examined by means of type curve

analysis. The spatially distributed hydraulic parameters were analyzed within the

framework of geostatistics. The kriged heterogeneous hydraulic conductivity fields were
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inputted into a numerical flow and transport model to study, along with other issues, the

impact heterogeneity has upon the in-situ leaching process.

A number of conclusions were reached based upon the investigation of the two

test sites. Comparison between single-hole and cross-hole hydraulic tests revealed the

probable presence of a low permeable skin surrounding the wells. By far, the most

important hydrologic mechanism controlling the in-situ leaching process in San Manuel

was the massively induced hydraulic background gradient, in places, on the order of 35°.

Modeling revealed insignificant differences on the sweeping efficiency of the formation

between heterogeneous and homogeneous simulations. However, due to the two-

dimensional nature of the collected data, additional three-dimensional information may

lead to a different conclusion.
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CHAPTER 1

INTRODUCTION TO IN-SITU LEACHING
AND

THE BHP COPPER, SAN MANUEL, ARIZONA IN-SITU LEACH SITE

1.1 Brief Historical Discussion of Copper Solution Mining

Solution mining is defined as the removal of disseminated minerals in a disturbed

or undisturbed ore deposit by means of applying a fluid, termed lixiviant, to selectively

dissolve the metal of interest. Solution mining is conveniently divided into three main

categories: heap leaching, dump leaching, and in-situ leaching. Solution mining is a

generic mining method that can be applied to many different metals. Currently, the most

successful examples include copper, uranium, and gold. While it is beneficial to study

all metals mined via solution mining to better understand similarities and differences, the

focus of this dissertation is on copper leaching. The history of copper solution mining

can be traced as far back as 25 A.D. in China. Pharmacologists during the East Han

Dynasty recognized the mechanisms by which copper sulfate springs deposited copper

metal onto iron from solution. The first large scale copper heap leaching site was

located in Rio Tinto, Spain in 1876. Since then there has been an explosion of mining

sites around the world that have applied solution mining techniques to recover copper.

While heap leaching and dump leaching have been commercially established solution

mining methods for well over a hundred years, in-situ leaching has only recently, in the

last few decades, been recognized as an economically viable technique to extract copper
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from undisturbed ore deposits. In general, copper solution mining techniques consist of

removing copper from ore with the application of a dilute sulfuric acid solution, termed

raffinate. The collected enriched copper solution, known as pregnant leach solution

(PLS), is sent to a solvent-extraction electrowinning (SX/EW) plant for copper

removal.

1.2 Copper Extraction - The SX/EW Process

The SXJEW process first consists of transferring the cupric ion in the PLS to the

organic molecule ketone for a hydrogen molecule through ion exchange. The ketone

molecule is present in a highly purified kerosene solvent. The following chemical

equation describes this process, where R represent the organic molecule ketone.

Cu +2 + SO 2 + 2HR = CuR2 + H 2 SO4 	(1.1)

Next, the kerosene solvent is stripped into a highly concentrated sulfuric acid solution

where the cupric ion is transferred back into solution from the ketone organic molecule

in exchange, again, for a hydrogen molecule through ion exchange. This stripped

solution is much more concentrated with copper and is basically free of impurities .

CuR2 + H 2 SO4 = Cu +2 + SO 2 + 2HR	 (1.2)

Finally, the copper is electrowon out of solution, as the cathode, using conventional

electroplating technology.

Cu +2 + SO 2 + H 20 = Cu ° + H 2 SO4 + 0.502 (g)	 (1.3)
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The barren copper solution is reacidified and sent back to leach the copper bearing ore.

Since the 1970's, solution mining technologies have seen great growth in mining mainly

due to the increased efficiency of the SXJEW process.

1.3 In-situ Leaching Definition and True Current In-situ Leaching Sites

As previously stated, the general concept of leaching has been present for well

over a 100 years, yet a true functioning commercial in-situ leaching operation is still not

in existence. Instead of physically removing the copper bearing ore (heap or dump

leaching) from its original geological setting, which is economically costly, in-situ

leaching leaves the rock in place and delivers the raffinate to the formation. The strict

definition of in-situ leaching is leaching of undisturbed ore. If this definition is strictly

enforced, there are, at present, no commercially operating in-situ leaching facilities in

the world. While there are no commercially operating sites in the world there are two

pilot phase studies currently underway.

The first pilot study, entitled The Santa Cruz In-Situ Mining Research Project,

located near Casa Grande, Arizona, is a cooperative research project between the U.S.

Bureau of Mines and the Santa Cruz Joint Venture. The Santa Cruz Joint Venture is a

dual partnership formed between ASARCO Santa Cruz, Inc., a subsidiary of ASARCO

Inc., and Freeport Copper Company, a subsidiary of Freeport-McMoran Inc. The

second pilot study is The BHP Copper Florence In-Situ Leaching Pilot Phase Study

located near Florence, Arizona, and owned by BHP Copper, a subsidiary of BHP Inc.
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Both of these projects target deep low-grade copper-oxide minerals that are

economically unfeasible to mine by any other mining technique. As these two projects

proceed, more will be learned about the risks, strategies, and advantages that are

involved with true in-situ leaching.

1.4 The In-situ Leaching Cycle and Current Methods

While there may be no true currently operating in-situ leaching sites in the

world, there are a limited number of pseudo in-situ leaching sites in operation. A

pseudo in-situ leaching site entails the leaching of somewhat undisturbed ore. In-situ

leaching at these sites is usually found in conjunction with one or more other types of

traditional mining methods, such as block-caving or open pit mining. In-situ leaching at

current operating facilities is presently accomplished through two types of techniques.

One, is a flooding method, where solution is applied to an ore body from the surface

through either direct surface application or injection of solution through wells. The

applied solution travels vertically, by means of gravity, through the ore body and is

collected in underground drifts and sent to the SX/EW plant for processing. The

second method is well-to-well leaching. The solution is injected through a well, and

travels through the formation dissolving copper oxide minerals. A typical leaching

dissolution chemical reaction, involving the copper oxide mineral chrysocolla, is:

CuSiO3 .2H 20 + H 2 SO4 = Cu +2 + SO 2 + 3H 2 0 + Si02 	(1.4)
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The PLS is withdrawn from the formation via pumping wells. The PLS is then sent to

the SX/EW plant for processing. The solution leaving the SX/EW plant is reacidified,

and the cycle begins all over again. Figure 1.1 portrays the in-situ leaching closed-

circuit cycle. While copper in-situ leaching is a relatively new application of in-situ

technology, other minerals, such as uranium and gold, have been mined in-situ for well

over fifty years. It is also possible to mine many other types of minerals via in-situ

technology such as manganese, molybdenum, zinc, cobalt, nickel, and vandium. While

the solvent and process for extraction is different for each mineral, the general idea of

leaving the rock in place and delivering the solution to the ore for dissolution is not.

1.5 Advantages and Disadvantages of In-situ Leaching

In-situ leaching possesses certain benefits that other mining methods do not.

These benefits include: (1) a mining method not having to deal with the disposal of

massive amounts of solid waste; (2) lower capital and operating costs than other

conventional mining methods; and (3) the capability to mine copper deposits that may

not be possibly mined economically with any other technique.

It is near impossible for a mining company at closure to leave the site as it was

originally found with traditional mining methods. Commonly, a large unattractive open

pit will remain along with mountains of waste rock. These created mining features, and

the discussion of either their elimination or reduction are frequently a source of major

contention between the community, environmental agencies, and the mining company at
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closure. The only large-scale visible alterations that accompany in-situ leaching are the

remnants of the well heads. These can be removed and dismantled with minimal effort

at closure. Along with the advantage of minimal visible alternations involved with in-

situ leaching, there is no need to dispose of enormous amounts of solid waste, which is

extremely costly, because the mining is accomplished in-situ.

While in-situ leaching is visibly appealing at the surface and eliminates the need

to contain and dispose of solid waste, there is a great deal of environmental concern

regarding the removal of the dilute sulfuric acid solutions still remaining in the

subsurface at closure. Because there have been no operations, as of yet, to attempt

closure of an in-situ leaching facility, the degree of effort that is required to successfully

remediate the subsurface and groundwater is still considered an uncertain risk. Part of

the operating strategy for the in-situ leaching site must focus on minimizing the degree

of subsurface contamination that occurs during the leaching process. This will insure a

more rapid and successful site remediation at closure.

Leaching has gained wide acceptance in mining due to its relatively inexpensive

operating costs. Traditional mining methods usually require the removal, transportation

and crushing of rock. While this conventional procedure may be an efficient method to

insure high copper recovery, the process is expensive when compared to leaching.

What allows in-situ leaching to be advantageous over other types of leaching

technologies is its lack of necessity to move, blast, or dig rock. The transportation of

waste rock and ore is also an expensive proposition. Building heaps involves a large
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investment in initial capital along with a massive amount of more labor and operating

costs when compared to in-situ leaching. The significant costs associated with in-situ

leaching are the drilling of the wells, the solution distribution system, and the

construction of the SX/EW plant. The number of employees required to operate an in-

situ leaching facility is relatively small when compared to conventional mining

techniques.

While initial capital spending and operating costs may be small for in-situ

leaching, there is concern regarding the total copper recovery for a given mass of ore.

Techniques that remove the ore from the site, followed by crushing, will naturally have

higher copper recoveries due to smaller particle size, which directly leads to a larger

surface area per unit volume. However, it must be determined, apriori, if these

increased recoveries will counterbalance the required increase in initial capital spending

and operating costs. Analyzing the suitability of in-situ leaching requires the integration

of many scientific and engineering disciplines such as: hydrometallurgy, hydrology,

geology, geochemistry, environmental engineering, and management. Figure 1.2 depicts

the interaction between these disciplines as they affect in-situ leaching of an ore reserve.

It is a widely held belief, in the copper industry, that in-situ leaching is a higher risk

venture than conventional mining. One reason this belief is commonly held is due to the

relatively short commercial existence of in-situ leaching. However, proper

understanding and integration of the previously mentioned disciplines will greatly reduce

the amount of risk involved with an in-situ leaching operation.
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Figure 1.2
Interaction of Disciplines which Affect the In-situ Leaching

of an Ore Reserve (BHP Copper, 1997)
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Many copper ore deposits in the world are low grade and deep. Deep-low grade

deposits are generally not economical to mine due to the massive amount of waste rock

that needs to be removed; therefore, these deposits are deemed not economically

feasible. Because the drilling of a well for in-situ leaching to a depth of several hundred

feet is relatively inexpensive, deep low-grade copper deposits can now be economically

mined. Currently, in-situ leaching is usually conducted in copper oxide deposits and not

copper sulfide deposits. Copper oxide deposits are most readily leachable due to their

fast solubility in acid. Copper sulfide minerals such as chalcopyrite have leaching rates

that are kinetically hindered by the lack of dissolved oxygen in the solution. Intense

research is continuing in the area of enhanced copper sulfide leaching.

1.6 Importance of In-situ Leaching Optimization - Hydrologic Emphasis

Maximization of copper recovery using in-situ leaching technology is of extreme

importance. The first scenario in which an accurate number for copper recovery is

required is for a potential mining site. Forecasted in-situ leaching copper recovery prior

to mining is necessary in order to determine the appropriate mining method to employ.

If this number is forecasted as too low, a more expensive mining method may be

adopted, or the project may be considered economically infeasible. Therefore, it is

necessary to determine the maximum amount of copper recovery for in-situ leaching

that can be realized at a given site. The second scenario where in-situ leaching copper

recovery must be maximized is for a current in-situ leaching operation. To be
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competitive for continued capital, the in-situ leaching operation must show a high rate

of return on capital, which is a direct function of percent copper recovered. There are a

number of places within the in-situ leaching cycle that optimization for the maximization

of copper pounds can occur, along with increased efficiencies in order to reduce costs.

Optimization can occur at the SX/EW plant, on the solution distribution system, and

within the leaching field itself. The emphasis in this dissertation is upon understanding

and identifying the important controlling mechanisms within the leaching field, and not

upon the direct optimization of the in-situ leaching process. However, understanding

and identifying the controlling mechanisms is a necessary first step for optimization.

Since the nature of in-situ leaching is highly dependent upon the movement of

fluid in the subsurface, hydrology is a natural context in which to study, analyze and

evaluate in-situ leaching efficiency and possible procedures to implement to enhance

copper recovery. The mechanisms and processes that occur in the rock between

pumping and injection wells are both physical and chemical in nature. Therefore, to

have a complete understanding of the in-situ leaching process, both its physical and

chemical aspects must be understood. What makes this problem complicated, is the

synergistic effect that physical and chemical mechanisms have upon each other. As the

solution moves through the subsurface, it is simultaneously dissolving and precipitating

a host of minerals, thereby changing the physical nature of the system. This impacts the

physical movement of the solution, which in turn changes the rate at which minerals are

being dissolved and precipitated due to kinetic considerations. This again impacts the
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physical flow of the system. While the coupled nature of the chemical and physical

processes must be investigated at some point in time, it is has been decided to

emphasize in this dissertation the physical hydrologic mechanisms involved in in-situ

leaching and not the geochemistry.

1.7 The San Manuel In-situ Leach Site

The in-situ leaching site that forms the focus of this dissertation is BHP

Copper's San Manuel, Arizona open-pit in-situ leaching operation. The San Manuel

mine is located 45 miles northeast of the center of Tucson, Arizona, Figure 1.3. The in-

situ leaching field is located on the benches of the San Manuel open pit, Figure 1.4. The

San Manuel open pit operation was initiated in 1984. Copper ore removed by the open

pit operation was used to construct heaps for heap leaching. Under the open pit in the

subsurface are many levels of drifts constructed for the purpose of underground mining

by block-caving. The block-caving underground operation began in 1947 and is

continuing. At the onset of underground operation it was necessary to dewater the

drifts. Therefore, during excavation of the open pit, the rocks directly beneath it were

unsaturated. In June, 1986, during phase 1 of the open pit operation, the first in-situ

leach well field, consisting of 26 injection wells, intended for surface-to-underground

leaching, was drilled, and raffinate injection was initiated.



Figure 1.3
Location of the San Manuel Mining Area in Arizona
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1.8 General History of The San Manuel In-situ Leach Site

The original motivation for simultaneous open pit and in-situ leaching operations

was, first, to remove near surface acid soluble copper at a faster rate than open pit

mining could accomplish, and second, to remove deep acid soluble copper inaccessible

through open pit operation. The solution flows from the injection wells into the initially

desaturated formation and leaches the copper oxide minerals. The downward moving

solution, which is gravity fed through the fractured formation, is collected in the

abandoned underground mining drifts, located more than seven hundred feet below the

bottom of the open pit. As block caving was used to mine copper in the underground

drifts, some surface expressions of this activity are visible within the open pit. The PLS

is collected in different levels of drifts through a complicated network of raises and lifts.

The PLS flows to an underground sump pump location, is pumped to the surface, and

sent to the SX/EW plant for processing.

Phase 2, along with each subsequent phase, required the excavation of rock and

deepening of the open pit. As the excavation of the open pit occurred, and phase 2 was

implemented, the initial 26 injection wells from the first in-situ leach well field were

destroyed, and new wells were drilled. Again, the fluid injected into the newly drilled

wells was collected in the underground drifts. As phase 3 was implemented during

1989, not only was surface-to-underground leaching continued, but well-to-well in-situ

leaching was initiated. Instead of all the wells injecting solution, some were equipped

with pumps to perform well-to-well leaching. This method is referred to, by the San



42

Manuel personnel, as the "surface operation," while the surface-to-underground

leaching is referred to as the "underground operation." The wells were located, during

phase 3, as well as all other phases, on the benches of the open pit. The same

methodology was implemented during phases 4, 5 and 6. As the open pit was

excavated and deepened for each phase, all of the wells were destroyed, and new wells

were drilled. Phase 6 was the last phase for the open pit operation and was completed in

1993; however, the in-situ leaching operation has continued. The current in-situ

leaching operation, which consists of both surface and underground operations, has

continued to expand since the successful closure of the open pit operation. At present,

the in-situ leaching well field is located on the benches of the open pit and contains

approximately 1200 wells which inject and pump sulfuric acid solutions simultaneously.

This leaching field encompasses approximately half of the open pit, and there is an intent

to continue expanding it. The well field is divided into six zones, shown in Figure 1.5.

Well-to-well leaching is taking place in all zones, but Zone 11. In Zone 11 all injection

wells feed the underground leaching operation. Therefore, Zone 11 is the major

contributor to flow associated with the underground operation. This does not imply

that solution from wells in other zones does not reach the underground drifts. The

percent contribution of flow from each zone to the underground drifts is impossible to

calculate due to the lack of data and the complexity of the system; however, one can

determine roughly the importance of each zone to the underground operation by

analyzing the change in underground flows and grades as new zones are brought online.
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Zone 11 is by far the most important to the underground operation, contributing at least

80% of flow to the underground drifts. While the remaining flow is derived from the

other five zones, the percent contribution of each zone to the underground drifts is

unknown.

1.9 Operating History The San Manuel In-situ Leach Site

The San Manuel operation is commercially successful, producing well over

60,000 pounds of cathode copper a day. Figure 1.6 shows the San Manuel in-situ

leaching operation's copper production history, along with contributions of surface and

underground operations. Figure 1.7 shows the percent contributions of surface and

underground operations to total copper pounds as a function of time. Copper pounds

are calculated by multiplying the outflow rate with its corresponding grade in

appropriate units. Figures 1.8 and 1.9 show, respectively, the history of total outflow

rates and copper grades for the surface and underground operations. Figure 1.10

depicts the total in-situ leach well field inflow rate as a function of time for all of the

injection wells. Figure 1.11 shows the cumulative volume of fluid that has been .

injected, but has not been collected through either the surface or underground

operations as a function of time. This calculation assumes that all solution collected

from the surface and underground operations was previously injected raffinate with no

addition of groundwater. There has been evidence that a small portion of the total



Figure 1.7
Percent Contribution of Surface and Underground Operations to Total Copper Pounds
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Figure 1.6
History of Total, Surface, and Underground Copper Pounds
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Figure 1.11
Cumulative Fluid Volume Placed in Storage as a Function of Time
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Figure 1.10
History of Total In-situ Leach Well Field Inflow Rate
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underground flow is actually groundwater. Therefore, this calculation represents the

minimum amount of solution in storage.

The leaching field in San Manuel came online in June, 1986. Between June,

1986 and September, 1989 all wells in the leaching field were injection wells. All

emphasis was placed on the underground operation during this time period with all

production coming from the underground operation, (Figure 1.7). As previously

mentioned, prior to initiation of the open pit, the subsurface was dewatered to allow

underground operation. Therefore, the active in-situ leaching well field can be thought

of as a zone of saturation suspended over an unsaturated zone which overlies the

pumped cone of depression. Because the ore body was desaturated prior to in-situ

leaching, a certain volume of raffmate was needed to resaturate the formation. The

process of resaturation, as made evident by the fact that total inflow (Figure 1.10) is

greater than total system outflow (Figure 1.8), and that storage had increased (Figure

1.11), occurred during this time period. Underground flows reached a maximum flow

rate of approximately 1200 gpm during the spring of 1989. Grades in the underground

ranged between 1.1 g/1 and 2.3 g/1 during this period of time. Copper pounds reached a

maximum of approximately 20,000 lbs/day in 1989.

In September, 1989 well-to-well leaching was initiated. At this time, the

emphasis in the San Manuel in-situ leaching operation shifted from surface-to-

underground leaching to well-to-well leaching. This shift was due to active open pit

mining in the region where surface-to-underground leaching was to be located. The
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new emphasis was maintained until summer 1996, when underground operation was

reinitiated. From 1991 to 1996, over 80% of total copper pounds produced were

derived from surface operation (Figure 1.7). As copper was leached from the ore body

during this period of time, copper grade of the surface operation gradually decreased

from 3.0 g/lto a value of 0.6 g/1 (Figure 1.9). Because the emphasis was on surface

leaching, the deep portion of the ore body was allowed to drain, which caused storage

to decrease (Figure 1.11) from 2.2 billion gallons to 1.2 billion gallons. Underground

flows during this time period were in the range of 300 to 600 gpm, while underground

grades leveled off to a value of 0.9 g/l. The extreme increase in grade seen during

February, 1995 is not due to any particular zone coming online, but due to the

destruction of a dam located in the underground drifts containing high grade PLS. The

massive increase in both inflow and surface outflow during 1995 was due to additional

zones coming online after closure of the open pit operation. The surface outflow

reached a peak of approximately 8000 gpm during the summer of 1996.

Beginning in the summer of 1996, an effort was made to increase production

from underground operation because the copper grade in the underground was more

than three times that in the depleted surface reserves. A well drilling campaign for Zone

11 began in the summer of 1996. Zone 11 is located directly over the underground

collection drifts and is intended solely for the underground operation; therefore, the

wells in Zone 11 were only injection wells. One can see the drastic impact that this zone

had on total copper production. Production of copper pounds due to the underground
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operation increased from just over 10,000 lbs/day to over 50,000 lbs/day in April of

1997 (Figure 1.6). This was due to both an increase in flow and grade to the

underground. During April of 1997, pounds of copper from the underground exceeded

pounds of copper produced from the surface operation. Unfortunately, during the

summer of 1997 a great deal of surface subsidence and increased fluid levels coupled

with open-pit slope failure due to a severe monsoon season destroyed almost all wells in

Zone 11. The impact these events had upon total copper production were drastic.

Underground pounds of copper decreased from over 50,000 lbs/day to just under

20,000 lbs/day. Outflow and copper grades for the underground decreased from 1,800

gpm to 800 gpm and from 2.6 g/1 to 1.5 g/1, respectively. The underground operation

contribution to total copper pounds dropped from just over 50% to under 25% during

the latter half of 1997. During the spring of 1998 a decision was made to make an

attempt to angle wells into Zone 11 from more stable regions southeast and southwest

of Zone 11. The increases seen in underground copper production during 1998 can be

attributed to this angled well drilling program.

1.10 The 1996 Well Field Reconfiguration Effort

Due to the decreasing copper grade for surface operation during the early

portion of 1996, an attempt was made to increase copper production using the existing

in-situ leach well field. Based on some simple subsurface flow modeling coupled with

hydrologic intuition, a modified well pattern for the in-situ leach well field was proposed
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by the author and implemented during the summer of 1996. This well field

reconfiguration, implemented over the span of two months (July, 1996 - September,

1996), involved the entire in-situ leach well field. The reconfiguration led to an

approximate 15% increase in cumulative surface copper pound production over the span

of ten months. Figure 1.12 shows the surface copper pound production starting in May

1996 and ending in May 1997, along with a forecast supplied by BHP copper on July 1,

1996. The forecast was made to determine what impact the well reconfiguration would

have on the system. As one can see, there is a definite change in produced surface

copper pounds as a result of the large scale reconfiguration. Figure 1.13 shows the

surface outflow rate and copper grade, while Figure 1.14 shows the actual and

forecasted cumulative surface copper pound curves as a function of time. Figure 1.15

reveals the difference between actual and forecasted cumulative surface copper pound

curves as a function time. The increase in copper pounds was due to an increase in

copper grade, not due to an increase in outflow. This can be clearly seen in Figure 1.13.

It is believed that the increase in grade, as a result of well reconfiguration, was due to

changes in flowpaths. While hydrologic intuition along with simple subsurface flow

modeling served as a guide for the first initial reconfiguration, a question arose

regarding the issue of whether smaller scale hydrogeologic characterization of the in-

situ leach well field could lead to better well field optimization strategies, greater

fundamental understanding of the important hydrologic mechanisms for in-situ leaching,

and ultimately the realization of additional surface copper pounds. The desire to
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optimize well-to-well in-situ leaching for enhanced copper recovery through the

fundamental understanding of important hydrologic mechanisms has thus motivated the

analysis in this dissertation.
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CHAPTER 2

THE SAN MANUEL SITE HYDROGEOLOGY

2.1 The Regional Geological Setting for the San Manuel Mine

The San Manuel mine is located in the Black Hills, a northern extension of the

Santa Catalina Mountain range (Figure 2.1). The Black Hills are bounded on the

northeast by the San Pedro Valley, a northwesterly trending trench, lying between the

Black Hills and the Galuiro Mountains. The trench contains late Cretaceous to

Quaternary conglomerates, known as the "Cloudburst formation", and other alluvial

deposits, generically known as the "Gila Conglomerate." The Gila Conglomerate is also

known locally as the San Manual formation. The San Manuel ore body, which consists

of older igneous rocks, is frequently buried by the previously mentioned younger

sediments. The ore body consists of quartz monzonite (Oracle granite), monzonite

porphyry (granodiorite), diabase, andesite porphyry, and rhyolite igneous rocks. The

andesite porphyry and rhyolite rocks are post-ore and hence not mineralized.

2.1.1 Regional Rock and Mineralization Description

The quartz monzonite is primarily mineralized with quartz, feldspar, and biotite,

with secondary or accessory minerals muscovite, zircon, apatite, and magnetite. The

quartz monzonite is of Precambrian age. The monzonite porphyry, of late Cretaceous

age, intrudes the quartz monzonite rock and is itself intruded by diabase, andesite
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Figure 2.1
Location of the San Manuel Open Pit Mine Relative to Principal Mountain

Ranges in Southeastern Arizona (Creasey, 1965)
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porphyry, and rhyolite. The essential minerals in the monzonite porphyry also include

quartz, feldspar, and biotite, with accessory rutile, apatite, magnetite, and zircon. Late

Cretaceous or early Tertiary diabase intrudes both quartz monzonite and monzonite

porphyry, and is itself intruded by rhyolite. The quartz monzonite, monzonite porphyry

and diabase contain significant copper mineralization, while the younger late Cretaceous

or early Tertiary andesite porphyry and Cloudburst formation, along with the Tertiary

rhyolite and Pliocene Gila Conglomerate, are all considered to be post-ore.

2.1.2 Major Structural Trends

Most of the geologic structures in the San Manuel area strike either in a

northwesterly or northeasterly direction. For example, the West fault that intersects the

open pit is a northwest striking fault. Other notable northwest striking faults within the

mining area are the San Manuel fault, the East fault, and the Cholla fault. The Vent

Raise fault is a noteworthy northeast striking fault cutting through the San Manuel open

pit mine. Faults striking in a northwesterly direction are younger and tend to offset

older northeast striking faults.

2.2 Regional Hydrology of the San Manuel Mine Area

As previously discussed, the San Manuel open pit mine is located in the lower

San Pedro Valley. Figure 2.2 reveals the topography, major roads, and water ways of

the San Manuel area. As one can see, the open pit is located approximately 3 miles



Figure 2.2
Topography (Red), Roads (Black), and Streams (Blue) of the San Manuel Area
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west of the San Pedro River. The San Pedro River, which flows from the southeast to

the northwest in the lower San Pedro Valley, is currently ephemeral and flows only after

major rainfall events. The average annual precipitation in the semi-arid climate of the

San Manuel area is approximately 15 inches/year. Only a very small amount of

precipitation infiltrates from runoff; the majority of the water returns to the atmosphere

by means of evapotranspiration. The annual potential evapotranspiration is

approximately three times the average annual precipitation of the San Manuel area.

Some of the runoff resulting from precipitation recharges the aquifer along

mountain fronts. As streams and washes flow from the mountains to the San Pedro

River, the water infiltrates into the permeable alluvium and recharges the aquifer.

Within the San Pedro Valley, groundwater flows from southeast to northwest as does

the San Pedro River. The average gradient of the water table in the lower San Pedro

Valley is approximately 4.0x10 -3 , dropping off 21 feet for every one mile. Figure 2.3

shows water level contours in feet for the lower San Pedro Valley. Groundwater is seen

to flow from the mountains toward the axis of the San Pedro River, and ultimately to

the northwest in the direction of the San Pedro River. The towns of Mammoth and San

Manuel derive their water mainly from wells. Since both towns receive their water from

the subsurface, there has been considerable effort by both BHP Copper and the

environmental regulating agencies to protect the quality of the local aquifer.
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Figure 2.3
Water Table Contours (Feet) of the San Manuel Region (Roeke and Werrell, 1973)

4

Miles
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2.3 Geology of the San Manuel Open Pit Mine

The San Manuel open pit includes a variety of rock types. In the summer of

1996 a geologic open-pit surface mapping project was undertaken by BHP geologists.

Because the San Manuel open pit lies above the underground block caving operation, a

great deal of ground movement has occurred over the last decade. This land subsidence

has diminished the reliability of pre-open pit geological mapping. During the 1996

surface-mapping project, structures that had been mapped previously could no longer be

identified due to pit excavation and ground movement. The 1996 surface mapping

project also revealed previously unidentified structures. Figure 2.4 shows rock types

and geological structures mapped during the 1996 project. Figure 2.5 depicts the areas

of oxide and sulfide copper mineralization within the open pit. Extensive geological

mapping was also done in the underground workings. Figures 2.6a-e show rock types

and geological structures mapped at the 1415, 1715, 2015, 2315, and 2615

underground levels. Based on coupled surface and underground mapping, two

continuous surface to underground structures have been identified, the West and Vent

Raise faults. Other than these two structures, little is known about the continuity of

other structures at depth within the open pit, due to a lack of geological well logging.

One must therefore extrapolate structures mapped at the surface of the open pit.

Extrapolation of structures to depth without corroborating evidence from geological

logging is a dangerous proposition, and, if done, the associated uncertainty involved

with the extrapolation should be well recognized.
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2.3.1 Rock and Copper Mineralization Description of the San Manuel Open Pit

Although mineralogical constraints do not require copper mineralization to

occur within a specific rock, a correlation does seem to exist at the exposed surface of

the open pit mine. Generally, the copper-oxide zone is correlated with the monzonite

porphyry, while the quartz monzonite is correlated with copper-sulfide mineralization.

This relationship does not occur in the underground tunnels deeper within the ore

deposit. Currently, almost the entire leach field in the open pit is located in monzonite

porphyry, due to its readily leachable copper-oxide mineralization. While the upper

portions of Zone 6 are drilled into the unmineralized Gila Conglomerate, mineralized

monzonite porphyry exists at depth, and wells are screened in this region appropriately.

2.3.2 Significant Geologic Structures in the San Manuel Open Pit

Geologic structures that strike in a northwesterly direction, dipping to the

northeast, such as the West fault, seem to be the dominant features in the open pit. This

is due to the relatively young age of the northwest trending fault system when compared

to other fault systems in the San Manuel area. Because the northwest trending fault

system offsets the northeast trending fault system, the northeast trending fault system is

difficult to identify due to its lack of continuity. Significant faults located within the

open pit include
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1. Cholla fault: Striking N30°W, Dipping 70°NE. Located in the northeastern portion

of the open pit, the fault consists of 2 to 4 inch brecciation and shearing. It

separates Quiburis formation and San Manuel formation.

2. Cactus fault: Striking N25°W, Dipping 63°NE. Located in the northeastern portion

of the open pit just southwest of the Cholla fault, the fault consists of two inches to

a foot of brecciation and shearing. It cuts the San Manuel formation and defines

part of the San Manuel formation and Cloudburst formation contact.

3. East fault: Striking N20°W, Dipping 58-80°NE. Located in the northeastern-central

portion of the open pit, intersecting the present leaching field in Zones 10 and 6, it is

characterized by multiple fault planes within a 100 ft. zone, generally 1 to 3 feet in

width with argillized breccia zones. It cuts through monzonite porphyry rock.

4. Mafic fault: Striking N20-50°E, Dipping 70°SE. Located in the northeastern

portion of the open pit, it is intruded by an andesite dike. The fault is an argillized

breccia zone normally a few feet in thickness.

5. Marty fault: Striking N65°E, Dipping 65°SE. While this fault has been identified

during previous geological mapping, due to its orientation in space (it is parallel to

the northern slope walls of the open pit), it was not identified during the geological

mapping project in 1996. This fault needs to be identified through exploratory

drilling to determine its placement which presently has not occurred.

6. San Manuel fault: Striking N45°E, Dipping 35°SE. Located in the southwestern

portion of the open pit, this fault has significantly rotated from pre-mining
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conditions due to the block caving operation. The fault defmes the contact between

the younger conglomerate and the older mineralized crystalline rock. Within the

open pit the fault is characterized by a 6 to 12 inch red clay gouge zone.

7. Vent Raise fault: Striking N59°E, Dipping 80-90°SE. Located in the southeastern

portion of the open pit, the steeply-dipping fault cuts monzonite porphyry rock. The

fault can be traced to the underground workings and is believed to be a conduit for

fluid flow for the surface-to-underground leaching operation.

8. West fault: Striking N34°W, Dipping 61°NE. Located in the northwestern-central

portion of the open pit, the fault consists of 1 to 30 feet of clay gouge and can be

traced to the underground workings. This fault is known to be a low permeable

structure and defines the separation for the quartz monzonite and the monzonite

porphyry rock types. All current and past leaching activity has occurred east of the

West fault.

While it is obvious from Figure 2.4 that there are many more faults mapped than

those already mentioned, these have lesser significant size and extent. The only

structure within the open pit that is known to play a major role in fluid flow is the West

fault. As previously stated, the West fault acts as a barrier to flow. Slope stability

failure at the surface is associated with the East and Vent Raise faults. It is believed

movement along the Vent Raise fault was a major contributing factor to the massive

loss of wells in Zone 11 in 1997.
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2.3.3 Fracture Density within the San Manuel Open Pit

To better determine the extent of the ore body, a major core drilling campaign

was completed in 1997. Over 44,000 feet of core obtained within the open pit was

logged. Standard assaying of total copper and acid soluble copper content were

measured along with Rock Quality Designation (RQD) measurements. One of the

parameters measured in RQD testing was the distance between open fractures along the

core axis. The distance between open fractures, as defmed by San Manuel RQD testing,

was the length of a piece of core intact at the time of logging. Although this is a

somewhat arbitrary and inaccurate measurement of fracture spacing, nonetheless, this

measurement protocol gives a lower limit on fracture density. While an intact piece of

core may contain multiple fractures at different scales, these fractures are not considered

to be open fractures, and hence not included in the reported fracture density

measurement for RQD testing. Therefore, the recorded values of fracture spacing using

the RQD protocol is a lower limit on fracture density. Measurements for distance

between open fractures were grouped into seven different categories: less than 2

inches, 2-4 inches, 4-6 inches, 6-8 inches, 8-12 inches, 12-24 inches, and greaterthan 24

inches. Figures 2.7a and 2.7b show percent frequency of open fracture spacing and

cumulative open fracture spacing, respectively. The distance between open fractures

measurement leads to a mean fracture density of 2.8 fractures per a foot. Again, it is

emphasized that this is a lower bound on fracture density due to the method of

measurement. Unfortunately, strike and dip measurements were not taken; therefore,
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stereograms are not possible to construct. Rock located in the current leaching field is

highly incompetent, and it is difficult to obtain an intact piece of core. The rock's

incompetence within the leaching field, can be attributed to several years of in-situ

leaching coupled with the underground block caving operation. If a future drilling

campaign was to be conducted, it would be beneficial to obtain not only strike and dip

information about the fractures, but also, for each fracture, the presence of chrysocolla.

This would determine whether the chrysocolla exists preferentially on individual fracture

sets or distributed uniformly on all fracture sets. This would allow new insight into

chrysocolla's directional deposition, and may lead to further optimization of the in-situ

leaching process in San Manuel.

2.4 San Manuel Open Pit Mine Hydrogeology

As previously stated, prior to the construction of the open pit, dewatering of the

rock volume within the open pit took place. This was accomplished through the drilling

of pumping wells around the open pit. These wells created a massive cone of

depression under the open pit. Therefore, prior to the initiation of the in-situ leaching

operation at San Manuel in 1986, the formation was unsaturated. Since the onset of in-

situ leaching, a bulb of saturation suspended over the natural groundwater cone of

depression has been growing in size due to the expansion of the in-situ leach well field.
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2.4.1 CSMAT Electrical Resistivity Survey

In 1996 a Controlled Source Audio-frequency MAgnetoTelluric (CSMAT)

survey was performed by Zonge Engineering. Because the injected sulfuric acid

solution has a higher electrical conductivity value, or conversely, a lower electrical

resistivity relative to the rock, one can detect through the CSMAT method the degree

to which sulfuric acid solution has spread in the rock. The exact electrical resistivity

value that corresponds to the spread of sulfuric acid solution within the rock is not

possible to obtain. The 20 ohm resistivity value was chosen to represent the cutoff

between media in contact with sulfuric acid and media not in contact with sulfuric acid.

Measurements were taken in 100 foot increments; therefore, the resolution of the data is

no better than the 100 foot incremental measurement. The CSMAT survey was chosen

as the electrical method of choice due to its ability to acquire valid data in the presence

of dense cultural features such as fences, power lines, and operating submersible pumps.

The hope of the study was not only to determine the horizontal and vertical

extent of the migration of sulfuric acid solutions within the subsurface, but also the

individual pathways taken by sulfuric acid solution from the surface to the underground

workings. Because the measurement stations were located on the benches of the open

pit surface, the resolution decreased drastically when trying to determine the extent of

sulfuric acid spread at depths greater than 500 feet. Since the underground workings,

where PLS is being collected, are located over seven hundred feet below the pit bottom,

it was difficult to obtain an accurate measurement on the extent of sulfuric acid spread
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near the underground workings. However, in general, the solution pathways to the

underground did converge to the underground workings. It was not possible to

accurately identify whether sulfuric acid solutions were bypassing the tunnels and

traveling deeper into the subsurface due to the lack of resolution at great depths.

Figures 2.8a-g shows the three-dimensional extent of sulfuric acid spread using the 20

ohm electrical resistivity value looking on from different directions.

2.4.2 The Induced Hydraulic Gradient within the In-situ Leach Field

One of the very unique hydrologic characteristics of the San Manuel open pit

leaching field is the nature by which the bulb of saturation is maintained. The depth to

fluid within the leach field is supported by injection wells and balanced by pumping wells

and gravity fed drainage to the underground workings. The hydraulic gradient present

in the leaching field does not occur naturally, but is induced artificially by the supporting

injection wells. It is common procedure among BHP Copper personnel to try to

maintain maximum fluid levels within the injection wells. This results in maximum flow

through and fluid levels within the formation and, is believed, to produce maximum

copper pounds. Figure 2.9 shows a three-dimensional picture of the saturation surface

derived from observation wells within the leaching field, while Figure 2.10 shows in plan

view the fluid level elevation contours derived from observation wells for the in-situ

leach well field. Because the wells are located on benches, and the vertical height

between the benches is, in general, approximately 60 feet, the process of maintaining
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maximum injection rates, which also means maximum fluid levels in injection wells,

creates an induced background hydraulic gradient that, in general, mirrors the

topography of the open pit. As one can see from previously presented figures the

topography of the open pit is very steep which translates into a very steep background

hydraulic gradient on the order of 20° to 35°. Therefore, along with the locally induced

gradients of individual injection and pumping wells, an induced massive background

hydraulic gradient is also present due to the topography of the open pit and the

operating procedure for the in-situ leach well field. There are very few, if any,

hydrologic studies involving a background hydraulic gradient as large as the one present

in San Manuel.

The location of the wells on the benches of the open pit create certain challenges

not usually encountered when wells are located in a flat well field. For example, the

massive hydraulic gradient is a manifestation of the wells being located at different

vertical elevations. The hydraulic gradient requires constant observation and

manipulation through the adjustment of injection flow rates in order for fluid to not seep

out the sides of the pit walls. Failure to correct inappropriately high fluid levels Can lead

to disastrous consequences. Pit wall slope failure is one of those disastrous

consequences. Not only can wells and equipment be destroyed by being buried under

tons of rocks, but more importantly the risk of human injury and/or fatality increases

drastically.
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Another frequent challenge encountered in San Manuel is the maintenance of

maximum flow rates into injection wells. Injection flow rate for each individual well are

usually adjusted manually once a day. While these adjustments may be optimized for

maximum flow rate at the time of modification, due to the extremely dynamic hydraulic

environment, the maximum flow rate the well can take may change. In many cases this

maximum flow rate decreases, in a matter of hours, because fluid levels increase in the

formation due to the increased injection flow rates, while maintaining the same pumping

flow rates. The fluid level within the well, quite commonly, rises to the point where

fluid is overflowing the well and spilling onto the bench. If the overflowing well is not

identified and adjusted in an appropriate amount of time by BHP Copper personnel, the

bench can become saturated, which can, again, lead to slope failure. The in-situ leach

well field is continually manipulated with respect to flow rates due to the hydraulically

active environment. This continual manipulation leads to more hydraulic transience,

which again requires the manipulation of flow rates. As one can see, the process of the

manipulation of flow rates needs to be automated at some point in time in order to

obtain hydraulic stability. Not only will stability be obtained with automation, but

maximum flow rates will also be realized. Therefore, automation will lead to a decrease

in risk of disastrous events, while simultaneously maximizing flow throughput.
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2.4.3 Motivation for the Current Well Field Pattern

The discovery and implications of the large hydraulic gradient in 1996 was the

motivation behind the current well field pattern of injection and pumping wells. Using

the two-dimensional, steady-state, analytical element groundwater flow code, GFLOW

(Kelson, 1994), a portion of the leaching field in the open pit was modeled. The

previous well field arrangement prior to the 1996 reconfiguration implemented, in

principle, was an interlaced seven-spot pattern between benches. The prior belief was

that a pumping well could draw solution, not only from injection wells on the same

bench, but also from injection wells located one bench below. It was demonstrated

through simple modeling that unreasonably large flow rates were required for the

pumping well to overcome the massive background hydraulic gradient in order to

capture solution from an injection well located on the bench below. This simple

modeling exercise immediately revealed the sub-optimal performance for the given well

field pattern of sweeping efficiency for the sulfuric acid solutions.

It was decided that the most optimal well field arrangement consisted of a line of

injection wells followed by one line of alternating injection and pumping wells (Figure

2.11). Instead of trying to pull solutions up the massive background hydraulic gradient

locally, through the use of a pumping well, this well field arrangement took advantage

of the hydraulic gradient by forcing solutions down gradient, which led to more uniform

sweeping. Since, in general, there are two lines of wells on a given bench, it was

required to decide which line would be the injection wells, and which line would consist
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of the alternating injection and pumping wells. In most cases, the line of wells on the

crest of the bench and the line of wells on the toe of the bench below are further apart

than the two lines of wells on the same bench. Because it was desirable to create the

longest flow path possible, due to chemical reaction considerations, and there is a

relatively larger volume of rock to be contacted with sulfuric acid solutions, it was

decided to place the line of injection wells on the crest of the bench and the line of

alternating pumping and injection wells on the toe of the bench.

2.4.4 Issues Involved with Well Field Reconfiguration

While the success of the reconfiguration effort can be attributed to the more

uniform sweeping of solutions, almost any change in pattern would have led to an

increase in copper grade due to the changes in flow paths. While an increase in copper

grade was obtained due to the initial reconfiguration, it is important to realize that this

copper grade increase was temporary. Subsequent reconfigurations can be expected to,

again, yield temporary increases in copper grades. However, it must be realized that the

impact each subsequent reconfiguration will have upon increased copper grade will

diminish over time due to previously encountered flow paths from prior

reconfigurations. At some point in time, large scale well field reconfiguration will no

longer be an economically viable technique to employ to increase copper pounds. When

this point is reached, to gain increases in copper pounds, smaller scale hydrogeologic

characterization will be required. This smaller scale characterization will allow a more
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specific and detailed analysis of flow lines, which will, in turn, decrease the uncertainty

of the copper pound consequence involved with the reconfiguration of a group of wells.

There has been some evidence to suggest that changes in flow paths to increase

copper grade are not the only reason to switch around pumping and injection wells.

When an injection well is brought online, it commonly has a very high flow rate;

however, as time progresses its flow rate decreases. Figure 2.12 shows four examples

of injection rate histories for given wells. There are a number of factors that could

cause the decrease in injection rate over time. The most obvious is the hydraulic effect.

As a group of wells are brought online, the difference in head between the static fluid

level in the formation, and the fluid level in the injection well is large; therefore, a large

flow rate will be observed. As time progresses, the fluid levels in the formation begin to

rise, decreasing the difference in head, which in turn, decreases the maximum flow rate

the given well can maintain. While this is the most obvious mechanism by which

injection flow rates decrease over time, it is unlikely that this is the only or even the

most significant factor in injection rates decreasing over time.

In 1996, a study was conducted regarding the suspended sediment in raffinate

entering the in-situ leach field wells. It was found that the San Manuel raffmate has a

high suspended sediment count, on the order of 500 mg/l. Some of the suspended

sediment's origin is the raffinate pond. The pumps in the raffinate pond are positioned

near the bottom and draw up sediment located on the bottom of the pond. There is also

considerable sediment loading during large rain events. When large rain events occur,
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runoff from the heaps mobilizes a great deal of sediment. The sediment in the PLS

solution from the heaps is mixed with the PLS from the in-situ leaching operation prior

to entry into the SX/EW plant. The SX/EW plant does not filter the solution and the

sediment is continued to be carried in solution to the raffinate pond. From the raffinate

pond the solution is transported to the in-situ leaching injection wells. A great deal of

the suspended sediment is deposited in the injection well, clogging the well screen.

There has been direct evidence of deposited fine-grain sediment on the slits of the screen

in the injection well though the use of a downhole video camera. Therefore, another

time dependent mechanism by which injection rates in a well can decrease is by means of

suspended sediment deposition. It is suspected this is the major mechanism by which

injection capacity is reduced over time in a well.

Another possibility for well clogging which results in a loss of injection capacity

is biofouling. This is the process by which bacteria and algae grow in the sulfuric acid

solution. One may think that it is not possible for any bacteria or algae to live at such

low pH values (raffinate pH is approximately 1.6). However, there is significant

evidence revealing massive biofouling in the injection wells. It is quite likely the •

bacteria has adapted to the low pH environment and uses the kerosene in the solution as

nutrient. As previously stated, kerosene is added in the SX/EW process. Extensive

studies are continuing to quantify the damage biofouling is having upon the wells. At

this point in time, it is unclear whether biofouling is a major reason for lost injection

capacity for a well over time.
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Precipitation of secondary minerals based upon geochemical considerations is

also a possibility for reduced injection capacity over time. Even though the raffinate

solution possesses a low pH value, it is likely some minerals are precipitated out of

solution. There is abundant physical and thermodynamic evidence to suggest the

precipitation of gypsum within the formation. However, the deposition of gypsum does

not only occur around the injection well, but occurs throughout the formation.

Therefore, a reduction in permeability would not only be observed surrounding the well,

but also within the formation itself. Based on evidence that will be presented later, it

seems there is a significant difference between the formation's permeability, and the

permeability of the region directly surrounding the injection well. This indicates the

precipitation of gypsum is not likely to be the mechanism by which a reduction in

injection capacity over time is achieved. While gypsum may not be the main culprit, it is

possible the deposition of other unidentified minerals may be the reason for reduced

injection capacity. Continued geochemical investigation is required to determine the

impact other minerals may have upon the reduction of injection capacity as a function of

time.

Air entrainment is another mechanism by which injection capacity can diminish

over time. Numerous studies have revealed that air entrainment is a common

mechanism in an injection well by which injection capacity is reduced over time. In San

Manuel, the raffmate is injected into the well through a faucet type setup. Figure 2.13a

shows a typical injection well in the in-situ leach well field, while Figure 2.13b shows a



Figure 2.13a
Photograph of an Injection Well in the In-situ Leach Well Field

Figure 2.13b
Photograph of a Pumping Well in the In-situ Leach Well Field
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pumping well. The PVC piping usually only extends approximately one foot below the

well collar. This allows raffinate to free fall and cascade down the sides of the well until

reaching the fluid level in the well. When the falling solution reaches the fluid level in

the well, the violent turbulence of the cascading solution allows air bubbles to be formed

within the raffinate solution in the well. This directly leads to air entrainment, and the

possibility of reduced injection capacity. It is believed biofouling, mineral precipitation,

and air entrainment are not the major mechanisms by which injection capacity for a well

decreases over time. Due to the obvious deposition of suspended sediment within the

well, it is likely that this mechanism is the reason for reduced injection capacity as a

function of time.

When a well is reconfigured from an injection well to a pumping well, the flow

direction within the well is reversed. This reversal in flow mobilizes sediment caked on

the inside of the well screen, and possibly, sediment close to the well outside the well

screen. Therefore, the reconfiguring of an injection well into a pumping well is an

inexpensive form of redeveloping the well to allow for higher flow rates. When this

same well is switched back to an injection well from a pumping well, the initial injection

capacity is greater than the injection capacity measured prior to the well being switched

over to the pumping well. The increased flow rate allows a greater volume of solution

to contact the ore during a given period of time, which directly leads to enhanced

copper pound recovery.
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2.4.5 The Surface to Underground Hydrologic Connection

Because many portions of the underground tunnels have collapsed and are

inaccessible, the spatial distribution of flow into the underground tunnels is unknown.

The only measurement of flow consistently taken on a daily basis is the total flow rate

from the underground operation. A possible technique to determine the impact surface

injection has upon underground flow is an input-output approach, i.e. a group of wells

begin to inject raffinate, and the affect this has upon underground flow and grade is

measured. Obviously, the major driving force behind solution moving from injection

wells at the surface to the underground tunnels is gravity. If it is assumed the solution

moves more or less vertically, one can roughly predict the location of outflow into the

underground tunnels.

Figures 2.14a-e show a plan view of the open pit overlayed by the 1415, 1715,

2015, 2315, and 2615 underground levels. The 1415 underground level is the highest

underground tunnel network, and is only 150 feet below the open pit bottom which is at

the 2070 elevation. The underground level naming nomenclature is the number of feet

below the 3340 surface elevation. For example the 1415 underground level is at 3340

elevation minus the 1415 underground level or equivalently the 1915 elevation.

However, the 1415 and 1715 levels do not directly lie under any of the current in-situ

leach well field. It is possible, when western expansion of the in-situ leach field occurs,

that the 1415 level and the 1715 level will become more important collectors for PLS.

The 1415 and 1715 levels are completely inaccessible, while only portions of the 2015,
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2315, and 2615 levels are inaccessible. If any solution enters the 1415 level, it flows by

means of gravity to the 1715 level, where it is added to any solution entering the 1715

underground level. The combined solutions from the 1415 and 1715 levels are then

gravity fed to the 2015 level and are mixed with the PLS entering the 2015 level. The

combined solutions from the 1415, 1715, and 2015 levels are then transported by

gravity to the 2315 level. Sporadic flow rate measurements throughout time have been

collected at the 2015 level prior to being transported to the 2315 level. These flow

rates have fluctuated around 180 gpm throughout time. Lastly, the combined solutions

from the 1415, 1715, and 2015 levels are mixed with solution entering the 2315

underground level. This mixed solution from the 1415, 1715, 2015, and 2315

underground levels is pumped to the surface and sent to the SX/EW plant for

processing. The mixed solution from these four levels is considered to be the total

underground flow rate. It is known, quite certainly, that PLS does not directly enter the

2615 level.

As one can see, Zone 11 lies directly over a large portion of both the 2015 and

2315 underground levels. Most of the flow from the surface enters these two

underground levels. The northeastern and southwestern portions of Zone 2, the

southeastern area of Zone 6, and the northern portion of Zone 11 lie over the 2015

level. Since the flow from the 2015 level has fluctuated around 180 gpm, the remainder

of the flow from the underground enters the 2315 level. The flow from the

underground is currently around 1200 gpm. This means over 1000 gpm or over 80% of
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the total flow from the underground is entering the 2315 level. A majority of Zone 11,

the eastern portion of Zone 2, and almost all of Zone 12 lies directly over the 2315

level. Zone 12 was brought online during the early part of 1998. Solution from Zone

12, to date, has not reported to the underground. A spring 1998 additional CSMAT

study has confirmed that sulfuric acid solution from Zone 12 has not reached the 2315

underground drift as of yet. Therefore, the majority of solution currently entering the

2315 level, and over 80% of the total underground flow is presently coming from Zone

11 and possibly the eastern part of Zone 2. The 1996 CSMAT study showed two

different regions of sulfuric acid spread diverging at depth. These two regions in plan

view, at depth, horizontally match up with the 2015 and 2315 underground levels,

confirming the belief that almost all of the solution injected at the surface is collected in

these two underground levels.

2.4.6 Spatial Distributions of Flow Rates and Copper Grades

Every two weeks, within the San Manuel in-situ leach well field, the

instantaneous flow rates for all of the injection and pumping wells, along with the

instantaneous copper grades, for all of the pumping wells are recorded. While the flow

rates vary considerably over the span of a month, a general idea about the spatial

distribution of flow rates and copper grades can be obtained. Figure 2.15 reveals the

spatial distribution of flow rates for injection wells during January, 1998, while Figure

2.16 shows the spatial distribution of flow rates for pumping wells during January,
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1998. There are approximately 3.3 injection wells for every one pumping well in San

Manuel. Therefore, one would expect larger flow rates from pumping wells than

injection wells. This can be clearly seen from these figures. There is an obvious lack of

injection and pumping in Zone 11 and the southeastern portion of Zone 6. Again, this is

due to the massive loss of wells in this area during the summer of 1997. While there are

some portions of the in-situ leach well field that possess distinctly larger and smaller

flow rates, for example flow rates are notably smaller in Zone 2 than upper Zone 6, it is

possible to observe wells with high injection flow rates directly adjacent to wells with

low injection flow rates.

One must keep in mind that the pumping flow rates are considerably constrained

by the size of the submersible pump installed in the well. Therefore, it is possible the

reported flow rate, for a pumping well, may be able to sustain a greater pumping rate if

the well was installed with a larger pump. It is also possible the reported instantaneous

pumping flow rate value may be larger than the actual cumulative flow rate for that well.

This is conceivable because the pump may be turning on and off, i.e. cycling. If a pump

is installed in a well that has a higher flow rate than that well can sustain, i.e. the fluid

level in the well drops down to the location of the submersible pump causing cavitation,

the pump will automatically shut off; otherwise, the pump would be destroyed. After

the fluid level is allowed to recover, to a certain specified minimum dynamic hydraulic

head above the pump, the pump will automatically turn back on again. Because the

flow measurement is instantaneous and not cumulative, it is possible for the individual
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performing the data collection to either observe a pumping flow rate of zero, or a

greater than actual pumping flow rate. Therefore, the pumping data collected must be

analyzed with a great deal of caution.

Figure 2.17 shows the spatial distribution of copper grades for January 1998.

As was the case for the flow rates, it is also possible for high and low copper grades for

pumping wells to occur directly adjacent to each other. It is interesting to note, low

flow regions seem to be somewhat correlated with high grade regions, and vice versa.

The reason behind this observation is beyond the scope of this particular investigation.

This statement is not true in Zone 12 because it was recently brought online. Because

the copper has not been depleted, virgin formation, independent of the flow rate, tends

to render significantly higher copper grades than mature formation that has been under

leach for a significantly longer period of time.
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CHAPTER 3

DESCRIPTION OF AND BACKGROUND
INFORMATION FOR THE TWO SELECTED HYDRAULIC TEST SITES

3.1 Currently Available Data and Required Data for In-situ Leaching
Optimization

Data collected in the past in San Manuel has been at a number of different

scales. The large scale data has included total system inflow, outflow, and some

chemistry over the entire operating life of the in-situ leach well field. At a smaller scale,

but still relatively large, inflow, outflow and some chemical data has been gathered for a

given zone and bench since 1994. For example, the 2340 bench within Zone 6, has had

the previously mentioned data collected daily since it was brought online in 1994. The

data collection task at the bench scale is accomplished through flow totalizers and inline

solution samplers. At a still smaller scale, data is collected in San Manuel for each well.

Approximately every two weeks injection and pumping rates for all wells, pH, and

copper grades for the pumping wells, and fluid levels for the observation and pumping

wells are measured. While this data may not be as frequently collected as the total

system and bench scale data, it provides a more detailed spatial distribution of the

parameters of interest. The smallest scale of collected data in San Manuel are downhole

surveys. These surveys include video logging, geophysical logs such as full waveform

sonic, and vertical flow distribution accomplished through the spinner logging

technique. This type of data has only been collected for approximately 50 wells, and is

rarely gathered more than once in the same well.
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While all of the collected past data in San Manuel are useful in some sense, they

all lacks the essential information required for fundamentally understanding the

hydrology involved with in-situ leaching. The piece of the puzzle that is missing are

data that reveal the hydraulic interconnection between wells. Since in-situ leaching

requires solution to be injected through a well, travel through the formation, and be

pumped out a well, it is important to know how solution flows from the injection well to

the pumping well. To understand the mechanisms involved with the transport of

solution between the two wells for well-to-well leaching, it is necessary to acquire data

that reveal the properties of the subsurface formation. Once the properties of the

subsurface formation are determined and are coupled together with the previously

collected data, a more complete and thorough picture of the important hydrologic

mechanisms controlling the efficiency of in-situ leaching will emerge. Ultimately, this

knowledge can be synthesized to optimize in-situ leaching within a hydrological context.

3.2 Location of the Two Selected Sites and Well Construction Data

To perform the task of gathering, analyzing, and synthesizing the required data,

two sites with approximately 60 wells each were selected within the current in-situ leach

well field in San Manuel. Site 1 was located in the lower portion of Zone 6, while Site 2

was located in the northeastern section of Zone 2. Figure 3.1 shows the location of the

two sites superimposed onto a photograph of the open pit. Figures 3.2 and 3.3,

respectively, show the two sites relative to all the other wells within the in-situ leach
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field in three dimensions, and a close-up of the two sites with their corresponding

benches. Figure 3.4 shows a plan view map of the two test site locations within the

open pit, while Figure 3.5 is a plan view close-up of the two test sites. At each site

there is an inner and outer boundary, as seen in Figure 3.5. The wells within the inner

boundary, define the actual test region of the site. The wells between the inner and

outer boundaries are meant to create a stable controlling buffer between the actual test

area and the actively manipulated in-situ leach well field. Each site spans five different

benches. Site 1 encompasses the 2280, 2340, 2400, 2460, and 2520 benches, while Site

2 is comprised of the 2070, 2100, 2220, 2280, and 2250 benches. The benches in the

open pit are named after their approximate elevation in feet. The two sites were

selected based on the stability of the open pit slopes within the general vicinity of the

site, the predicted impact that additional information on the given site would have upon

increased copper production, and relative geologic homogeneity. Unfortunately, during

the phase of testing, a few wells on the southeastern portion of Site 1 were lost due to

open pit slope failure.

Figures 3.6a-d show the well screen intervals for Site 1. Each figure is showing

adjacent benches with a perpendicular viewpoint to the benches. From the figures it is

obvious that the difference in elevations of the well collars for wells on adjacent benches

are approximately 60 feet, i.e. the height of the benches. The screen interval is generally

300 to 400 feet in length. This is true with most injection and pumping wells in the San

Manuel in-situ leach well field. The 2280 bench wells, shown in Figure 3.6a, have a
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Close-Up of a Plan View Map of the Location of the Two Test Sites

within the In-situ Leach Well Field
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screen interval that is, in general, 60 feet below ground surface, while the 2340 bench

wells have a screening interval that is only 20 feet below ground surface. The

differences in the screen intervals between benches, and sometimes wells on the same

bench, is due to the extent of the ore body. The extent of the ore body is mainly based

upon previous copper assays. These assays determine the vertical extent of acid soluble

copper mineralization in a well. The well is only screened within the volume of rock

that is considered to be ore. One can see in Figure 3.6c, showing a cross section of the

2400 and 2460 benches, a considerable difference between the elevations of the top of

screens for wells between the benches. This is due to the presumed extent of the ore

body.

Wells 46-6T1 and 46-6T2 were drilled over a year after the initial wells on the

2460 bench were placed online. The top of screen for these wells is considerably higher

in elevation when compared to the other well's top of screen elevations on the same

bench. This was due to the discovery of significant acid soluble copper mineralization

above the previously defined upper ore body boundary.

While the well screen interval may focus the majority of solution flow into the

volume of rock directly adjacent to the screen, most wells in the in-situ leach well field

in San Manuel have no grout seal. This means that in an injection well, the solution can

travel out the screen and up the outer annulus of the well, allowing it to flow into the

rock formation above the well's top of screen elevation. Therefore, the true vertical

interval through which solution travels into the rock mass from the well is usually
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greater than the physical well screen interval. In fact, if the fluid level within the

injection well is maintained at the well collar, fluid level in the outer annulus of the well

could be very near the ground surface. This gives reason for concern because the well

is close to the side of the open-pit wall. Frequently, the well is horizontally located less

than 10 feet away from the wall of the open pit. It is possible for the solution in the

outer annulus of the well, without a grout seal, to travel through the formation and out

the side of the open pit, causing a seep, and if not identified and appropriate action

taken, slope failure. Based on this concern, recent action has been taken to grout seal a

majority of the wells in the in-situ leach well field. However, during the time of testing,

no grout seals were in place for any of the wells at either site.

As previously mentioned, the benches are named according to their approximate

elevation. For example bench 2340 is approximately at the 2340 ft. elevation. The well

naming nomenclature is as follows: I. The first two digits prior to the dash in the well

name is the name of the bench less the first and last digits of the bench name. For

example, a well on the 2340 bench would begin with the designation "34". 2. A dash is

placed between the numbers designated in (1) from the rest of the well's name. 3. The

zone in which the well is located is the next number in the well's name. 4. A two digit

number is assigned to the well if it is intended to be either an injection or pumping well.

If the purpose of the well is neither injection nor pumping, but observation, the

designation "PC", standing for process control, along with a number is assigned. For

example, well number 17 on bench 2340 in Zone 6 will receive the well name 34-617.
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If well number 3 on bench 2160 in Zone 2, is an observation well, it will receive the

name 16-2PC3. While this is the general well naming nomenclature, there are a number

of exceptions, such as the previously mentioned wells 46-6T1 and 46-6T2. In this case,

the bench and zone is indicated, but the alphanumeric designation "Ti" and "T2" were

selected. These well names usually indicate these wells were not drilled at the same

time other adjacent wells were drilled.

One can see from Figures 3.6a-d that the observation well's top of screen

elevation is usually much deeper than the injection and pumping well's top of screen

elevation for the same bench. Well 34-6PC2 is the only real deviation from this

statement. For example, wells 28-6PC3, 40-6PC2, and 46-6PC2 all have top of screen

elevations that are significantly lower than the well's top of screen elevations located on

the same bench that are either injection or pumping wells. Also, one should recognize,

from these figures, that the screen length is considerably shorter for observation wells

versus injection and pumping wells.

Figures 3.7a-d show the well screening intervals for Site 2. As previously

mentioned, these wells also have no well grout seal. The depth below ground surface of

the well's top of screen locations at Site 2 are considerably deeper than the top of

screen depths at Site 1. Again, this is due to the estimated extent of the ore body. The

wells located in the southeastern portion of the 2160 bench have top of screen depths

that are located well over 200 feet below ground surface. Once more the observation

wells have shorter screen lengths than the injection and pumping wells, and the depth to
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the top of screen is usually deeper. The screen intervals for injection and pumping wells

are generally 300 to 400 feet in length; however, the wells on the 2250 bench have

screen intervals over 700 feet in length.

Wells are usually drilled using the mud rotary or reverse mud rotary drilling

techniques. A few wells have been drilled using air; however problems are encountered

with the air drilling when the ground is saturated. In general, 11 inch holes are drilled,

and are completed with 6 inch PVC casing. With observation holes, a 61/4 inch hole is

drilled, and is completed with 3 inch PVC casing. The wells are primarily developed by

means of air lifting.

3.3 Geological Setting of the Two Test Sites

Figure 3.8 depicts the geological setting for the two test sites. Site 1 is located

entirely within monzonite porphyry rock. The northern part of Site 2 is also located in

monzonite porphyry rock, while the southern portion of the site is located within

Cloudburst formation rock. Due to the lack of geological logging at depth, the only

possible manner in which to identify intersecting faults within the two selected sites is by

means of extrapolation. For Site 1, the only fault identified at the surface that may

intersect it at depth is the East fault. The East fault, if extrapolated, would intersect the

2340 bench between the 2000 and 2100 foot elevations. However, the fault would not

intersect any well screen intervals on any higher benches. As one can see from the

geology of Site 2, a number of faults intersect at the surface. Once again these faults
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are not traceable at depth. The faults located at the surface within Site 2 are considered

by BHP Copper geologists to be minor due to their short traces on the surface.

3.4 Vertical Distribution of Flow within a Well for the Two Test Sites

During 1996, nineteen wells within the entire in-situ leach well field had spinner

log tests performed by COLOG Inc. to determine the distribution of vertical flow within

the well. Two wells at Site 1, and two wells at Site 2 were part of the spinner logging

program. The two wells at Site 1, 46-609 and 46-6T1, also had a sonic waveform

geophysical log conducted, while the two wells at Site 2, 10-237 and 22-218 only had

spinner log tests performed. Figures 3.9a-b show the vertical distribution of flow and

the sonic waveform for wells 46-609 and 46-6T1, respectively, while Figures 3.10a-b

reveal the vertical distribution of flow for the two Site 2 wells, 10-237 and 22-218,

respectively. The presented vertical flow distribution was not directly measured using

the spinner log data, but instead, was based on a model normalizing the interpreted

spinner log data by the total measured flow for each individual test.

Prior to spinner log tests being conducted, it was hypothesized that a majority of

the solution entering the formation was leaving the well in the upper portion of the well

screen interval. The rationale behind this conjecture was based mainly on the notion

that suspended sediment settles preferentially in the lower part of the well and clogs the

screen. However, as one can see in both Figures 3.9 and 3.10, while the vertical

distribution of flow is by no means uniform, it does not appear as if the solution flows
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preferentially out the upper portion of the well screen interval. Well 10-237 seems to be

the only one to show a significant amount of solution flowing out the upper portion of

the well; however, there is still a notable share of raffinate entering the formation

through the remaining well screen interval. These tests led to the conclusion that there

is most likely not a predictable trend in the data that reveals a vertical distribution of

flow, at least within the two test areas. It is obvious that only two samples within each

test site are by no means enough to draw defmitive conclusions; however, the other

fifteen spinner log tests conducted in other regions of the in-situ leach well field

exhibited similar behavior.

Even if the hypothesis that the majority of solution enters the formation in the

upper portion of the well screen interval is true, the spinner log tests do not show this

unambiguously. Since most of the wells did not have a grout seal placed in the outer

annulus of the well, it is likely the solution flows out the upper well screen interval and

up the outer annulus. This results in solution flowing into the formation outside the

location of blank casing. The interpretation of the spinner log reports all of the solution

entering the formation beginning at the top of the well screen interval. However,' in

reality, the solution is not flowing into the formation at this point, but out the well and

up the outer annulus. This solution is then distributed, most likely in a non-uniform

fashion, along the outside of the upper portion of the well blank	 Lasing into the

formation above the top of screen location. A spinner log cannot determine this

phenomenon. It can only determine if solution is flowing out of the well casing, not
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what happens to the solution after it leaves the well casing. The assumption is that

solution flows horizontally out of the well screen interval and into the formation. This is

obviously violated due to the well construction in San Manuel. Therefore, one should

recognize, an interpreted large amount of solution leaving the upper portion of the well

screen interval is most likely not entering the formation at that point, but is vertically

travelling up the outer annulus of the well and into the formation.

The second issue involved with spinner log tests is the fact that the vertical

distribution of flow is affected only by the formation directly adjacent to the well. It is

not an indication of the vertical distribution of flow further out into the formation.

While this is obvious, the implication for the San Manuel site are serious. As previously

mentioned, injection wells within the in-situ leach well field experience a decreased

injection capacity over time. This is probably due to some time-dependent clogging

mechanism such as, the previously mentioned, deposition of suspended sediment,

mineral precipitation, bacterial growth, or air entrainment. If the injection capacity over

time decreases, the effective hydraulic conductivity that well "sees" as a function of time

also decreases. While the physical clogging mechanism is uncertain, the effect is not.

The clogging mechanism most likely has a very local effect on the hydraulic conductivity

of the well, manifesting itself in a lower permeable skin located around and directly

adjacent to the well. It is unlikely that this lower permeability well skin continues out

into the formation no more than a few inches; thereby, encasing the well in a thin skin

that reduces the injection capacity of the well, but not severely impacting the formation
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located further away from the injection well. While these statement are all, at this point,

hypothetical, evidence that supports these conjectures will be revealed later in this

dissertation. The above speculation leads directly to issues involved with the spinner

log tests. If this lower permeability skin exists around the well, it will not only severely

impact the injection capacity for the given well, but also the interpretation of the

presumed vertical distribution of flow within the formation determined from spinner log

tests. Spinner log tests only reveal the vertical distribution of flow directly adjacent to

the well. Since a low permeability skin is believed to exists directly adjacent to the well,

the spinner log, in reality, is only a method to determine the vertical distribution of the

flow of solution through the skin and not the formation. The vertical distribution of the

flow through the well skin could be completely different than the vertical distribution of

the flow of solution through the formation. While it is true the spinner log method tests

formation directly adjacent to the well, and cannot correctly identify the vertical

distribution of flow in the formation further away from the well, the spinner log test is

still a very useful tool to determine the vertical uniformity of the skin. Obviously, if the

lower permeability well skin was only located in the lower portion of the well screen

interval, as had been previously hypothesized, a majority of the solution exiting the well

would only occur in the upper portion of the well screen interval. This is not the case,

as has been discussed. Therefore, one can conckide with relative certainty', the well

skin, if present, does not preferentially occur along the vertical axis of the well. The

well skin may be non-uniform, as was the vertical distribution of flow interpreted from



the spinner log tests, but it seems as if it cannot be predicted with certainty to occur

within a certain vertical position within the well.
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CHAPTER 4

SINGLE-HOLE HYDRAULIC TESTS AND WHY CROSS-HOLE
HYDRAULIC TESTS ARE REQUIRED AT THE TWO TEST SITES

4.1 Motivation for the Application of Hydraulic Pumping Tests at the Two Test
Sites

One of the keys to unlocking the complexity of in-situ leaching is understanding

the hydraulic interconnection between wells. For this to occur the hydraulic properties

of the formation must be understood. The most effective manner to determine the

properties of the formation, specifically the spatial distribution and the degree of

heterogeneity for hydraulic conductivity, is to perform hydraulic pumping tests. Two

general types of hydraulic tests are performed at the two test sites. One is a single-hole

hydraulic test, while the second is a cross-hole hydraulic interference test. Each type of

test is useful in its own right. A single-hole test allows the determination of hydraulic

conductivity close to the well. This is of particular usefulness due to the hypothesis that

a low permeable skin surrounds the well. The second type of test, the cross-hole

hydraulic interference test, allows determination of the hydraulic conductivity that

represents the formation between the wells. Comparing the hydraulic conductivity

values derived from these two hydraulic tests can reveal the extent to which a low

permeable skin affects the injection or withdrawal of solution from the well.

Analysis of the pumping tests will also unveil the nature of the flow regime.

Synthesis of this information can lead to a better understanding of the hydraulic

mechanisms that control, affect, and influence the in-situ leaching process. Hydraulic
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optimization and the fulfillment of additional copper pounds can only occur after better

understanding of these hydraulic mechanisms is attained. Analysis will also produce

estimates of spatially distributed hydraulic conductivity values which can be employed

within the framework of geostatistics to generate two-dimensional maps of hydraulic

conductivity. These maps can then be used as input into a groundwater flow and

transport model. The application of a groundwater flow and transport model will result

in a deeper understanding of the current sweeping efficiency involved with the in-situ

leaching process at the two test sites. As one can see, there are numerous potential

benefits, both in the increase of knowledge and economically, that can be accomplished

through the utilization of hydraulic pumping tests.

4.2 Single Hole Hydraulic Pumping Tests in San Manuel

Two types of single-hole hydraulic pumping tests were performed at the two test

sites, three if the stressed well used in the cross-hole hydraulic interference tests is

included. The two types of single-hole hydraulic tests included the single-hole steady

state injection test (SHSSIT) and the injection slug test (1ST). A number, but not all, of

the wells at both sites had these tests completed.

4.2.1 SHSSIT Analyses and Results

The SHSSIT procedure consists of the following: 1. Reduce the injection well

flow rate to zero. 2. Allow the fluid level in the well to fully recover. 3. Begin injecting
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into the well at a constant flow rate, Q. 4. Wait until the fluid level in the well stops

rising. The formula for hydraulic conductivity for this hydraulic testing procedure,

developed be Schneebeli in 1966, is

a Q
K= 	

D Ah

where K is hydraulic conductivity with dimensions [LIT], L being length and T time; Q

is the flow rate of the solution being injected with units [L3/T]; D is the diameter of the

borehole [L]; dh is the difference in hydraulic head between the fluid level elevation,

with the zero injecting flow rate, and the fluid level elevation, when the well is injecting

at a flow rate of Q [L]; and a is a dimensionless shape factor given by

ln(2//D) a=
27r1ID

(4.2)

where / is the length of the interval over which the flow occurs [L]. One advantage of a

steady state test relative to a transient test is that the former does not require collecting

many closely spaced data in time. The only data requirements include depth to fluid at

the beginning of the test and at the end of the test when the depth to fluid has essentially

stabilized, and the flow rate. A simple fluid sounding device, along with a flow meter,

are the only instruments required to perform the SHSSIT.

Typically it took less than three hours for the first phase of the SHSSIT, i.e.

allowing the fluid level elevation to stabilize. It generally took about the same amount

of time to allow the head in the well to stabilize after the well began injecting solution.

It was necessary to know the approximate injection capacity for the well prior to the

(4.1)
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test. Otherwise, the injection rate could be selected too high, and the well could

overflow. While this may seem trivial, many failures were experienced due to the

hydraulically dynamic environment.

An upper bound on the SHSSIT hydraulic conductivity is desirable. When

compared to the cross-hole hydraulic conductivity, any differences between the two

values can most likely be attributed to the presence of a low permeable skin surrounding

the well. The two parameters in equations 4.1 and 4.2 that are most uncertain are D

and l. Both Q and zlh can be measured with relative certainty. While D is generally

taken to be the diameter of the borehole, a lower bound on D is the diameter of the well

casing. In general the casing diameter is approximately half the borehole diameter.

Equations 4.1 and 4.2 show that a decrease in D, leads to an increase in K.

A more difficult parameter to determine is 1. The uncertainty in 1 is mainly due

to the lack of grout seals placed in the outer annulus of the borehole. Because there are

no grout seals installed outside the casing in the borehole, the injected fluid can travel

out the cased screen interval and up the borehole (Figure 4.1). Therefore, the interval

over which flow occurs can be larger than the screen interval. Equations 4.1 and 4.2

show that a decrease in l, leads to an increase in K. The lower bound on 1, is the height

of the fluid column in the well when no solution is being injected. The upper bound on

1, is the height of the fluid column in the well when solution is being injected.

The calculated hydraulic conductivity is an average of the formation's hydraulic

conductivity and the skin's hydraulic conductivity being dominated by the skin's
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Figure 4.1
San Manuel Injection Well Schematic
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hydraulic conductivity. Therefore, the skin's hydraulic conductivity value is lower than

the calculated SHSSIT hydraulic conductivity due to the averaging. Tables 4.1 and 4.2

list hydraulic conductivity values calculated by the SHSSIT method for Site 1 and Site

2, respectively. There were 32 SHSSIT performed at Site 1 and 26 performed at Site 2.

For each SHSSIT, hydraulic conductivity was calculated using four different paired

values of D and 1. The two different values of D that were used included the upper

bound on D, the diameter of the borehole, and the lower bound of D, the diameter of

the well casing. The two different values of 1 that were used included the upper bound

on 1, the water column height within the well when the solution was being injected, and

the lower bound on 1, the water column height within the well when no solution was

being injected. Using both the lower bounds on D and 1 led to an upper bound on

hydraulic conductivity. The geometric mean of this value for Site 1 was 0.044 ft/day

and 0.030 ft/day for Site 2. The upper bounds on D and 1 led to a lower bound on

hydraulic conductivity. The geometric mean of these values for Site 1 was 0.031 ft/day

and 0.023 ft/day for Site 2. This represented more than a 29% and 24% reduction in

hydraulic conductivity, respectively. Figures 4.2 and 4.3 show the spatial distribution of

SHSSIT hydraulic conductivity values for Site 1 and Site 2, respectively, using the

upper bound hydraulic conductivity values.
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4.2.2 1ST Analyses and Results

The second type of single-hole test conducted in San Manuel was the injection

slug test (1ST). The 1ST procedure consisted of the following: 1. Reduce the injection

well flow rate to zero. 2. Allow the fluid level in the well to recover. 3. Begin injecting

into the well at a large flow rate for 30 seconds. 4. Monitor the fluid level in the well

of the dissipating slug.

The employed technique of analysis for interpreting the 1ST was the Hvorslev

method, (Hvorslev, 1951). The following equation is used for the 1ST interpretation,

ln(s 1 ) — ln(s, ) — 2K Lt 
(4.3)   

rc2e ln(L I 2r F	 + (L I 2 rw ) 2 )

where so is the initial displacement of the slug [L]; s t is the residual displacement of the

dissipating slug at time, t; K is the hydraulic conductivity [LIT]; L is the length of well

screen interval; r is the borehole radius; and r„ is effective well casing radius defmed by

r
ce
	712 n rw2 _ rc2 ) (4.4)

where rc is the actual well casing radius and n is porosity of the gravel pack. In San

Manuel, the gravel pack, according to drilling specifications, initially has a porosiiy of

45%. One detelinines the value of K by plotting the residual slug displacement versus

time on semi-log paper, and finding the best fit line through the data. From the slope of

the best fit line one can determine the value of K. Figure 4.4 shows the collected 1ST

data for well 46-605, the best fit line through the data, the required Hvorslev
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parameters, and the calculated value of hydraulic conductivity. In this case the Hvorslev

model fits all but the late data relatively well.

Figure 4.5 shows a case where the Hvorslev method is not as straight forward.

The data seem to fall along two different lines, an early line during the first 50 minutes,

and another line from 50 to 270 minutes. Beyond 270 minutes, the data may fall on yet

a third line. There seems to be such a clear change in slope around 45 minutes, that one

might expect a drastic change in the hydraulic conductivity of the formation. There is

almost an order of magnitude difference between the hydraulic conductivity values

calculated from the two linear segments. Most likely this is a local phenomenon.

Approximately 95% of the initial slug displacement was dissipated over the first linear

segment of the data, while the second linear segment occurred only over a vertical

interval of 1.5 feet, in the span of 3 hours. This leads to the conclusion that the more

representative value for hydraulic conductivity is obtained by using the first linear

segment of the data, i.e. the larger of the two reported hydraulic conductivity values.

Some of the assumptions for the Hvorslev model that are violated are the

following: 1. The initial static fluid table is not horizontal. 2. The slug is not truly

instantaneous. 3. Flow in the aquifer is not steady throughout the test. While there is a

large hydraulic gradient, the flow of fluid into the small volume of rock directly adjacent

to the well is near horizontal, due to the very local nature of the 1ST. Relative to the

dissipation of the slug, the time period it takes to generate the slug, about 30 seconds, is

of short duration and can be considered instantaneous. The frequency of the unknown
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hydraulic signals, seem not to overwhelm the signal produced by the 1ST; otherwise, the

data would be noisy and not amenable to analysis. In general, the 1ST data are well

behaved and fit the Hvorslev model relatively well.

The only parameter that is involved with the calculation of the hydraulic

conductivity that is relatively uncertain is the porosity of the gravel pack.

Equations 4.3 and 4.4 show a reduction in porosity, results in a reduction of the

effective casing radius, rce, which leads to a reduction in hydraulic conductivity. Also,

the relationship between hydraulic conductivity and porosity is linear. Figure 4.6 shows

this relationship for the 1ST performed on well 46-605. In this case, a reduction of

gravel pack porosity from 45% to 10%, leads to an approximate 40% reduction in

calculated hydraulic conductivity. There are a number of possible mechanisms, e.g. the

deposition of suspended sediment and mineral precipitation, that could have reduced

the gravel pack porosity.

Tables 4.3 and 4.4 report the hydraulic conductivity using the Hvorslev model

for three different gravel pack porosity values, 45%, 25% and 10% for Site 1 and Site 2,

respectively. There were 30 ISTs performed at the two sites, 18 at Site 1, and 12' at

Site 2. The geometric mean of hydraulic conductivity for Site 1, using the 45% gravel

pack porosity value, is 0.091 ft/day, and 0.071 ft/day for Site 2. These values are

approximately double the maximum calculated hydraulic conductivity values using the

SHSSIT method. The only manner in which to reduce the hydraulic conductivity using

the Hvorslev method is by significantly reducing the gravel pack porosity. When the
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porosity value is reduced to 10%, the geometric mean of hydraulic conductivity for Site

1 reduces from 0.091 ft/day to 0.054 ft/day, while the Site 2 value decreases from

0.071 ft/day to 0.043 ft/day. These values are much more in line with the SHSSIT

hydraulic conductivity values. This may be an indication that some type of mechanism

has clogged the gravel pack, reducing the porosity, which may in turn reduce the

permeability of the well. Figures 4.7 and 4.8 show the spatial distribution of 1ST

hydraulic conductivity, with a gravel pack porosity equal to 10%, for Site 1 and Site 2,

respectively.

4.3 Issues Involved with Cross-Hole Hydraulic Pumping Tests in San Manuel

One of the very unique issues involved with performing hydraulic pumping tests,

and especially cross-hole interference hydraulic tests, in San Manuel is the extremely

dynamic hydraulic environment. It is not uncommon to see changes in the fluid level

elevation in observation wells as much as 20 feet in a day. This creates a problem when

carrying out hydraulic tests. Because cross-hole hydraulic interference tests rely upon

changes in fluid levels within a monitoring well, due to the stressing of another well, any

other unknown hydraulic signal can interfere with the observation well's hydraulic

signal. This greatly complicates the analysis of cross-hole interference tests. The

analyses of single-hole hydraulic tests are somewhat less affected due to the single-hole

hydraulic test's very local nature.
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There are a number of possible resolutions to the problems caused by the

hydraulically dynamic environment for cross-hole pumping tests. One possibility is to

create hydraulic stability within the in-situ leach well field. While this is currently

impossible to implement for the entire in-situ leach well field, it is possible on a smaller

scale. This task is achieved at the two test sites by controlling the injection flow rates

into the wells for a time before and during the pumping test. As one can see from

Figure 3.5, the sites have both an inner and outer region designated by the two enclosed

polygons. Prior to cross-hole hydraulic testing, all wells within both regions had their

injection flow rates set, and maintained at an approximate constant rate. Although

controlling the injection flow rates within the region of hydraulic testing definitely

increases hydraulic stability, everywhere else in the in-situ leach well field continues to

be very dynamic. Unknown hydraulic signals from outside the test area can impact the

fluid level elevations observed within the test area.

Using the notion of sinusoidal hydraulic testing (Black and Kipp, 1981), the

application of the Cyclic Pulse Test (CPT) methodology was advanced. Because it is

difficult to determine whether the signal observed in the well being monitored is due to

the stressed well intended to produce the response, or due to some other unknown

outside event, the idea of generating cyclic stresses in the well is applied. CPTs

involved the turning on and off of the pumping well during variable lengths of time.

Another issue that needed to be addressed, prior to the initiation of multiple

cross-hole interference tests, was the fact that the majority of monitoring wells involved
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with CPTs would also be injection wells. Because the injection wells maintained

support for the pumping wells, it was not possible to turn off the injection wells and use

them solely for observation purposes. Furthermore, the San Manuel BHP Copper

management were unwilling to sacrifice lost copper production by turning off injection

wells for an extended period of time. Therefore, based upon both physical and

economic constraints, the monitoring wells involved with CPTs were required to be

wells injecting raffinate. There were two concerns that arose from this prerequisite.

The first concern was that even if the valve for the injection well was maintained in the

same position, the injection flow rates would change over time, due to the changing

pressures in the pipelines. Among the reasons for pressure changes were obstructions in

the pipelines and variations in temperature. Small changes in flow rates in the injection

well could manifest themselves as drastic changes in the fluid level of the well.

Therefore, the hydraulic signal produced by the stressed well could be masked. The

second concern was that, since injection wells were also used as monitor wells, solution

cascading down the well, from the injection inlet pipe, would create such background

noise that any hydraulic signal seen in an injection well, caused by the stressed well,

would be masked.

4.4 Initial CPT Feasibility Study

Whereas the coordination and implementation of single-hole hydraulic tests was

relatively simple, those of cross-hole hydraulic interference tests were much more
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complex, and required considerably more initial planning. As has been discussed in the

previous section, a number of factors could render the cross-hole tests unsuccessful. To

determine whether the proposed CPT procedure was not only logistically possible, but

also yield data that were amenable to analysis, an initial CPT feasibility study was

launched.

In March 1997, the first CPT, termed PT 1, was performed to determine its

feasibility. Pumping well 34-620, located in the eastern corner of Site 1, was the

stressed or pulsed well. The injection wells 34-618, 34-619, 34-621, 34-622, 40-613,

40-615, and 40-617, along with the observation well 40-6PC2 were the wells monitored

for a hydraulic response due to the pulsing of 34-620. The plan allowed all the injection

wells involved with the test to continue to inject solution at their normal flow rates.

Communication with BHP Copper personnel ensured that none of these flow rates

would be adjusted during the course of the CPT. The only flow rate that was changed

was the pulse well, 34-620. After a period of fluid level and flow rate monitoring, the

flow for the pulse well 34-620 was instantaneously reduced to zero by turning off the

pump. The head in the well was allowed to recover for three hours. Previous •

experience and rough calculations showed that the span of three hours was more than

enough time to allow the pulse well to recover. After a three-hour period of shutdown,

the pump was instantaneously turned back on, and allowed to operate for three hours.

The combination of the three hour intervals of recovery and drawdown, for a total of six

hours, constituted the complete cycle 1 for the CPT. After the completion of cycle 1,
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three more cycles were performed. There were all together four cycles, for a total of 24

hours. However, the drawdown portion of cycle 4 was allowed to continue for another

day, until the data was collected from the data loggers. While the pumping well was

being cycled on and off multiple times, the pressure transducers in all the monitoring

wells, and the pulse well itself, continued to record the fluid level elevations in the wells.

All of the injection wells that were being monitored, continued to inject solution

throughout the entire CPT.

4.4.1 Results of the CPT Feasibility Study

Flow rates for the injection wells that were being monitored were collected once

every three hours. The flow rates for the injection wells during this period of time are

shown in Figure 4.9. As one can see, the injection flow rates for the monitored wells

remained virtually constant for the duration of the CPT. Well 40-615 was, by far,

injecting the most amount of fluid of all the monitored wells, at a rate of approximately

58.5 gpm, while wells 34-621 and 34-622 were injecting the least amount of solution, at

a rate of approximately 1.0 gpm. The higher the flow rate, the more the cascading

solution entering the well creates hydraulic turbulence, which results in a very noisy

high-frequency hydraulic signal which may not be amenable to analysis. Figures 4.10a-i

show the hydraulic responses in all the wells in response to the changing flow rate of the

pulse well, 34-620, over the course of the testing period.
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Prior to the start of the cycling of the pulse well, the data show that some

outside hydraulic signal was impacting the fluid level elevation in the wells. The signal,

which resulted in a steadily increasing fluid level elevation, continued throughout the

duration of the test. Only wells 40-615 and 40-6PC2 did not behave in this way. The

fluid levels in these two wells, instead of increasing, decreased throughout the test.

Although there was a definite background trend during the course of the test, it

was apparent that this trend did not overwhelm the hydraulic signal produced by the

cycling of the pulse well. All wells, except 40-615, had clear hydraulic responses due to

the cycling of 34-620. Well 40-615 may also have had a hydraulic response due 34-620,

but it appears the well's high flow rate and consequent turbulence, produced such a

noisy signal, that the hydraulic response was not clearly evident. Also, around the

elapsed time period of 2.0 days, there was a distinct decrease in fluid level in all of the

wells on the 2340 bench. This could have been caused by a change in pressure in the

pipelines on that bench. Unfortunately, the flow rates for the injection wells were not

measured during this time period.

Based on the data, it was assumed the unknown hydraulic signal was linear in

time. The observed response was due to the superimposed response of the unknown

hydraulic signal and the hydraulic signal from the cycling of the pulse well. Therefore,

one could determine the signai that was only due to the cycling of the pillQe well by

subtracting the unknown linear hydraulic signal. In this manner, the data was linearly

filtered and decomposed into its two independent hydraulic signals. The parameters of
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the employed linear filter were calculated by means of regressing a line through the

peaks and troughs of the observed hydraulic responses. Along with the measured

hydraulic response, the linearly filtered response is also depicted in Figures 4.10a-i.

Using the linearly filtered hydraulic responses, the recovery and drawdown portions of

each cycle were isolated. The results of the recovery for each of the four cycles are

depicted in Figures 4.11a-i, while the drawdown portions of each of the four cycles are

shown in Figures 4.12a-i.

The recovery and drawdown periods for most of the monitoring wells, for each

cycle, are quite repeatable. The hydraulic responses on the 2340 bench possessed very

discernable drawdown responses. The drawdown of the monitoring wells on the 2340

bench was generally between 5 and 8 feet. The hydraulic response for the pulse well,

34-620, was also well behaved. The pulse well experienced over 60 feet of drawdown

over the course of the four cycles. As one can see from Figures 4.11 and 4.12, the

isolated recovery and drawdown portions for each cycle were very similar, which led to

hydraulic responses amenable to analysis.

The hydraulic responses of monitoring wells on the bench above the 2340'bench,

the 2400 bench, are less clear. While it is certain, from Figure 4.10f, that well 40-613

responds hydraulically to the cycling of 34-620, the isolated recovery and drawdown

hydraulic signals, for each cycle, are not predictable, and hence, not amenable to

analysis. The drawdown and recovery for this well are less than one foot each. As

previously stated, the hydraulic response for both recovery and drawdown due to the
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cycling of 34-620 in well 40-615 is uncertain, at best, and definitely not amenable to

analysis. This is clearly seen in Figures 4.11g and 4.12g. Wells 40-617 and 40-6PC2

were the only wells on the 2400 bench that possessed pressure responses that are

interpretable. The drawdown experienced for well 40-617 was less than 2 feet, while

the observed drawdown in well 40-6PC2 was less than 4 feet. It is interesting to note

that the drawdown curve for cycle 2 for both of these wells was considerably different

than the other three cycles. The reason for the difference is unknown. However, the

differing cycle is an excellent example of why the CPT methodology is required for

cross-hole hydraulic testing in San Manuel

4.4.2 Insights Gained from the CPT Feasibility Study

A number of pump test design issues were encountered during the course of the

CPT feasibility study. Of particular interest was the question of frequency cycles in the

pulsed well. It seemed as if three hours were sufficient to allow pressure recovery in the

pulsed well, and the monitoring wells, to reach an approximate steady state. This can be

clearly seen in Figures 4.11a-i. However, the drawdown period of three hours was not

long enough to gain insight into hydraulic responses at later times. Therefore, based

upon the collected data, it was determined all future CPTs would, again, undergo four

cycles, but only two of the drawdown cycles would last three hours, while the other two

drawdown cycles would last around 15 hours. The recovery portion of the cycles

would continue to be on the order of three hours.
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Another issue resolved concerned the use of injection wells as monitoring wells.

Clearly, from data collected for PT 1, the use of an injection well as a monitoring well

was successful. Also, during the course of the hydraulic testing period the injection

rates did not tremendously fluctuate.

Due to equipment constraints, the only wells that were monitored for fluid level

changes were the wells directly adjacent to the pulse well. It is quite possible that other

wells that were not monitored during PT 1 hydraulically responded to the cycling of the

pulse well. If a more thorough hydrogeologic study was to be conducted, a wider

network of pressure transducers would be required. In response to the initial success of

PT 1 and four other successful CPTs, an investment, by BHP Copper, was made into

the purchase of 25 additional pressure transducers and corresponding data loggers.

4.4.3 Four Additional CPT Feasibility Studies

In addition to the previously mentioned CPT, four other CPTs were performed

to determine the feasibility of the CPT methodology during April and May of 1997.

These included the four pulse wells 40-610, 34-616, 10-234, and 16-215. The design

setup and pressure transducer network for these CPTs was similar to the first CPT. For

these hydraulic tests, different time intervals were experimented with to determine the

effects varying frequencies would have upon the collected data. After conducting these

four additional tests, the three hour recovery time period was deemed sufficient for the

four cycles, while two of the drawdown cycles were three hours in duration, and the



170

other two drawdown cycles were fifteen hours long. Similar results to the first CPT

were obtained in these four additional tests. Justification for the purchase of additional

equipment for a larger scale test was based, almost solely, upon the successful analysis

of all five of these hydraulic tests.

4.5 Multiple CPTs at the Two Test Sites

Beginning in June 1997 and ending six months later in November of 1997, a

massive CPT campaign was conducted at the two test sites. From June to August,

hydraulic testing was performed at Site 2, and from August to November at Site 1.

At Site 2, in addition to the two CPTs performed during the feasibility study,

nine additional CPTs were conducted. Two of these nine tests included repeating the

two previously performed feasibility CPTs with a more extensive network of pressure

transducers. A CPT was performed for every pumping well located within the interior

boundary of Site 2. A transducer was placed in every injection and observation well

located within the interior boundary of Site 2. During the span of the three month

testing period, BHP Copper personnel did not adjust the flow rates of the injection

wells. This was key to obtaining as much hydraulic stability as possible and insuring

that pressure responses could be analyzed.

Wells up gradient of the interior boundary of the testing area on the 2250 bench,

25-201, 25-202, 25-203, 25-204, and 25-205 had experimental fluid level controlling

devices placed on them. These control mechanisms adjusted the injection flow rate to
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maintain a constant fluid level in the well. The motivation for placing these control

devices on the wells up gradient was based upon future modeling considerations. It was

hoped these devices would help create a constant head boundary, up-gradient of the

site, for purposes of groundwater flow modeling. Unfortunately, during the hydraulic

testing at Site 1, this procedure was not implemented due to the risk of losing the flow

control devices. The wells on the crest of the 2520 bench were dangerously close to

being destroyed because of the eroding pit slope. The injection flow rate on these wells

was not adjusted, but maintained relatively constant, during the course of the hydraulic

testing at Site 1.

By the time the hydraulic testing was completed at Site 2 and the equipment was

switched over to Site 1 in August of 1997, a reconfiguration of the injection and

pumping well pattern had occurred. The three pulse wells, at Site 1, that had been

utilized in the CPTs during the feasibility study no longer were pumping, but were

instead injecting. Although CPTs from the feasibility study could not be rerun using the

same pulse wells with a larger network of pressure transducers, additional pumping

wells that were formerly injecting monitoring wells, could now be used as pulse wells

for hydraulic testing purposes.

Figures 4.13 and 4.14 show the locations of the pulse wells involved with all of

the CPTs and the corresponding designation of each test associated with each pulse well

at Site 1 and Site 2, respectively. The five CPTs involved during the feasibility study
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are designated "PT #" tests, while the CPTs performed with the extensive pressure

transducer network are designated "CPT #".

4.6 Logistic Problems Encountered at the Two CPT Test Sites

As is true in all hydrologic field work, unforeseen problems are unavoidable.

Although there were numerous problems encountered, ranging from the easily fixable to

the life threatening, only the relevant and significant difficulties encountered are

discussed.

Due to the harsh sulfuric acid environment, pressure transducers occasionally

failed. Although this did not occur on a regular basis, it sometimes happened to

pressure transducers that were located in monitoring wells that were directly adjacent to

the pulse well where a hydraulic response was anticipated. If this happened during a

CPT, sometimes the test would be rerun with a working pressure transducer. Other

times, if the well was located a considerable distance away from the pulse well, and a

hydraulic response, based upon experience, was highly unlikely, the test would not be

rerun. This issue was handled on a case by case basis.

A number of times, throughout the course of the testing period, a pipeline

carrying either raffinate or PLS would break, requiring a large portion of the in-situ

leach well field to be temporarily shut down. This type of incident disrupted the

established hydraulic stability required for the CPT, and it was essential, in most cases,

to rerun the CPT. Although this was unpredictable and frustrating, it is common place
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under operating conditions, especially in San Manuel, to experience interruptions such

as bursting pipelines.

CPT 4 was the only test that had failed. No other monitoring wells, in the entire

Site 2 region, had fluid level changes in response to the cycling of the pulse well 16-211.

This was due to an extremely poor connection to the formation. After recovery, when

the pump in the pulse well was turned back on, it took less than 15 minutes for the fluid

level to fall to the level of the submersible pump over 500 feet below ground surface. In

all of the pumping wells in San Manuel when the dynamic head above the pump drops

below 10 feet, the pump automatically shuts off. After the dynamic head above the

pump recovers to a certain level, the pump turns back on. Therefore, the pump was

automatically and frequently turning on and off. It is believed there is a very low

permeable skin surrounding this well that causes this to occur. Because the pump was

turning on and off so frequently in the pulse well, a discernable hydraulic signal at any of

the monitoring wells was not observed.

A problem encountered and directly caused by the hydraulic testing was the

overflowing of wells. Because the flow rate for the injection wells was set when 'all the

pumping wells were turned on, occasionally during the recovery portion of a cycle, the

fluid level recovery in a monitoring well was so great, the well began to overflow.

When this dangerous event occurred, it was immediately rectified by turning down the

injection flow rate. Rarely did this ever require the restarting of a CPT because, in

general, the injection flow rate only had to be turned down a very small amount to
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eliminate the overflow. This action may have impacted that particular cycle's recovery

and drawdown, but subsequent cycle's recovery and drawdown proved to be both

repeatable and interpretable.

The last and, by far, most significant event that delayed and jeopardized the

hydraulic testing campaign occurred during August and September at Site 1. During

this time period major ground movement and slope stability failure occurred. The

increasing fluid levels to the southeast, in Zone 11, coupled with an intense monsoon

season, led to life threatening conditions while performing the hydraulic tests at Site 1.

A number of wells on the southeastern portion of Site I were lost. These lost wells

included 34-632x, 34-612, 40-606, 40-608, 46-604, and 46-606. Unfortunately, the

pressure transducer and accompanying data logger for 34-612 could not be saved in

time, and were buried under tons of rock. Frequently, other wells had to be dug out

from under massive amounts of rock with a shovel. Wells 34-613 and 40-607 were

considered to be too dangerous to have injection lines run to; however, these wells

were still used as monitoring wells for the CPTs, but had a zero flow rate and were used

as observation wells. During this dynamic time period of massive ground movement,

close attention to one's safety was of utmost importance.
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CHAPTER 5

ANALYTICAL TYPE CURVE ANALYSES OF HYDRAULIC TESTS
PERFORMED AT THE TWO TEST SITES

5.1 Analytical Type Curve Analyses of CPT Drawdown Data

After the pressure data is linearly filtered and a drawdown cycle is isolated, type

curve analysis may proceed. Type curve analysis leads to important hydrologic

parameters that are required for groundwater flow modeling and ultimately in-situ leach

well field optimization.

Prior to type curve analysis, selection of drawdown cycles must be made. There

are at least two options. One possibility is to average all cycles but this technique has

significant drawbacks. Frequently, one or two of the cycles are corrupted by extraneous

noise which is difficult to filter out. Such drawdown cycles should not be averaged with

the rest. Another possibility, adopted here, is to analyze the longest pressure signal, i.e.

the fifteen hour cycle, as it contains the largest amount of hydraulic information.

5.1.1 Theis Type Curve Analysis

After selecting a drawdown cycle, it is first analyzed by the standard Theis type

curve method. The latter assumes that flow is horizontal, uniform, two-dimensional and

radial; the pumping well is fully penetrating and does not store water; the aquifer is

confined, homogeneous, isotropic, of uniform thickness, infinite in radial extent; and
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fluid is released instantaneously from storage as hydraulic head declines, i.e., there is no

delayed yield. The Theis equation reads

S =
Q	 e -) dy

4r T Ju y
(5.1)

where s is drawdown measured in a monitoring well at a distance r from the pumping

well [L], Q is a constant volumetric discharge rate [L3/T], T is transmissivity [L2/T], and

u is a dimensionless inverse time parameter defined as

r 2 S
u= 	

4T t
(5.2)

in which S is a dimensionless storativity, and t is time since the onset of pumping [T]. A

number of techniques can be used to evaluate the integral in equation 5.1. Here I use

the rational polynomial expressions found in Abramowitz and Stegun (1969).

Type curve matching is accomplished by: 1. Plotting measured drawdown

versus time data on log-log paper; 2. Plotting the Theis type curve versus 1/u on log-

log paper; 3. Finding an acceptable match between the type curve plotted in step 2, and

the actual data plotted in step 1; 4. Selecting a match point on the two plots, and

calculating the aquifer parameters T and S from the values associates with this match

point. The procedure can be conveniently accomplished by means of the software

package AQTESOLV for Windows (1996).

As conditions at San Manuel are unconfmed, consideration was given to

correcting the drawdown data for variable saturated thickness according to Jacob's

(1944) formula
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s '= s
2D
	 (5.3)

where s is the actual measured drawdown [L], s' is its corrected value, and D is

saturated aquifer thickness [L]. At San Manuel, D is generally much larger that s2 , and

so s' is approximately equivalent to s. For example, the maximum drawdown observed

in any of the monitoring wells from the aforementioned CPT, PT 1, was approximately

8 feet. If D is conservatively taken to be 300 feet, s2/2D 0.11 feet, which is less than

1.4% of the maximum drawdown. Since this is an insignificant correction, equation 5.3

was not used.

Submersible pumps installed in wells at the site have flow rates that depend upon

the dynamic head in the well. As head declines in the pumping well, so does Q.

Therefore, the flow rate, Q, is not constant which is contrary to the Theis model. By

means of convolution it is possible to generate a type curve specific to the variable flow

rate record. AQTESOLV for Windows does exactly this.

To calculate hydraulic conductivity and specific storage from transmissivity and

storativity, the saturated thickness must be estimated. The saturated thickness is .

difficult to define because wells are partially penetrating and monitoring wells are

injecting solution which causes a cone of impression. While the wells may be partially

penetrating, most wells are screened more-or-less over similar intervals so that partial

penetration is not a major issue. Injection through monitoring wells causes saturated

thickness to increase. Because of the lack of a grout seal, the elevation of the fluid
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entering the formation is above the top of the screen interval and is most likely at the

same elevation the fluid is at within the injection well.

For purposes of this analysis, the saturated thickness is defined as the fluid

elevation in a well, during a CPT, minus the bottom of screen elevation in a well. This

may over predict the saturated thickness and consequently under predict hydraulic

conductivity as well as specific storage. The unknown saturated thickness impacts the

quality of assessment for both K and Ss.

For the sake of brevity only the Theis analysis of PT 1 data is discussed. This

test includes four analyzable drawdown responses in monitoring wells on the 2340

bench, and two on the 2400 bench, all caused by the cycling of well 34-620. Figures

5.1a-f show the Theis type curve matches for the measured, but linearly filtered,

drawdown data. None of the very early time drawdown data fits the Theis model well.

This may be due to linear filtering of the drawdown responses. The Theis model fits the

intermediate time drawdown data relatively well; however, the late data deviate from

this model. Along with the type curve matches, the corresponding hydraulic parameters

are also shown in Figures 5.1a-f. Calculated transmissivity values for PT 1 range•from

174 ft2/day to 717 ft 2/day. The two largest transmissivity values came from monitoring

wells located on the bench above the pulse well's bench, i.e. the 2400 bench. Storativity

values range from 1.8x10 -3 to 5.9x10 -3 .

To compare the similarity of calculated hydraulic parameters using the

drawdown cycles versus the recovery cycles, a few recovery cycles were analyzed.
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Figures 5.2a-b present the Theis model fit for drawdown and for recovery for monitor

well 34-621. As is indicated in the figures, the Theis drawdown and Theis recovery

analyses lead to identical hydraulic parameters. Based on this good correspondence

between drawdown and recovery analyses, it was decided to perform only drawdown

analyses in all other monitoring wells and CPTs.

5.1.2 Other Type Curve Models Considered in the Analysis

Most late drawdown data at the site fall below the Theis curve. This can be due

to a variety of causes including unconfined delayed yield, time delayed leakage of fluid

from low permeability geological units, dual porosity, and the steeply sloping nature of

the water table. There is no geological evidence to suggest a leaky hydrogeologic unit.

The physical flow phenomena of delayed yield and dual porosity are both possibilities in

San Manuel. Models that account for these phenomena can be approximated relatively

well by the Theis model as long as the early time drawdown data is used for the match

(Van der Kamp, 1985). The following section considers a sloping aquifer model as a

means of accounting for the steep slope of the water table at both test sites.

5.1.3 Hantush's Sloping Aquifer Type Curve Analysis

As previously discussed, a unique attribute of the hydrology at San Manuel is

the presence of a steep background hydraulic gradient. This hydraulic gradient mirrors

the topography of the open pit and is supported by the injection and pumping wells. It
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Figure 5.2a
PT 1 - Theis Drawdown Analysis for Monitor Well 34-621
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Figure 5.2b
PT 1 - Theis Recovery Analysis for Monitor Well 34-621
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is very uncommon to conduct hydraulic tests in the presence of such an extreme

background gradient. Hantush (1964) derived an analytical solution for flow to a well

in an unconfined aquifer with a sloping bottom (Figure 5.3), which may serve as an

analog for the situation at San Manuel. According to him the corresponding drawdown

is given by

s 2	 (
s' = s —	 = — exp

r
cos° —

1 
exp y	

r2
2	  dy	 (5.4)

2D 471- T	 y 4 y yY

where s', s, D, Q, T, r, and u are all the same as in the Theis model; O is the angle

between a line connecting the pulse well and the observation well, and the line

designating the direction of the background hydraulic (Figure 5.4); and

2D
r= . (5.5)

where i = tan(a), a being the water table dip in radians. The initial water table is

assumed to be parallel to the sloping aquifer, as can be seen in Figure 5.3. The integral

in equation 5.4 approaches the exponential integral of the Theis model as y becomes

large. As i, present in the in-situ leach well field, is large, y is small, and the integral in

equation 5.4 differs from that in the Theis model.

There are three unknown parameters in equation 5.4, T, S, dy, all other

parameters are known. Analysis of equation 5.4 reveals that an infinite number of type

curves are required to cover all values of dyand O. However, as will be shown,

equation 5.4 can be transformed into the leaky aquifer solution developed by Hantush



Figure 5.3
Schematic of a Pumped Sloping Aquifer

Figure 5.4
Diagram Depicting the Definition of

186



187

(1956). This makes it possible to analyze drawdown data from sloping aquifers by

means of software packages which include Hantush's leaky aquifer solution. The

transformation requires only type curves for various values of r/y.

Hantush's leaky aquifer solution is given by

Q711s = — — exp
471- T u y

( r 2

— Y 4 L2 y
\	 )

dY	 (5.6)

where s, Q, T, r, and u are the same as in the Theis model; and

L=
IT  D'

K'
	 (5.7)

where K' is the hydraulic conductivity of the leaky aquitard [LIT]; and D' is the

saturated thickness of the aquitard [L]. L is commonly referred to as the leakage factor

[L]. The integral in equation in 5.6, known as Hantush's well function, has been

numerically evaluated for different combinations of u and r/L. The integral in equation

5.6 is identical to the integral in equation 5.4, when y is substituted for L.

Let Tm, SL4, ULA be parameters associated with Hantush leaky aquifer solution,

and TsA, SSA, USA be parameters associated with Hantush's sloping aquifer solution.

Then

TM = 	

exp

(5.8)

As we take the corresponding drawdowns, sm and SSA, to be the same, um must equal

USA, so that



S T=  SA L4
'-' LA

The variables Q, t, r, and O remain the same in both cases. It follows that equation 5.4

can be rewritten as

s = 	
Q	 1

L4	 exp
4 Ir TLA 	y

(	 r2 \

4
72 

y )

dy	 (5.10)

which has the same form as equation 5.6.

Thus one can determine TIA , SLA and /Irby matching observed drawdown data

to an appropriate leaky aquifer type curve, and then finding the parameters associated

with the sloping aquifer solution, TsA and SSA, through a rearrangement of equations 5.8

and 5.9. AQTESOLV for Windows allows doing so under variable flow rate.

All available drawdown data were analyzed using the sloping aquifer model.

Figures 5.5a-f show type curve matches of data from PT 1 with Hantush's leaky aquifer

type curves. Along with the matches, type curves that represent a 10% increase and

decrease in the matched r/y value are shown. In the figures, rlyis reported as r/B. The

reported values of transmissivity and storativity presented in Figures 5.5a-f are not the

hydraulic parameters associated with the sloping aquifer solution, but the values

associated with the leaky aquifer solution. Figures 5.6a-f show the fit on the derivative,

ds/d(log(t)), of the data, for the leaky aquifer type curves. The matching of the

derivative is considered to be superior to merely matching the measured drawdown

188
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versus time data. The derivative analysis commonly reveals nuances in the drawdown

that would have remained unnoticed.

As can be seen from these figures, the fits are relatively good for both early and

late time portions of the data. The flattening of the drawdown data can be successfully

reproduced using the leaky aquifer type curves. Table 5.1 is a composite of all the

measured and calculated parameters associated with PT 1, including the calculated

hydraulic parameters associated with the Theis model and the sloping aquifer model.

For the sloping aquifer model, the calculated transmissivity values range from 153

ft2/day to 226 ft2/day. The two transmissivity values from the wells on the bench above,

i.e. the 2400 bench, are significantly smaller than the transmissivity values obtained

using the Theis model. Transmissivity values associated with wells on the same bench

as the pulse well, i.e. the 2340 bench, are similar to the Theis model. For well 40-617,

the Theis model estimates a transmissivity value of 717 ft2/day, while the sloping aquifer

model estimates a value of 226 ft2/day. For well 40-6PC2, the Theis model estimates a

transmissivity value of 352 ft2/day, while the sloping aquifer model estimates a value of

153 ft2/day. Careful inspection of equations 5.4 and 5.8 reveals the reason behind these

decreased transmissivity values. Transmissivity values for wells up gradient of the

stressed well have a value of 0 less than 7.12 radians, which results in a value less than

one for the exponential term in equation 5.8, and hence a decrease in transmissivity.

Wells down gradient result in a value of 0 being greater than 7c/2 radians, which leads to

the exponential term being greater than one, and hence an increase in transmissivity.
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As can be seen in Table 5.1 the calculated aquifer slope is unrealistically large.

Since the aquifer slope is calculated by applying equation 5.5, which requires the

assumption of D, the saturated thickness, it is possible the value of D causes this

unrealistically large slope. Instead of calculating the slope i, one could, instead assume

an approximate value of the aquifer slope, and calculate an effective value of D.

Assuming an aquifer slope of 30°, the effective saturated thickness for each of the

analyzed wells is reported in Table 5.1. This also gives unrealistic values. The effective

saturated intervals for the wells involved with PT 1 range from 12 to 31 feet in length.

Either one of three conclusions can be drawn from these results. 1. Assuming the

saturated thickness is correct, the unrealistically large calculated aquifer slope is a

consequence of extremely steep local gradients caused by the tremendous number of

active wells in the in-situ leach well-field. 2. Assuming the aquifer slope is correct, the

vertical portion of formation through which the hydraulic response is propagated is

extremely small. 3. Hantush's sloping aquifer model is not the correct model that

describes the flattening of the drawdown curves. While either 1 or 2 is feasible, 3 is

most likely. Fluid level measurements and the CSMAT study by Zonge Engineering

reveal a gradient no larger than 45°. The vertical distribution of flow shows flow

throughout most of the well's vertical profile. Therefore, the most likely conclusion is

that Hantush's sloping aquifer solution is not the appropriate model in this case.

However, analysis of the hydraulic parameters derived through the application of the

sloping aquifer model will continue in conjunction with the Theis model. Tables 5.2 and
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5.3 report the hydrologic parameters obtained using the Theis and sloping aquifer

models for the drawdown responses amenable to analysis for all performed CPTs at Site

1 and Site 2, respectively. There are a total of 73 analyzed hydraulic responses

associated with Site 1, and 72 for Site 2. However, not all of these values represent

different pulse well and monitoring well pairs. There are 68 unique pairs for Site 1, and

60 for Site 2. In Table 5.3, there are three reported sloping aquifer parameters, for

wells 16-212, 16-214, and 16-216, that were replaced by the Theis model estimates.

This is due to an unrepeatable corrupted hydraulic signal at later times that leads to

sloping aquifer parameter values that cannot be trusted. However, the early time

portion of the data that is used for the matching of the Theis model is repeatable and

unaffected by the extraneous hydraulic signal seen at later times.

5.1.4 Correction for Monitoring Well's Skin and Wellbore Storage Effects

If the observation well has an extremely low permeable skin or considerable

wellbore storage, it is possible to correct the drawdown data for a monitor well. The

correction requires a slug test to be performed. By applying equation 4.3 and lumping

all of the parameters, except time, t, together associated with the right hand side of the

equation, one obtains

ln(so) – ln(s t ) = —t 	(5.11)
tB

where tB is basic time lag [T]. Practically, it is defined as the negative inverse slope

obtained from the Hvorsiev 1ST methodology. tB increases if the hydraulic conductivity,
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K, decreases or the wellbore storage effect increases. While wellbore storage in the

monitoring well is small, it is possible that hydraulic conductivity, K, is small, leading to

a large tB value. This is important because the corrected drawdown obtained from a

cross-hole test for a monitor well is given by,

ds
sc = s + tB —

dt
(5.12)

where sc is the corrected drawdown value [L]. As tB increases, the corrected drawdown

increases. Tables 4.3 and 4.4 list, along with the calculated hydraulic conductivity

values for the ISTs, the basic time lag, tB. Using well 34-621 as an example from PT 1,

the actual versus corrected drawdown response curves are presented in Figure 5.7,

along with the slug correction factor, teds/dt. The basic time lag for this well is 25.2

minutes. The slug corrected data are significantly different than the actual drawdown

data. Figures 5.8a and 5.8b show the different Theis model matches for the measured

drawdown data and the slug corrected drawdown data. The new type curve match

results in an increased transmissivity value and a decreased storativity value. The

transmissivity almost doubles from 174 ft2/day to 353 ft2/day, while the storativity

decreases by almost an order of magnitude from 5.0x10 -3 to 6.9x104. The Hvorslev

correction generally increases the transmissivity, and decreases the storativity. The

drawdown is affected least at later times because the derivative, ds/dt, approaches zero.

While the hydrologic parameter values obtained after correcting the drawdown

data are significantly different than the value obtained without the correction, further

analysis, using a numerical groundwater flow model, shows that the higher
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Figure 5.8a
PT 1 - Actual Drawdown - Theis Type Curve Analysis for Well 34-621
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transmissivity estimates obtained by applying the slug correction factor to the

drawdown data are not warranted. However, the numerical model did not account for

the wellbore storage effect, but only the skin effect. This is most likely the reason why

the numerical groundwater flow model did not mimic the Hvorslev slug correction

model. While the method is a noteworthy exercise, reanalysis of the drawdown data, by

correcting it with the Hvorslev technique, did not continue. Further analysis that

includes wellbore storage in a numerical model may lead to greater insight into the

applicability of the Hvorslev slug correction model.

5.1.5 Analysis of the Pulse Well's Recovery and Drawdown Responses

In addition to the hydraulic analyses performed on the monitoring wells, it is also

possible, to analyze the hydraulic response observed in the pulse well. This response

would be highly impacted by the presence of a low permeable skin. While there are a

number of type curve analysis techniques to apply to the stressed well, a simple, late-

time Theis analysis on the recovery and drawdown are the only employed methods.

Figure 5.9 shows the late time Theis match for the drawdown of pulse well 34-

620 from PT 1, while Figure 5.10 shows the Theis match for the recovery portion for

the same well. Early time drawdown is affected by wellbore storage. The impact of well

bore storage on the drawdown response curve is mqnwPst ,- ,1 in a 1:1 slope on the log-

log plot at early time. Since the early time portion of the curve is impacted by wellbore

storage, only the late time data are matched against the Theis curve. The storativity
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CPT 10 - Theis Drawdown Analysis for the Pulse Well - Pulse Well 34-614
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estimates from single-hole tests are unreliable and are not reported. Again, there is very

little difference between the estimates obtained from the drawdown data and the

recovery data. The calculated transmissivity estimate using the drawdown is 79.29

ft2/day, while the transmissivity value for the recovery is 80.18 ft 2/day. Based on the

similarity in values, only the drawdown was analyzed for the remainder of the tests.

Tables 5.4 and 5.5 report the values of calculated transmissivity for the pulse

wells for the Theis model interpretation, for Site 1 and Site 2, respectively. Due to

equipment limitations, pulse wells used for PT 2, PT 3, and PT 4 did not have pressure

transducers installed, while the pressure transducer installed in pulse well 46-610 for

CPT 17 became inoperative during the course of the test.

5.2 Summary of Collected Data

In the previous chapter and this chapter, an in depth description of the type of

hydraulic data collected, hydraulic testing methodology and motivation, and subsequent

analyses was discussed. Although there were a number of different types of hydraulic

tests and analytical analyses applied, all of the hydraulic tests can be reduced to two

categories, single-hole hydraulic tests and cross-hole hydraulic tests. The single-hole

tests reveal the connection between the formation and the well itself, while the cross-

hole tests reveal the hydraulic interconnection between the wells. The following

chapters will further scrutinize the analyzed parameters from the collected data



Table 5.4
Site 1 - Transmissivity Values Calculated from Pulse Wells

Pulse Well CPT #
Theis Analysis

Transmissivity (ft^2/day)
34-620 PT 1 163.7
34-614 CPT 10 79.3
34-618 CPT 11 15.3
34-622 CPT 12 370.0
40-609 CPT 13 32.1
40-612 CPT 14 79.1
40-616 CPT 15 247.0
46-6T1 CPT 16 766.7
46-614 CPT 18 28.9

Table 5.5
Site 2 - Transmissivity Values Calculated from Pulse Wells

Pulse Well CPT #
Theis Analysis

Transmissivity (ft^2/day)
16-215 PT 5 136.2
10-230 CPT 1 6.6
10-234 CPT 2 10.4
10-238 CPT 3 13.3
16-211 CPT 4 4.9
16-215 CPT 5 144.6
16-219 CPT 6 62.1
22-210 CPT 7 22.5
22-214 CPT 8 218.9
22-218 CPT 9 174.0

207
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presented in this chapter, in first, a statistical context, and second, the application of a

groundwater flow and transport model.
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CHAPTER 6

STATISTICAL ANALYSES OF CROSS-HOLE
HYDRAULIC PARAMETERS

6.1 Motivation for Statistical Analyses

A fundamental issue associated with the hydraulic optimization of in-situ

leaching is the impact formation heterogeneity has upon sweeping efficiency. For the

first time, in the context of in-situ leaching at San Manuel, two large data sets of cross-

hole transmissivity values have been assembled. These data sets are large enough to

perform statistical analyses to shed new light on the issue of formation heterogeneity at

the site. Statistical analyses coupled with groundwater flow and transport modeling can

help resolve the role heterogeneity has upon in-situ leaching in San Manuel at the two

test sites.

6.2 Statistical Analyses of Hydraulic Parameters

Tables 6.1a-b and 6.2a-b present descriptive statistics of cross-hole hydraulic

parameters for Site 1 and Site 2, respectively. Tables 6.1a and 6.2a are statistics of the

parameters, while Tables 6.1b and 6.2b are statistics of their natural logarithms. It has

been reported by many other investigators including Law (1944), Walton and Neill

(1963), Krumbein (1936), Warren and Price (1961), Bennion and Griffiths(1966), and

Neuman (1982) that transmissivity and hydraulic conductivity are frequently log-
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normally distributed; therefore, continued analysis is performed on the natural logarithm

of the parameters.

At Site 1 there are a total of 68 sampled values and 60 at Site 2. Prior to

calculating the statistics, the geometric mean of duplicated hydraulic responses was

calculated. For example, PT 4 and CPT 2 were performed using the same pulse well,

10-234; therefore, the two tests used a number of the same monitoring wells. There are

a total of 5 duplicated responses for Site 1 and 12 for Site 2. The duplicated responses

for Site 1 were due to the reversal of monitoring wells. For example, for PT 1, 34-620

was the pulse well, and 34-622 was the monitoring well, but for CPT 12, 34-622 was

the pulse well and 34-620 was the monitoring well. As can be seen from the tables, the

geometric mean of hydraulic conductivity, calculated by means of the Theis model, at

Site 1 is 0.64 ft/day and 0.41 ft/day at Site 2. The geometric mean of hydraulic

conductivity calculated by means of Hantush's sloping aquifer solution at Site 1 is 0.46

ft/day and 0.35 ft/day at Site 2. The sample variance of the natural logarithm of Theis'

hydraulic conductivity at Site 1 is 1.64 and 0.67 at Site 2. The sample variance of the

natural logarithm of hydraulic conductivity calculated by means of Hantush's sloping

aquifer solution at Site 1 is 2.22 and 0.70 at Site 2. The geometric mean of the specific

storage coefficient calculated by means of the Theis model gives a value of 8.98x10 -6 ft-i

for Site 1, and 9.24x10-6 ft -1 for Site 2. The geometric mean of the specific storage

coefficient calculated by means of Hantush's sloping aquifer solution reveals a value of

7.65x10 -6 ft -1 for Site 1, and 9.31x10 -6 ft - ' for Site 2.
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As one can see, the geometric mean of hydraulic conductivity at Site 2 from the

Theis model is approximately 35% less than the geometric mean of hydraulic

conductivity from the Theis model at Site 1. The sample variances at both sites of the

natural logarithm of hydraulic conductivity increases, when going from the Theis model

to Hantush's sloping aquifer solution. The increased variance of the sloping aquifer

hydraulic conductivity values may be another indicator that the Theis model may be the

more representative model of the system.

Figures 6.1a-b, and 6.2a-b show the natural log transmissivity and hydraulic

conductivity values for their corresponding sample and theoretical normal distributions

calculated from the Theis model and Hantush's sloping aquifer model, respectively, for

Site 1. Figures 6.3a-b, and 6.4a-b show the natural log storativity and specific storage

values for their corresponding sample and theoretical normal distributions calculated

from the Theis model and Hantush's sloping aquifer model, respectively, for Site I.

Figures 6.5a-b, and 6.6a-b show the natural log transmissivity and hydraulic

conductivity values for their corresponding sample and theoretical normal distributions

calculated from the Theis model and Hantush's sloping aquifer model, respectively, for

Site 2. Figures 6.7a-b, and 6.8a-b show the natural log storativity and specific storage

values for their corresponding sample and theoretical normal distributions calculated

from the Theis model and Hantush's sloping aquifer model, respectively, for Site 2. The

means and sample variances reported in Tables 6.1b and 6.2b were used to derive the

probability density functions shown in the figures.
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To determine the goodness-of-fit of the normal distribution for the natural log

sample distributions, the Kolmogorov-Smirnov (K-S) test was performed. Tables 6.3a-

b report the K-S test statistic, D, along with the associated probability of the null

hypothesis, for Site 1 and Site 2, respectively. The K-S test null hypothesis is that the

sampled distribution comes from the normal distribution. Assuming a significance level

of 95%, and comparing this value to the associated probabilities for each hydraulic

parameter, not one of the sampled distributions is rejected by the null hypothesis.

Therefore, for all practical purposes, it is possible to assume the underlying distribution

for all of the natural-logarithm of hydraulic parameters for both test sites is the normal

distribution.

Figures 6.9-6.16 show the previously mentioned natural-logarithm distributions

plotted on normal probability paper. These figures visually reveal that the Theis

transmissivity and hydraulic conductivity data are distributed closer to normal than the

sloping aquifer data. This may be another indication that the Theis model may be more

appropriate than the sloping aquifer model.

6.3 Cross-Hole Hydraulic Parameter Directionality

Figures 6.17-6.22 show spatial and directional distributions of hydraulic

parameters calculated by means of the Theis model and the sloping aquifer model,

respectively, for Site 1. Figure 6.17 reveals all of the transmissivity values calculated

with the Theis model for Site 1. The beginning of each ray emanates from the pulse
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well and ends at the monitoring well. Each ray represents an analyzed response

obtained from a CPT. At the midpoint of each ray is a colored circle, representing the

calculated transmissivity value associated with that particular well pair. The calculated

transmissivity value does not represent a point value, but instead, represents an

unknown volume of tested formation. Therefore, while the transmissivity value is

represented as a point in Figures 6.17-6.22, this is only for presentation purposes.

Figures 6.23-6.28 show the same type of figures for Site 2.

A couple of issues must be addressed to understand what these figures

represent. First, the hydraulic parameters reported are only from responses amenable to

analysis. Second, the lack of a hydraulic response in the monitoring well could be due

to two different circumstance. One, the transmissivity is so high between the well pair

that the hydraulic signal is overwhelmed by noise. Or, two, the transmissivity is so low,

there is no hydraulic response or connection between the well pair. Fortunately, most

monitoring wells close to the pulse well responded hydraulically. Sometimes the figures

seem to present contradictory information. Rays intersecting in the figures, represent

two independent hydraulic responses from two different well pairs. The hydraulic

conductivity values associated with the intersecting rays should be similar in value

because the values are presumably derived from hydraulic tests that tested more-or-less

the same portions of formation. For example, the well pair associated with CPT 14, 40-

612 and 46-611, and the well pair associated with CPT 16, 46-6T1 and 40-614, reveal

two very different transmissivity values. This can be visually seen by a black and yellow
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circle in close proximity to each other in Figure 6.17. This must be explained by the fact

that the two hydraulic responses must have experienced a significantly different volume

of tested formation. Resolving this contradiction cannot be obtained unless vertical

resolution of the flow distribution is possible. Unfortunately, this data is not available.

Therefore, we are left with the two-dimensional cross-hole data to assess the impact of

heterogeneity on in-situ leaching at the two test sites.

Figures 6.29-6.32 display polar plots of the Theis and sloping aquifer model's

transmissivity and hydraulic conductivity values for both Site 1 and Site 2. There is

little evidence for two-dimensional anisotropy, at either site. It seems that heterogeneity

is the dominant factor.

6.4 Application of Geostatistics to Cross-Hole Hydraulic Parameters

To determine spatial correlation among transmissivity and hydraulic

conductivity, and ultimately generate a two-dimensional heterogeneous hydraulic

conductivity field, it is advantageous to invoke analysis of the data within a

geostatistical framework. The application of geostatistics to this particular data set is

problematic due to a couple of reasons. Not even including the problems associated

with the required assumptions of ergodicity and stationarity, there are issues concerning

the data and the nature of the data itself. Some of the concerns involved with the

application of geostatistics are discussed below.
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First is the reliability of the data from which the hydraulic parameter values are

calculated. Because the monitoring wells are also injection wells, with flow rates

possibly varying with time, a clear drawdown response is not always obtained.

Therefore, data error may lead to error in the calculated values. This is important to

address because the quality of the variogram, at the heart of geostatistics, is rooted in

the quality of data. It is also possible that systematic error may contribute to problems

associated with geostatistics. Because the hydraulic parameters are derived by the

application of a model, the model may systematically bias the calculated parameters.

The second problem stems from the nature of interpreted parameter values

obtained from cross-hole hydraulic tests. Since the hydraulic cross-hole tests test an

unknown volume of rock, the location and size of the volume tested associated with the

calculated value is uncertain. The most logical position to place the calculated value, is

at the midpoint between the pumping well and monitor well. Both the point's existence

and placement is in question. Nevertheless, this step is necessary to proceed within a

geostatistical framework.

Although there are concerns associated with the application of geostatisties, it is

still the only tool in which spatial correlation between parameters can be assessed. The

variogram may manifest some of the problems associated with employing geostatistics.

However, if the variogram reveals significant parameter correlation, even with the

previously mentioned problems, one can be relatively certain that some type of spatial

correlation does exist.
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Using the software package GEO-EAS (Englund and Sparks, 1991) variograms

were calculated. Figures 6.33-6.36 show the experimental and model variograms for

transmissivity and hydraulic conductivity for the Theis and sloping aquifer analyses for

both Site 1 and Site 2. Tables 6.4a-b report the model variogram parameter values.

The model variograms were selected from a pure nugget, spherical, exponential, power,

or Gaussian model variogram. Each model's selection was based upon "goodness of

fit" in a least squares sense. All of the experimental variograms for Site 1 were fit with

the spherical variogram model, while for Site 2, a majority of the experimental

variograms were fit with the gaussian variogram model. In each figure, next to each

experimental variogram point, is a value that corresponds to the number of data pairs

associated with the calculation of that particular point. For Site 1, the first point, which

has only 17 data pairs associated with it, was not used in the fitting of the variogram

model. This action was taken based on the relatively small number of pairs associated

with that particular point. A lag distance of approximately 10 feet was selected, and the

variogram was carried out to 150 feet.

The model variograms for Site 1 show some spatial correlation. While the range

values for the model variograms are from 64 feet to 94 feet for Site 1, the nugget values

are approximately half the sill values. At Site 2, for the Theis interpretation, the nugget

values are almost twice as large as the sill values. The large nugget values may be a

manifestation of the aforementioned problems associated with the application of

geostatistics. At both sites, the calculated range values for the model variograms for the
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Theis analysis are greater in magnitude for both transmissivity and hydraulic

conductivity than the range values associated with the sloping aquifer solution analysis.

This indicates greater spatial correlation using the Theis model versus the sloping

aquifer solution. Again, this may be another indication that the Theis analysis is the

more appropriate model.

Using the model variograms, kriged transmissivity and hydraulic conductivity

fields can be generated. Figures 6.37-6.40 show the given hydraulic parameter values

located at the midpoint of the pulse well — monitor well pair, superimposed upon the

associated kriged field for Site 1. All of the points presented in the figures represent the

points used in the calculation of the kriged field. Clearly, there are distinctive higher

and lower transmissivity and hydraulic conductivity zones at Site 1. Figures 6.41 and

6.42 respectively show the luting variances associated with the Theis and sloping

aquifer model hydraulic conductivity kriged fields for Site 1. The maximum kriging

variance for the sloping aquifer solution is significantly larger than the maximum kriging

variance associated with the hydraulic conductivity calculated by means of the Theis

model.

The same type of kriged maps can also be generated for Site 2 based on the

model variograms. Similar kriged maps for Site 2 are presented in Figures 6.43-6.46.

Again, there are distinct higher and lower transmissivity and hydraulic conductivity

zones. Because the model variogram's range value for both transmissivity and hydraulic

conductivity for the sloping aquifer solution for Site 2 are very small, less than 25 feet,
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the kriged maps associated with these parameters are not strongly correlated in space.

Figures 6.47 and 6.48 show the spatial distributions of kriging variances associated with

the Theis and sloping aquifer hydraulic conductivity parameters for Site 2. The short

range value associated with the sloping aquifer solution manifests itself, in Figure 6.48,

though the measurement points being surrounded by small halos, indicating very little

spatial correlation. The kriging variances are large in the southern portion of Site 2.

This is due to the previously discussed problems associated with CPT 4.

Although there may be some complications associated with the application of

geostatistics to this data set, some type of spatial correlation among parameter values is

seen. While Site 1 may have revealed more spatial correlation than Site 2, the

maximum kriging variance for hydraulic conductivity for Site 1 is more than twice as

large as the maximum kriging variance for hydraulic conductivity associated with Site 2.

In effect, this observation reveals that Site 1 is more heterogeneous than Site 2. Since

heterogeneous kriged maps have been generated using geostatistics, it is now possible

to use these hydraulic conductivity fields as input into a groundwater flow and transport

model to determine the impact heterogeneity has upon sweeping efficiency.
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CHAPTER 7

HYDROLOGIC FLOW AND TRANSPORT MODELING OF
THE TWO TEST SITES

7.1 Two-Dimensional and Three-Dimensional Groundwater Flow Model Setup

Using the three-dimensional finite-element groundwater flow and transport

model 1-EFLOW (1997), developed by WASY Institute for Water Resources Planning

and Systems Research Ltd. in Germany, both test sites were modeled. FEFLOW is a

menu-driven flow and transport code that has a number of advanced groundwater flow

and transport features. The program includes a finite-element mesh generating module.

The code uses the free-surface approach for unconfined aquifers which allows the finite

element grid to expand and contract with the free surface. Additional information about

1-,E,FLOW can be obtained from Waterloo Hydrogeologic, Inc.

First, the two sites were modeled using a two-dimensional unconfined aquifer

approach which is based on the Dupuit approximations. Figures 7.1 and 7.2 show the

finite-element mesh generated by FEFLOW for Site 1 and Site 2, respectively, and

corresponding boundary conditions. The fmite-element mesh for Site 1 contains 2513

nodes and 4858 triangular elements, and the Site 2 mesh contains 2541 nodes and 4981

triangular elements. The placement and large number of wells makes the finite-element

approach better suited to this problem than the finite-difference approach. Many more

nodes would be required to achieve the same level of spatial discretization using finite

differences.
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Boundary conditions are relatively straightforward. Since the background

hydraulic gradient mirrors the topography of the open pit, and its flow direction is

generally perpendicular to the benches of the open pit, it is reasonable to prescribe no

flow boundary conditions on the sides of the model domain that are perpendicular to the

benches. The side boundaries of the model were place over 100 feet away from the

nearest well to reduce their effects on the solution. In reality, the empty space between

the sides of the model domain and the wells, is filled with both injection and pumping

wells. However, these outer wells are a relatively long distance away from the wells

within the test region, and should have a minimal effect upon modeled hydraulic

responses.

Constant head boundary conditions were prescribed up gradient and down

gradient. Since there are a number of injection wells up and down gradient at both sites,

and these wells are adjusted daily to maintain a maximum flow rate, these wells provide

a constant source of recharge to both up gradient and down gradient wells within the

test area. The assigned constant head value was taken to be the measured fluid level at

each location.

At Site 1, all the injection and pumping wells were assigned a constant

volumetric flux. The volumetric flow rate assigned to each well was based on the

observed flow rate during the CPT. However, at Site 2, as indicated in Figure 7.2, not

all the injection wells were assigned a constant flux. The five boundary control wells up

gradient had flow control mechanisms installed to maintain a constant fluid level
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elevation 50 feet below the ground surface. Therefore, these wells were assigned

constant head.

As previously discussed, over 90% of the flow to the underground in-situ

operation comes from Zone 11. While it is possible for fluid to vertically exit the two

test sites, most of the solution enters the underground operation from Zone 11;

therefore, the amount of raffinate leaving the two sites vertically is negligible.

Therefore, a no flow boundary condition was placed at the aquifer bottom. Because

there is no information that can be used to determine the location of the aquifer bottom,

the location of the bottom in the three-dimensional model was placed considerably

deeper than the bottom of the wells at the two sites, at the 1300 foot elevation.

For the three-dimensional model formulation, the well properties, i.e. the top-of

screen, bottom-of-screen, and bottom-of-hole elevations were built into the model. The

flow for the injection and pumping wells was vertically distributed along the well

automatically by 1-EFLOW, based on the physical properties of the formation adjacent

to the well. Otherwise, all other boundary conditions in three-dimensions are identical

to those used in two dimensions. The plan view of the finite-element grid in three

dimensions is identical to the two-dimensional finite-element grid. However, the

elements in three dimensions are 6-noded triangular prisms. The vertical resolution

between layers for the three-dimensional grid is approximately 15 feet. This model

formulation leads to 153,293 nodes and 291,480 elements for Site 1, and 156,831 nodes

and 298,860 elements for Site 2.



264

7.2 Two-Dimensional and Three-Dimensional Groundwater Flow Modeling

Groundwater flow simulations were conducted to investigate the effects of a

number of phenomena on hydraulic responses. Some of the modeled phenomena

include the effects of heterogeneity, low permeable well skins, and the importance of a

three-dimensional formulation. To study the impact these would have on pressure

responses, one CPT from each site was selected in order to be reproduced by modeling.

CPT 14 was used for Site 1, and CPT 5 was used for Site 2.

As previously mentioned, during the course of the CPTs at Site 1 there were

two different well patterns. The pattern implemented in the model was that observed

during CPT 14. Figure 4.13 shows all of the pulse well locations for Site 1. All of the

pulse wells shown except wells 34-616, 34-620, and 40-610 were pumping wells in the

model. These pumping wells were part of the first well pattern, but were injection wells

during the second well pattern, i.e. during CPT 14. At Site 2, there was only one well

pattern during the course of the CPTs. Therefore, as shown in Figure 4.14, all of the

pulse wells were also pumping wells in the model.

Using the model, a steady state head field was first generated with the pulse well

turned off. This step simulated the recovery cycle performed during the CPT. Using

the steady-state flow field as the initial head distribution, the pulse well was turned on.

The inputted flow rate for the pulse well was the observed flow rate in the field;

therefore, it varied with time. Head levels at selected monitoring wells within the model
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were recorded to determine their corresponding drawdown response. The modeled

drawdown responses were then compared to the actual data.

7.2.1 Steady State Groundwater Flow Modeling

First, two-dimensional model formulation was performed. Steady state

simulations were conducted with all wells active. A homogeneous hydraulic

conductivity distribution was compared against the kriged heterogeneous hydraulic

conductivity distribution. The homogenous hydraulic conductivity value was taken to

be the geometric mean of the Theis hydraulic conductivity. The heterogeneous

hydraulic conductivity field was taken to be the kriged Theis heterogeneous hydraulic

conductivity field previously shown. Figures 7.3 and 7.4 show the modeled Site 1 fluid

level elevations for the homogeneous and heterogeneous hydraulic conductivity fields,

respectively, while Figures 7.5 and 7.6 show the same for Site 2. The implemented

background hydraulic gradient for Site 1 is approximately 35°, and approximately 20°

for Site 2. These are generated in the model with the up and down gradient constant

head boundaries.

One can see for Site 1, by comparing Figures 7.3 and 7.4, heterogeneity has a

small impact on the spatial head distribution. Also, because the background hydraulic

gradient is large, the individual wells do not significantly impact the spatial head

distribution. The large hydraulic gradient overwhelms the individual cones of

depression and impression created by the wells. This phenomenon is quite evident at
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Site 1, and to a lesser degree at Site 2. Therefore, based on two-dimensional steady

state groundwater flow simulations, two important observations that have direct

implications on the hydraulic optimization of in-situ leaching at San Manuel have been

noted. First, the inputted kriged heterogeneity field does not seem to severely impact

the spatial head distribution, and two, the individual superimposed cones of impression

and depression caused by the injection and pumping wells, also, do not seem to

seriously impact the spatial head distribution.

Figures 7.7a-b reveal the streamlines for the 9 pumping wells located within the

test boundaries for Site 1, for both the homogenous and heterogeneous cases,

respectively, while Figures 7.8a-b show the same for Site 2. Site 1 streamlines, from the

pumping wells, travel to the up gradient boundary, while streamlines, from the Site 2

pumping wells, generally end at the injection wells up gradient. The streamlines at Site

2 are a direct consequence of the constant head conditions in the up gradient wells. If

the streamlines reach the boundary, as they do for Site 1, the injection wells, on the

adjacent bench up gradient of the pumping wells, do not inject enough solution to

support the observed flows of the pumping wells. Therefore, the pumping wells must

derive their solution from wells further up gradient. This fact may shed new light on the

extent of flow between wells on benches not adjacent to each other. If a pumping well

derives its solution from injection wells further up gradient, this solution may be in

contact with the formation for a longer period of time and may yield higher copper

grade PLS.
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Figure 7.7a
Site 1 - Steady State Streamlines - 2-D, Homogeneous Hydraulic Conductivity

Figure 7.7b
Site 1 - Steady State Streamlines - 2-D, Heterogeneous Hydraulic Conductivity
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Figure 7.8a
Site 2 - Steady State Streamlines - 2-D, Homogeneous Hydraulic Conductivity

Figure 7.8b
Site 2 - Steady State Streamlines - 2-D, Heterogeneous Hydraulic Conductivity
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Another implication of the streamline figures is that there is little flow derived

from a pumping well from injection wells located on the same bench. This is made

evident by the lack of streamlines connecting wells on the same bench. This too, is a

consequence of the large hydraulic gradient. Flow is predominantly dominated by the

background hydraulic gradient. Therefore, well pattern strategies must be determined

based on the appropriate positioning of injection and pumping wells located up gradient.

In effect, the implemented line drive well pattern takes this into account. The line drive

pattern takes advantage of the large background hydraulic gradient by forcing fluid

down gradient and capturing it on the bench below.

Also, another important fact that can be synthesized from the streamline figures

is that the impact of heterogeneity versus homogeneity on the traces for the two sites is

negligible. This is indicated by the relatively similar streamlines for the two cases. Due

to the lack of differences between the homogeneous and heterogeneous cases, it is

difficult to offer additional advice on well pattern optimization based on knowledge of

the heterogeneous hydraulic conductivity field.

It is quite possible to produce much different streamlines than the ones

presented. If conditional simulation was used to generate heterogeneous fields, more

significant differences, for individual realizations, between the heterogeneous and

homogeneous cases would be found. The heterogeneous hydraulic conductivity fields

are smoothed because kriging was the technique used to generate the fields. Therefore,
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the spatial pressure distributions obtained lead to less severe differences between

homogenous and heterogeneous cases.

After the two-dimensional simulations were completed, three-dimensional

groundwater flow simulations were conducted. Figures 7.9 and 7.10 show a pressure

isobar equivalent to 200 feet below the free surface water table for Site 1 and Site 2,

respectively. Homogeneous hydraulic conductivity conditions were used for both

figures. The vertical to horizontal exaggeration is 2:1 in the figures. Both figures reveal

the dramatic nature of the background hydraulic gradient, and the relatively small

impact of the injection and pumping wells. In reality, the cones of impression and

depression for the injection and pumping wells are more drastic than the modeled case

because no low permeable well skins were used in the model. If low permeable wells

skins were implemented, the cones of impression and depression would be much more

drastic than what is seen in the figures.

7.2.2 Simulating CPTs at the Two Test Sites

Using CPT 14 for Site 1 and CPT 5 for Site 2 two-dimensional homogenous and

heterogeneous steady state simulations were run. Figures 7.11 and 7.12 show the

steady state spatial distribution of drawdown for CPT 14 for the homogenous and

heterogeneous cases, respectively, while Figures 7.13 and 7.14 show the same for CPT

5. There is a noticeable difference in drawdown between the homogeneous and

heterogeneous cases at both sites. Again, the effects of the flow control mechanisms
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installed in the up gradient injection wells for Site 2 can be distinctly seen. The constant

head wells seem to act as a constant head boundary condition. Contrary to this

response, the drawdown at Site 1, extends considerably beyond the furthest up gradient

wells.

For CPT 14, there were 13 drawdown responses amenable to analysis, including

the pulse well, 40-612. Figures 7.15a-m show the drawdown responses for the monitor

wells for CPT 14, along with the simulation results for different model approaches. For

CPT 5, for Site 2, there were 11 drawdown responses amenable to analysis including

the pulse well, 16-215. Figures 7.16a-k show the drawdown responses for the monitor

wells for CPT 5, along with the simulation results for different model approaches. All

two-dimensional models, including both the homogeneous and heterogeneous hydraulic

conductivity simulations, used the geometric mean of Theis specific storage. Along

with the homogenous and heterogeneous cases, two additional model approaches are

presented in the drawdown response figures for the two sites. One case implemented a

one foot thick low hydraulic conductivity skin around all of the wells. The hydraulic

conductivity skin value assigned to each well was the calculated hydraulic conductivity

value derived from the SHSSITs. Wells that did not have a SHSSIT performed,

received a hydraulic skin value equal to the geometric mean of all the SHSSIT hydraulic

conductivity values performed at that particular site.

The other modeled approach presented in the drawdown response figures was a

three-dimensional groundwater flow solution. The hydraulic conductivity field was
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Figure 7.15c

Site 1 - Modeled Drawdown - CPT 14 - Well 40-612
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homogeneous, and the hydraulic conductivity value supplied to the model was identical

to the value supplied for the two-dimensional homogenous hydraulic conductivity field

representation. The assigned specific storage for the three-dimensional simulation was,

again, the geometric mean of the Theis model specific storage values. Because the

aquifer is unconfmed, it was also necessary to supply the model with a specific yield

value. Initially, a value of 0.3% was homogeneously supplied to the model for Site 1,

and 0.5% for Site 2. While these values may seem small, and there is really no

justification for their magnitude, it will be shown later, a specific yield value of 10.0%

reveals relatively the same modeled drawdown response as do the smaller specific yield

values.

There are a number of features the drawdown response curves reveal. First,

while a few of the modeled drawdown responses are considerably different than the

actual drawdown response curves for all of the different model approaches taken,

notably monitor wells 40-611 for CPT 14 and 22-209 for CPT 5, most of the modeled

drawdown responses are similar to the actual drawdown responses. A number of the

modeled drawdown matches could be improved if either shifted to the right or left,

which translates into either an increase or decrease in storativity. For the purposes of

well field optimization, the storativity and specific storage values become less important

because a steady-state seems to be reached relatively quickly, less than 3 days.

Therefore, a steady state model representation is adequate for hydraulic optimization of

the in-situ leach well field in San Manuel.
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Another feature made evident with the drawdown response figures is the

similarity in drawdown responses between the different model approaches. There is

little difference in drawdown response curves, for both sites, between the homogeneous

and heterogeneous representations. There is also an inconsequential difference in

drawdown responses between a model approach that utilizes low permeable well skins

and one that does not implement any well skins. This is an interesting observation, and

one that contradicts the previously discussed Hvorslev method for correcting drawdown

data in a monitor well. However, as previously discussed, the numerical model does not

account for wellbore storage. This is most likely the reason for the lack of coherency

between the numerical model and the Hvorslev slug correction method. However, one

can conclude relatively certainly that the skin effects do not significantly alter the

drawdown curves in observation wells. This is not true if the monitor well is the pulse

well. Figure 7.15c shows the drawdown response for the pulse well for CPT 14, and

Figure 7.16c shows the drawdown response for the pulse well for CPT 5. Clearly, for

the pulse well there is a significant difference in drawdown between the case of no well

skins and the case implementing well skins. These drawdown response curves reveal

that the effects of the well skin are more pronounced in the stressed well than for the

monitor well.

The most dramatic difference between any of the model approaches is between

the three-dimensional and the two-dimensional model cases. However, while there is a

noticeable difference between a fully three-dimensional model approach versus a two-
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dimensional representation, it is unclear whether the three-dimensional approach is

significantly different to warrant the additional computational burden and increased

model complexity. The three-dimensional representation does not necessarily visually

fit the actual drawdown data any better than the two-dimensional representations.

However, a fully three-dimensional approach in combination with some other type of

approach may lead to representing the actual drawdown data better. Therefore, a

number of different model approaches were run within a fully three-dimensional context.

Figures 7.17a-m show the actual drawdown responses for CPT 14 along with

drawdown responses for various three-dimensional model approaches, while Figures

7.18a-k show same for CPT 5. Again a number of different model approaches were

taken. The three-dimensional base case, which was previously shown in conjunction

with the two-dimensional model representations had a homogenous hydraulic

conductivity field, a homogenous specific storage coefficient and specific yield value, a

uniform distribution of flow along the well's vertical axis, and the moving free-surface

boundary condition formulation was used as the numerical solution technique.

The first case involved changing the moving boundary condition to a stationary

grid. While the effects of this change were noticeable, they were not significant.

Furthermore, a moving boundary condition provides a more accurate representation of

the water table than does a stationary grid.

Next, the specific yield value was increased from 0.3% to 10%. It is unlikely the

specific yield value is larger than 10%, or less than 0.3%. Therefore, the two values are
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upper and lower bounds on specific yield. For the 10% specific yield case there is a

slight decrease in drawdown for a given well at large times; however, the difference is

negligible within the time range of collected data. Therefore, delineating the more

appropriate value is impossible.

Although there is a definite lack of data to draw the conclusion that most of the

fluid in the injection well enters the formation in the upper portion of the well versus the

lower portion, it was deemed appropriate to analyze the effects such a phenomenon

would have upon the drawdown response curves. To determine this impact, the

extreme case of only allowing fluid to leave the upper 25% of the screen interval in an

injection well was implemented. A heterogeneous well skin of this type enhances the

effects of partial penetration for the well. For some of the wells, especially for up

gradient monitor wells for CPT 5, a considerable difference in drawdown was observed.

In most of the drawdown responses the effect of the heterogeneous well skin manifests

itself through a delayed drawdown response. However, this does not increase the

quality of model fit to the data. Therefore, as was expected, it is unlikely the effects of

a heterogeneous skin are responsible for the differences in modeled and actual

drawdown responses.

The last modification to the three-dimensional base case was the incorporation

of the two-dimensional kriged hydraulic conductivity field. Every layer within the

model received the same two-dimensional spatial distribution of hydraulic conductivity.

It is debatable whether the effects on the drawdown response curves are significant
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enough to warrant the data required to construct a heterogeneous field. As can be

clearly seen in the figures, there is relatively little difference between the drawdown

responses for the three-dimensional heterogeneous case and the drawdown responses

for the three-dimensional base case.

While the drawdown responses were matched relatively well with the two-

dimensional homogeneous groundwater flow model, it is believed the most significant

reason for the inability to match more accurately the drawdown response data is due to

the lack of vertical information. It is highly likely there is severe vertical heterogeneity.

The cross-hole hydraulic tests performed, only offer a vertically averaged value of

hydraulic conductivity. Other types of hydraulic tests are required to determine the

vertical heterogeneity, such as packer tests. Successful packer tests are not possible in

San Manuel due to the open hole wells. A more promising technique for determining

vertical heterogeneity is by means of either spinner logging or heat pulse testing. This

would certainly lead to a better description of vertical heterogeneity which could help

one optimize the in-situ leaching process. Unfortunately, there were not the fmancial

resources required to continue investigating vertical heterogeneity at the two test' sites.

In this investigation, vertical hydraulic conductivity heterogeneity, and its degree of

impact upon the optimization process for in-situ leaching remains unresolved.

Instead of collecting the data required to resolve the issue of vertical

heterogeneity, additional time and resources could be spent calibrating the model to the

desired degree of accuracy through some type of inverse process. This avenue was not
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taken due to a number of reasons. First and foremost, even if more accurate matches

were obtained through an inverse formulation, the calibrated hydraulic conductivity field

would most certainly be non-unique. Secondly, in terms of hydraulically optimizing the

in-situ leaching process in San Manuel, it is believed the additional effort required for

calibration would not lead to the discovery of any new significant hydraulic mechanisms

controlling the in-situ leaching process. The presence of the large background hydraulic

gradient is the most important hydraulic factor controlling the optimization of the in-situ

leaching process in San Manuel. Lastly, the time, energy, and computational resources

involved with inverse problems are substantial. Unfortunately, due to time constraints

and limited resources, it was not possible to continue within the inverse methodology

context.

Further insights into the heterogeneous hydraulic conductivity fields at the two

sites may be possible if additional CPTs are analyzed. Only one CPT from each site was

analyzed. There are a total of 21 other CPTs from the two sites that are possible to

analyze. The two CPTs were selected based on the large number of drawdown

responses amenable to analysis, and the central location of the pulse well relative 'to the

test site. The two CPTs selected are representative of the type of drawdown responses

obtained from the other CPTs. However, again, due to limited resources and time

constraints, it was not possible to continue analyzing the remaining CPTs.
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7.3 Two-Dimensional Transport Simulations

Since in-situ leaching requires mineral dissolution by means of solution contact,

numerical transport modeling is a natural context in which to study the effectiveness of

well field optimization strategies for in-situ leaching. Based on the adequate two-

dimensional formulation, transport simulations were run. The previously discussed two-

dimensional groundwater flow setup was used as the base to construct the transport

model. Although there was no justification for transport parameters because of the lack

of a tracer test, the longitudinal dispersivity was inputted as 15 feet, the transverse

dispersivity was inputted as 1.5 feet, and the porosity was inputted as 5%. All of these

parameters were homogeneously distributed. Steady state flow was used throughout

the transient transport simulations. The porosity value of 5% was based on values

obtained from similar type rocks. All of the injection wells in the transport model

injected fluid with a conservative tracer concentration of 1000 mg/L for 180 days.

Using the same well pattern from the groundwater flow modeling, breakthrough

curves at the pumping wells located within the internal boundary along with the spatial

distribution of concentrations for 5, 15, 30 and 60 days were recorded. Two different

cases were run at both sites. The first was the homogeneous hydraulic conductivity

field, and the second was the kriged Theis heterogeneous hydraulic conductivity field.

Figures 7.19a-i show the breakthrough curves for Site 1 pumping wells for both the

homogenous and heterogeneous cases, while Figures 7.20a-i show the same for Site 2
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pumping wells. All of the breakthrough curves were normalized by the initial

concentration of the injected solution.

While there are noticeable differences between the breakthrough curves for the

homogenous and heterogeneous cases at both sites, generally the curves are similar.

Breakthrough sometimes occurs earlier and sometimes later for the heterogeneous case.

The breakthrough plateau for Site 2 wells was approximately 1.0, while it was

significantly less than 1.0 for Site 1 pumping wells. This difference was due to the

constant head condition for wells located up gradient at Site 2, versus the constant flux

condition implemented for injection wells up gradient at Site 1. The plateau for Site 1

wells was significantly less than 1.0 because there was an insufficient amount of fluid

derived from the injection wells located within the model by the pumping wells.

Therefore, the remaining fluid for the pumping wells was derived from the constant

head boundary and not the injection wells. Since the solution coming from the constant

head boundary had a concentration of zero, this fluid dilutes the solution injected in the

wells causing the observed plateau to be less than 1.0. However, the Site 2 pumping

wells derive most of their fluid from other injection wells and not from the constant

head boundary. Therefore, their associated breakthrough curves plateau at value

approximately equal to one.

The average time to breakthrough for the 50% of plateau concentration value

for Site 1 pumping wells for the homogeneous hydraulic conductivity field was 9.1 days,

versus 9.2 days for the heterogeneous case. For the Site 2 pumping wells, the average
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time to breakthrough for the 50% of plateau concentration value for the homogeneous

hydraulic conductivity field was 23.4 days, versus 26.2 days for the heterogeneous case.

From these values, differences due to heterogeneity are relatively insignificant. It takes

almost three times as long for breakthrough for Site 2 wells versus Site 1 wells. This

can be explained by the combination of two different hydraulic properties. First, the

average hydraulic conductivity value for Site 2, 0.41 ft/day, is smaller than the average

hydraulic conductivity value for Site 1, 0.64 ft/day. Second, the modeled background

hydraulic background gradient for Site 2, 20°, is smaller than the modeled background

hydraulic gradient for Site 1, 35°. While there are significant spatial variations of the

hydraulic gradient due to the individual injection and pumping wells, a rough estimate of

the Darcian velocity can be obtained by multiplying the hydraulic conductivity value by

the imposed background hydraulic gradient. Using this technique, the Darcian velocity

for Site 1 is 0.45 ft/day, while the Darcian velocity for Site 2 is 0.15 ft/day. The

threefold increase in Darcian velocity from Site 2 to Site 1, explains the threefold delay

in Site 2 breakthrough curves. While the 5% estimate used in the model for porosity is

not justifiable, the breakthrough curves can be appropriately transformed based on other

approximations of porosity.

Figures 7.21a-d and Figures 7.22a-d show the Site 1 spatial concentration

distributions for the homogeneous and heterogeneous cases at different times,

respectively. Figures 7.23a-d and Figures 7.24a-d show the same for Site 2. The 500

mg/L contour is also shown on all of these figures. Again these figures show the lack of
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difference between the homogenous and heterogeneous cases. These figures show that

the majority of both sites in plan view have been contacted with injected fluid after the

span of approximately 30 days. Visually it seems, a more significant portion of the

domain has been swept at Site 1 versus Site 2 after the span of 30 days. Again, this is

attributed to the differences in Darcian velocities at the sites.

7.4 Fully Three-Dimensional Transport Simulation of a Two Well System

Up to this point, the presented transport simulations are only two-dimensional

representations of the sites. Because there was a concern that a large majority of the

injected solution was exiting the well in the upper portion of the screen interval, it was

deemed necessary to determine the impact this would have upon vertical sweeping.

Even though there was a significant amount of evidence to suggest the majority of

solution was not exiting the upper portion of the screen interval, on a hypothetical basis

it is interesting to observe the consequences of this type of phenomenon. Due to the

required vertical discretization and the associated computational burden of a fully three-

dimensional transient transport simulation, it was decided the most expeditious manner

in which to proceed was to model a representative injection-pumping well pair. Figure

7.25 reveals the finite element grid in plan view along with the parameters used for the

fully three-dimensional transient transport simulation. The distance between the

injection well on the right and the pumping well on the left is similar to the distances

observed between injection and pumping wells on adjacent benches in San Manuel. The
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pumping well on the left was fully penetrating with a 400 foot screen length, while the

injection well on the right had a 100 foot screen length. The top of screen for the

injection well was identical to the top of screen for the pumping well. The injection

well, in essence, simulated a heterogeneous well skin where the lower 300 feet of the

well essentially had zero permeability, and all the flow exited the upper 100 feet or 25%

of the well. The flow rate for the pumping well was set equal to the injection well flow

rate.

Selecting the boundary conditions for this two well system was not straight

forward. Based on the ambiguity of the boundary conditions, two extreme conditions

were modeled. The first selected boundary conditions, termed Case 1, in Figure 7.25,

were no flow boundary conditions on the upper and lower plan view boundaries, and

constant head boundary conditions for the right and left plan view boundaries. The

vertical bottom boundary was set to a no flow boundary condition. Unconfined aquifer

conditions were modeled using the moving free-surface boundary approach. The

constant head boundary conditions for the right and left plan view boundaries simulated

a background hydraulic gradient of 29°. Flow was steady and was from right to left.

Case 2 was exactly the same as Case 1, except the constant head boundary conditions

implemented for the right and left plan view boundaries for Case 1 were changed to no

flow boundary conditions.

Figures 7.26a-d reveal the vertical cross-sectional concentration distributions for

Case 1 at different times. The partially penetrating injection well is on the right, and the
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fully penetrating pumping well is on the left. Flow is from right to left. Figure 7.26d

not only shows the vertical concentration distribution after 45 days, but also the vertical

distribution of steady state head contours. While the head contours are presented only

for Figure 7.26d, the same head contours are implied at all other times because of

steady state flow conditions. Figures 7.27a-d reveal the vertical cross-sectional

concentration distributions for Case 2 at different times. Figure 7.27d also shows, in

conjunction with the vertical concentration distribution after 45 days, the vertical

distribution of steady state head contours.

Case 1 revealed fluid traveling from the injection well to the pumping well in a

vertically uniform manner, while Case 2 unveiled injected solution travelling deeper

within the formation. The reason for the differences can be explained by the head

contours. The head contours for each case are a manifestation of the implemented

boundary conditions. In Case 1 the pumping well not only derives its collected solution

from the injection well, but also from the constant head boundary. In Case 2, all of the

solution collected by the pumping well must be derived from the injection well because

no boundary can supply any fluid. Because the pumping well is fully penetrating,' fluid is

also flowing into the bottom of the well. Therefore, the fluid injected into the formation

via the injection well travels deeper into the formation for Case 2 than does the fluid

injected for Case 1. According to these figures, Case 2 reveals more vertical sweeping

of the formation than does Case 1.
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The real question is which boundary condition case is more representative of

reality? Since, in reality, there are more injection wells located up-gradient, and these

wells are supplying additional fluid to the pumping wells down gradient, the more

appropriate boundary condition is the constant head boundary condition. If this is the

case and the fluid exiting the injection well is only leaving the upper screen interval, it

seems a significant portion of the formation remains unswept. However, further

understanding of the system overturns this conclusion. If fluid, in reality, is uniformly

entering the pumping well throughout the entire well screen interval, as has been

observed, hypothesized, and modeled, then this fluid must have its origin from

somewhere. The origin, most likely, is from injection wells up gradient. Therefore, the

lower portion of the formation does not remain unswept, but is swept by solution having

its origin from injection wells further up gradient. Hence, the belief that pumping wells

in the San Manuel in-situ leach field draw solution from their entire well screen

intervals, and fluid only exits the upper portion of the injection well, which leads to a

significant volume of deeper formation remaining unswept, is logically inconsistent. It is

possible fluid may not be traveling as fast in the lower portion of the formation versus

the upper portion. However, the optimal velocity of solution movement for the in-situ

leaching process is highly uncertain due to the strong dependence on the geochemistry

involved with the dissolution of copper bearing minerals. Furthermore, there is little

additional hydraulic evidence to suggest the majority of solution is exiting the injection

well out the upper portion of the well screen interval.
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CHAPTER 8

CONCLUSIONS

To optimize and better understand the important hydraulic mechanisms

associated with the in-situ leaching process at the BHP Copper, San Manuel in-situ

leach site, small scale hydrogeologic characterization was performed. A number of

cross-hole pressure interference tests and single-hole hydraulic tests were conducted at

two multiple-well sites. Because the in-situ leach well field is located on the benches of

an open pit, a large background hydraulic gradient is present. This large background

gradient, coupled with over 1200 wells simultaneously injecting and pumping sulfuric

acid solutions, made it difficult to observe pressure responses amenable to analysis

derived from standard hydraulic pumping tests. The CPT (Cyclic Pulse Test)

methodology was used to overcome this difficulty. The pressure responses observed in

the wells from the CPTs were analyzed by means of type curves. Geostatistics was then

employed to generated a two dimensional hydraulic conductivity field from the values

obtained from type curve analysis. This field was then used in the construction of a

three-dimensional numerical groundwater flow and transport model. Based on

numerical simulations, the effects various hydraulic mechanisms have upon the in-situ

leaching process were investigated.

1. Performing cross-hole hydraulic tests in the San Manuel in-situ leach well field is a

challenging task due to the hydraulically dynamic environment. A methodology
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termed "Cyclic Pulse Testing" (CPT) was used to overcome the difficulty in

determining the source of a particular hydraulic response. The turning on and off

of the stress well, termed the pulse well, for different periods of time, allowed the

observed hydraulic signal in the monitor well, not only to be discerned, but also

repeated. In this manner, the source of the observed hydraulic signal in the monitor

well could be determined. Either the signal was repeatable, due to the cycling of

the pulse well, or the signal was not repeatable, due to some other unknown

hydraulic signal.

2. An upper bound on hydraulic conductivity, calculated by means of the SHS SIT

(Single Hole Steady State Injection Test), produced a geometric mean value of

0.044 ft/day at Site 1 and 0.030 ft/day at Site 2. The cross-hole Theis hydraulic

conductivity, calculated by means of an upper bound on the length of tested screen

interval in order to determine a lower bound on hydraulic conductivity, produced a

geometric mean value of 0.64 ft/day at Site 1 and 0.41 ft/day at Site 2. The

greater-than-an-order-of-magnitude difference between the single-hole hydraulic

tests and the cross-hole hydraulic tests at the two test sites is most likely explained

by the presence of a very low permeable skin surrounding the wells. Another, less

likely explanation for the difference, is a scale effect due to the nature of single hole

hydraulic tests when compared to cross hole hydraulic tests.
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3. By far the most important hydraulic factor controlling the flow of fluid in the San

Manuel in-situ leach well field is the induced large background hydraulic gradient.

The gradient is a manifestation of the physical topography of the open pit and the

operating procedure of maintaining a maximum injection flow rate. This gradient is

on the order of 35 0 in places. Groundwater flow modeling revealed that the effect

of the background hydraulic gradient was so pronounced that pumping wells could

not capture fluid from adjacent injection wells located on the same bench.

4. The presence of the massive hydraulic gradient led to the currently utilized well

field line drive pattern. This pattern, which implements a line of injection wells

followed by a line of alternating injection and pumping wells, was established

during the summer of 1996. The implementation of the line drive pattern led to a

15% increase in produced surface copper pounds, over a span of 10 months. While

the line drive pattern resulted in a more uniform flow distribution, it is probable that

other pattern changes would have produced an increase in recovered copper

pounds due to changes in flow paths. Therefore, reconfiguring pumping and

injection wells, i.e. switching a pumping well to an injection well and vice versa,

should not be a single event but a standard operating procedure performed on a

regular basis. However, it should be noted that every subsequent well field

reconfiguration will, most likely, lead to smaller and smaller percent increases in

realized copper pounds. Diminished additional copper pound returns will be
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observed due to the increased number of previously encountered flow paths from

prior reconfigurations. Prior to each subsequent reconfiguration a decision must be

made regarding whether the well field reconfiguration effort is still economically

feasible.

5. While the primary purpose of well field reconfiguration is to change flow paths to

produce more copper pounds, a secondary objective is to indirectly redevelop

injections wells. Most likely, the reason why injection capacity of a well decreases

over time is the deposition of suspended sediment in the raffmate solution. This

sediment forms a "cake" on the inside of the injection well screen and is likely

deposited in the gravel pack or some short distance away from the well. While

complete removal of the sediment is not possible, reversing the flow direction, i.e.

switching an injection well into a pumping well, is an inexpensive way to remove

some of the sediment caked on the inside of the well, thereby, temporarily

increasing flow throughput. However, if there is too much sediment, it is possible

the submersible pump can become inoperational. One must switch between •

injection and pumping with this in mind, and take the appropriate action to remedy

the situation.
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6. Analyzing the recovery response and the drawdown response independently of one

another for both the monitor wells and pulse wells resulted in similar calculated

hydraulic parameters.

7. Analyzing the calculated hydraulic conductivity values in a geostatistical

framework was performed tentatively. There were a number of problems

associated with the application of geostatistics. One of the significant problems

encountered was the difficulty in associating an estimate of hydraulic conductivity

from cross-hole tests with a well-defined support and its location. It was decided

to place the hydraulic conductivity estimate at the midpoint between a stressed well

and a monitor well. Another problem with the application of geostatistics is that

the interpolated hydraulic conductivity field is not determined directly from

measurements but from interpreted estimates using a model. If the employed

model is inappropriate, this may lead to the possibility of systematic bias in the

estimates. Surprisingly, even with all of these problems, somewhat well behaved

variograms were obtained. At both sites, the variograms revealed a large nugget

value. The high nugget value can be partly explained through the aforementioned

problems associated with the application of geo statistics.

8. Site I showed more spatial correlation for Theis hydraulic conductivity than Site 2;

however, the sample variance for the natural logarithm of Theis hydraulic
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conductivity for Site 1 was twice as large as the sample variance for Site 2.

Therefore, Site 1 was more heterogeneous than Site 2. The log-normal distribution

seemed not only to fit the transmissivity well but also the calculated storativity for

both test sites. At 95% levels of significance, both the natural logarithm of

transmissivity and the natural logarithm of storativity using the Theis model for

both sites were not rejected for normality using the Kolmogorov-Smirnov

normality test.

9. Neither cross-hole hydraulic tests, nor the limited number of performed spinner-log

tests revealed a predictable vertical distribution of flow exiting the injection well.

While it may be possible the majority of solution is preferentially exiting the

injection well in the upper portion of the screen interval in a few wells, one cannot

predict that the majority of injection wells exhibit this behavior. If fluid flow is

evenly distributed along the screened interval in the pumping well, and the fluid

exits the injection well only in the upper portion of its screened interval, then three-

dimensional transport simulations showed that fluid must still be flowing in the

lower portion of the formation. Most likely, the fluid in the lower swept portion of

the formation comes from wells further up gradient.

10. The drawdown response in the monitor well at late times, in almost all cases,

flattened faster than the Theis model predicted. It was thought the most probable
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explanation for the flattening of the drawdown response was mainly due to the

large hydraulic background gradient. An analytical solution, developed by

Hantush, termed the sloping aquifer solution, was employed to determine the

appropriate hydraulic parameters. The sloping aquifer analytical solution was

manipulated in such a way so as to allow analysis to proceed by means of

Hantush's leaky aquifer type curves. Hydraulic parameters obtained by the leaky

aquifer type curves were then transformed back into the hydraulic parameters

associated with the sloping aquifer solution. Further analysis revealed the sloping

aquifer solution may not have been an appropriate model for the site. A number of

results led to this conclusion. First, the additional parameters obtained by means of

the sloping aquifer solution, such as the hydraulic gradient were unrealistically too

large. Second, when the drawdown responses were analyzed by the Theis model,

the calculated hydraulic parameters were closer to a log-normal distribution than

the sloping aquifer hydraulic parameters. Lastly, both two-dimensional and three-

dimensional numerical modeling revealed the estimates using the Theis model's

hydraulic parameters were appropriate. Therefore, the sloping aquifer is probably

not causing the flattening of the drawdown response. Because of the lack of

difference in hydraulic responses in monitoring wells between two-dimensional and

three-dimensional groundwater flow simulations, the three dimensionality of the

flow field is, most likely, a minor contributor to the flattening of the drawdown
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curves. Injection wells located up gradient of the sites act as a recharge boundary

which most likely cause the flattening of the drawdown curves.

11. Numerical groundwater flow modeling revealed the differences in transient

hydraulic responses obtained from a homogenous hydraulic conductivity field and

the generated heterogeneous two-dimensionally kriged hydraulic conductivity field

were negligible. While the basic shape of the drawdown curve was reasonably

matched using the numerical groundwater flow model, some of the actual hydraulic

responses in the monitor wells deviated substantially from the model. The two-

dimensionally kriged heterogeneous hydraulic conductivity field did not adequately

reproduce the actual hydraulic drawdown responses any better than the

homogenous hydraulic conductivity field. The geometric mean was used as the

estimate of hydraulic conductivity for the homogeneous field.

12. There were insignificant differences for transient hydraulic responses between

three-dimensional numerical groundwater flow modeling and two-dimensional

modeling. Three-dimensional modeling revealed that the partial penetration of

wells in three-dimensions did not considerably affect the transient drawdown

responses which remained similar to those obtained using the two-dimensional

model. One of the reasons for the insignificant difference between the two-

dimensional and three-dimensional models was the lack of vertical heterogeneity
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represented in the three-dimensional model. While the three-dimensional properties

of the wells were known, the three-dimensional distribution of hydraulic

conductivity was completely unknown. The drawdown data collected and analyzed

was two-dimensional in nature. It is impossible to infer three-dimensional

heterogeneity from two-dimensional data. Because there was nothing known about

the vertical distribution of hydraulic conductivity, all layers in the three-dimensional

numerical model received the same two-dimensional kriged hydraulic conductivity

field. Therefore, the effect a variable vertical hydraulic conductivity distribution

would have upon the pressure field and ultimately the optimization of in-situ

leaching remains unknown. A decision must be made in the future to determine

whether the additional effort required to obtain three-dimensional information is

justified by the increased understanding gained to further optimize in-situ copper

leaching.

13. Although there was no tracer test performed at either test site, two-dimensional

transport simulations were run using homogenous and heterogeneous hydraulic

conductivity fields. Transport simulations revealed, through both breakthrough

curves and the spatial distributions of concentration, a negligible effect of

heterogeneity on the sweeping efficiency of the formation. Using a 5% porosity

value, the average 50% of plateau value occurred at approximately 9 days for Site

1 and 24 days for Site 2 for the homogeneous case. The longer breakthrough times
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observed at Site 2 were due to smaller hydraulic conductivity values and a smaller

hydraulic background gradient. The two-dimensional transport simulations showed

near complete sweeping of the formation over the span of two months for both the

heterogeneous and homogenous hydraulic conductivity fields, again, using a

porosity value of 5%. It must be emphasized that additional three-dimensional

information regarding the distribution of hydraulic conductivity may lead to

different conclusions as to how well the formation is swept with raffinate solution.

Once more, a decision must be made relating to whether the collection of three-

dimensional information is justified by the extra copper pounds recovered due to

the insights gained from the additional information.

14. Due to the complicated synergistic effects between the geochemistry and physical

flow mechanisms, a fully coupled geochemical flow and transport model is

ultimately required to adequately describe the in-situ copper leaching process.

While, with the aid of hydraulic tests, a number of hydrologic issues were resolved,

a plethora of other issues remained untouched regarding the optimization of in-situ

copper leaching. Most of these issues must not only be answered within the

context of geochemistry, but within the coupled framework of both geochemistry

and hydrology. Then, and only then, will a more complete understanding of the

appropriate geochemical and hydrologic mechanisms for the optimization of the in-

situ copper leaching process be realized.
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