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MODELING IN SITU COPPER LEACHING IN 
AN UNSATURATED SETTING 

By Michael J. Friedel1 

ABSTRACT 

The permeability and flow capacity in unsaturated media are investigated by the U.S. Bureau of 
Mines for application to in situ copper leach mining. Moisture retention properties are derived and 
combined with scanning electron microprobe data to characterize the mineralogy, texture, pore size, 
distribution, and permeability of the host rock. Finite-element modeling is used to derive a saturated 
permeability, ambient degree of saturation, and assess various injection-recovery schemes. Recom­
mended design modifications for optimization of solution distribution and maximum recovery from the 
rock matrix requires either (1) the injection pressures on the order of 1,500 psi and recovery wells 
operating in a suction mode, or (2) performing permeability enhancement, through in situ rubbling. 
Injection pressures can be reduced to 500 psi with improved recovery and containment of solutions. 

lOeophysicist, Twin Cities Research Center, U.S. Bureau of Mines, Minneapolis, MN. 
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INTRODUCTION 

The U.S. Bureau of Mines is researching ways to im­
prove the recovery of minerals from in situ leaching 
operations. Such operations are amenable to recovering 
low grade ore, reducing many of the typical mining 
operations cost, and presenting environmental benefits. 
Hydraulic properties and characteristics of copper ore are 
investigated to assess the impact of permeability on flow 
capacity during in-place, copper leaching operation. The 
Lakeshore deposit at Casa Grande Mine provided an ex­
cellent test example for this investigation. The Lakeshore 
copper oxide ore is a heterogeneous, unsaturated, and 
fractured medium in which the permeability is dominated 
by a network of macrofractures, defining blocks of rock of 
various sizes. Upon saturating the macrofractures, these 
act as a network of distributed sources and sinks for flow 
of solution into and out of the rock matrix. Since copper 
is disseminated throughout the rock matrix, understanding 
and exploiting permeability conditions are essential for 
successful leaching operations in both the matrix and frac­
ture system. This study provides insight into fluid flow 
behavior within the rock blocks, following saturation of 
macrofractures. 

In general, it is difficult to quantify unsaturated flow in 
a heterogeneous rock mass. Moreover, few direct meas­
urements of permeability and flow characteristics have 
been made. One problem hindering direct measurement 
is associated with the excessive time involved (months or 
years). Another problem stems from limitations in test 
equipment. 

The approach used to assess transient migration of 
fluids at the Casa Grande mine site first estimated hydrau­
lic properties indirectly, using models that account for 
dependence of saturation on water pressure head (also 
known as matric potential, negative capillary pressure, and 
negative suction head). Empirical relationships associated 
with retention properties of the porous medium are then 
combined with theoretical models of unsaturated flow to 
approximate permeability and hydraulic conductivity 
relationships. In turn, this information and appropriate 
boundary conditions are combined for input into a two­
dimensional, unsaturated, finite-element flow code called 
TWOD (1).2 Results are used for the development and 
optimization of a site- specific hydrologic design for in situ 
leaching in heterogeneous, fractured, and initially 
unsaturated copper oxide ore deposits. 

PHYSICAL PROPERTY ASSESSMENT OF CASA GRANDE COPPER OXIDE ORE 

MOISTURE RETENTION PROPERTIES 

Understanding the transient nature of fluid migration 
associated with the leaching of an unsaturated copper ore 
deposit, requires characterization of its moisture retentive 
properties (or moisture capacity). Insight into the copper 
ore moisture capacity can be gained through knowledge of 
the size and distribution of its interstices. In an un­
saturated medium, the hydraulic pore radii and/or fracture 
aperture are changed by variations in the pressure head, 
w, which, in turn, causes changes in the saturation, S, or 
moisture content. The graphical expression is called the 
moisture retention, capillary pressure, or characteristic 
curve. The slope at any given point on the moisture reten­
tion curve represents the specific moisture capacity of the 
medium. 

METHODOLOGY 

Before the late 1970's, methods for determining mois­
ture retention curves in porous media were classified into 
two main categories. One method involved the removal of 
fluid ( drainage), or introduction (imbibition) of fluid in a 
core using a high-displacement pressure, porous dia­
phragm (2-3). The second method removed fluid from a 
sample by subjecting it to centrifugal forces (4-5). Both 

the diaphragm and centrifugal approaches, however, have 
limitations. The diaphragm method suffers due to limita­
tions of displacement pressure. Conventional testing is 
limited to a maximum of about 200 psi (about 140 cm of 
equivalent water pressure head). Since the air entry value 
for rock typically exceeds hundreds of centimeter pressure 
head, this application is not expected to yield a complete 
retention curve. Compounding this problem is the time, 
several days to several weeks, usually required to achieve 
steady-state equilibrium for a given pressure increment. 
Hence, the test duration is likely to be at least a month. 
Although the centrifuge method offers a distinct advantage 
over the diaphragm method by arriving at saturation equi­
librium in a comparatively short time, the method has the 
disadvantages of the tedious reduction of data to arrive at 
water retention curve, has comparatively high cost, and 
only the drainage portion of the moisture retention curve 
can be obtained. 

Recent advances in property testing, however, have 
led to the development of a miniature thermocouple psy­
chrometer and mercury porosimetry techniques for char­
acterizing the moisture retention properties of porous 

2ltalic numbers in parentheses refer to items in the list of references 
at the end of this report. 



media. Unfortunately, the thermocouple psychrometer 
testing has a major disadvantage in that information is 
deficient for those pores associated with water pressure 
head values between 0 to -20 m. Conversely, the mercury 
porosimetry approach has been demonstrated to yield re­
liable results to pressure head values equal to or greater 
than -3,500 m (6). 

Considering the foregoing, the mercury porosimetry 
method was selected for application in this study over al­
ternative approaches for the following reasons. First, the 
experimental data can be obtained in a matter of tens of 
minutes, since steady-state equilibrium is achieved in 
seconds. Second, pressures between 1.2 - 60,000 psi 
(equivalent to pressure head values of -0.844 to -42,000 m) 
could be employed making it useful for the assessment of 
copper ore samples. Third, the expense incurred is one 
third less than that for a conventional centrifuge test. The 
mercury porosimetry derived saturation curves, moreover, 
generally agree well with other methods, such as the 
thermocouple psychrometer tests, for equivalent water 
pressures to about 5,000 m in rock. 

MERCURY POROSIMETRY 

The following describes the methodology used to obtain 
data concerning the functional relationship between satura­
tion and pressure head for the Casa Grande copper ore, 
and comments on assumptions and limitations incor­
porated in the analysis of mercury porosimetry data 
analysis. 

Mercury porosimetry provides an indirect method for 
obtaining the moisture retention curve. The technique is 
based on that principle that mercury behaves as a non­
wetting fluid in a mercury-air filled void. Consequently, it 
does not penetrate the openings (i.e. pores and/or cracks) 
unless pressure is applied. The pressure applied to the 
mercury, PHg, compensates for the pressure difference over 
the mercury meniscus in the porous body, and it is given 
by 

where oPe is the capillary pressure, a Hg is the surface ten­
sion of the mercury surface. Since the principal radii of 
curvature of the meniscus (r1' r2) are not known a-priori, 
the equation is written as 

P = a C, (2) 

where C is the curvature of the meniscus, and P is pres­
sure. The curvature is dependent on the contact angle, 
and on the geometry of the pore space. For cylindrical 
capillaries, the expression is 

3 

C = 2 Cos 9 / re, (3) 

where 9 is the contact angle, and re the radius of the cap­
illary tube. For a meniscus existing between two flat 
plates, as in a microfracture, 

(4) 

where r f is the half width aperture assuming a planar mi­
crofracture. Combining equations 2 and 3 yields 

P = (2 a Cos 9) / re, (5) 

for capillary tubes. Similarly, combining equations 2 and 
4 yields 

P = (a Cos 9) / re, (6) 

for microfractures. While only half the pressure is re­
quired to inject fluid into a fracture of a given width, 
compared with a capillary of the same diameter, the vol­
ume injected at a given pressure is presumably much 
greater. Although there are few cylindrical pores in a 
porous media, equation 5 is almost universally used to 
calculate pore-size distribution from moisture retention 
data. Even without microfractures, this expression implies 
that there is a linear dependence of pressure on Cos 9. 

Mercury porosimetry assumes that the contact angle of 
mercury is larger than 90° (nonwetting phase). A graph­
ical portrayal of hydrostatic equilibrium between two liquid 
phases, i.e. mercury and air, or water and air, is shown in 
figure 1. A problem in these contact determinations is 
that the solid surface is assumed to be smooth and con­
stant. In reality, however, most solids have a rough pore 
and/ or fracture surface. The roughness can be expected 
to increase the effective contact angle for nonwetting 
fluids. Furthermore, if the pore space does not have a 
circular cross section, it is expected that the contact angle 
will depend on the curvature in micropores. It is also like­
ly that the contact angle will display hysteresis, depend­
ing on whether the meniscus is retreating or advancing. 

Solid 

Figure 1.-Hydrostatlc equilibrium between water and air. 
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Sources may act to change the tension between the wetting 
and nonwetting fluids present. The foregoing represent a 
few of the conditions when the ideal assumptions in the 
mercury porosimetry method differ from the actual physi­
cal conditions in the rock. Other considerations in inter­
pretation of results when using mercury porosimetry are 
that the sample is small (usually 2.54 cm diameter by 
2.54 cm length), and that it is possible to mechanically 
damage the sample, if there are a significant number of 
closed pores. 

SAMPLE AND PETROGRAPHIC DESCRIPTION 

Representative samples of copper ore were obtained 
from drillholes at the 336 m level (mean sea level) of the 
Cyprus Casa Grande mine. These samples were used to 
assess the spatial variability in hydraulic properties be­
tween these boreholes. Six 2.54-cm-diameter by 2.54-cm­
length samples were prepared from each drillcore and 
tested for saturated hydraulic conductivity and mercury 
porosimetry testing. Larger 2.54- by S.D8-cm samples, 
were also prepared for determination of porosity, Mohr­
Coulomb strength parameters (cohesion, normal, and 
shear strength), Young's modulus, and Poisson's l,'atio. 
These properties are summarized and shown in table 1. 

Table 1.-Physlcal properties of copper 
oxide ore 

Property 

Cohesion .•...... 
Density (solid) ... . 
Density (bulk) .... . 
Friction angle .... . 
Permeability ..... . 
Porosity ........ . 

Measurement 

16.00 MPa 
2.76 g/cm3 

2.43 g/cm3 

36.00' 
0.Q1-0.10 mD 
10.0 - 12.4 pct 

Thin sections were prepared for determining the pre­
dominant mineralogy, texture, and porosity of the copper 
ore. Examination of these sections was aided by using a 
standard axioplan microscope at 3X magnification with a 
full-wave gypsum filter. The typical mineral assemblage 
consisted of fme grained rounded quartz mass, with pheno­
crysts of altered plagioclase feldspar (now kaolinte), 
biotite, hematite, and quartz. 

By using an X-ray, electron microprobe, elemental 
distribution maps were prepared. These maps demon­
strate that aluminum was present among the primary 
elements associated with plagioclase feldspars. This 
suggested that a portion of the feldspars were altered to 
kaolinitic clay. Copper was found to be associated with 
both the altered plagioclase feldspar and biotite minerals. 

The mineralization suggests that preexisting micro fractures 
once served as preferential pathways for the primary dep­
osition of copper and quartz. These ancient microfrac­
tures now appear as solid red stringers, or meanders, 
throughout the sample. The quartz, however, showed no 
association with either the mica or clay minerals. 

Discontinuities are evident in all the copper ore 
samples, as a result of two distinct porosity systems. The 
bimodal distribution of pores is comprised of both micro­
fractures and micropores. The distribution of microfrac­
tures appear as dark black meanders (fig. 2). These ten­
sional microfractures are believed to represent a distinct 
phase, since they transect fractures previously filled with 
copper and quartz. These microfractures provide a net­
work for the lixiviant to access copper hosted minerals, in­
creasing the relative surface area for contact. The micro­
factures appear to have similar aperture range (5-15 j.tm) 
in both the feldspar and biotite minerals, while smaller 
apertures exist in those cracks transecting the quartz mass. 
Examination of back scattered X-ray images at 3,OOOX 
magnification also revealed the existence of micropores at 
grain boundaries (fig. 3). 

MERCURY POROSIMETRY TESTING 

A total of six mercury intrusion tests were performed on 
2.54- by 2.S4-cm copper oxide ore samples, three from 
each drillhole. Prior to testing, all the samples were oven 
dried at 100° C for a minimum of 48 h. The samples were 
placed in the porosimeter, evacuated, and filled with mer­
cury. The mercury level is indicated by a contact sensor 
with a digital readout. 

ESTIMATION OF PRESSURE HEAD 
AND SATURATION 

The mercury intrusion data were adjusted to account 
for the differences between the properties of mercury and 
water for use in the unsaturated fluid flow model. As­
suming that capillary bundle theory holds, the equivalent 
water pressure head, w\Vl is calculated as follows: 

where PHg = pressure of mercury, psi; 

a = ,surface tension for between fluid and 
copper ore, dyne/cm; 

8 contact angle between fluid and copper 
ore; 

"Y unit weight of water; 
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Figure 2.-Olstrlbutlon of mlcrofractures In Lakeshore copper ore. 
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Figure 3.-Back scattered X-ray Image of mlcropores associated with grain boundaries In Lakeshore copper ore. 
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w subscript denoting water phase; 

and Hg subscript denoting mercury phase. 

The values of surface tension and contact angle were 
estimated to be 72 dynes/cm and 15°, and 480 dyne/cm 
and 135° for water and mercury, respectively. 

To obtain the equivalent water saturation, the relative 
mercury saturation must first be calculated. This relative 
mercury saturation, SHg, can be determined by dividing 
each of the cumulative mercury intrusion, or extrusion, 
volumes by the total intruded volume. 

I 

LVHg 
m=l 
N 

(8) 

L V Hg 
m=l 

where VHg volume of mercury, 

N total number volume increments, 

and ith increment. 

The relative water saturation can now be determined by 
subtracting subsequent mercury saturation values from 
unity. This relationship is given by 

Siw = 1 - SiHg. (9) 

A water saturation of 100 pct occurs at a pressure head of 
zero gage magnitude. This represents a convenient ref­
erence datum where increasing positive pressures are in­
dicative of the saturated solution domain. The point of 
saturation, between zero gage pressure and that where 
saturation begins to diminish, is interpreted as the zone of 
capillarity. In this fringe zone, the material is completely 
saturated, but bound under tensional forces. The capillary 
fringe extends a distance away from the saturated plume 
equivalent to a pressure head (air entry value), where 
saturation begins to diminish (below 100 pct). At in­
creasingly negative values of water pressure head, the 
saturation diminishes in a nonlinear fashion; hence, this is 
denoted as the unsaturated zone. 

The water saturation as a function of pressure head 
curve is most often referred to as the moisture retention 
(or material characteristic) curve. When referring to 
unsaturated media, the water pressure head sometimes is 
called the matrix potential, or suction head. The former 
two are plotted as negative values, while the latter is by 
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convention a sequence of positive values. In this report, 
the term, "water pressure head" is used. 

Mercury saturation occurs at a maximum positive pres­
sure, whereas, water saturation occurs at a maximum neg­
ative pressure. This phenomenon reflects the fundamental 
difference between a wetting and nonwetting fluid. In the 
two-phase mercury-air system, the mercury is the non­
wetting phase (air is wetting), while in the two-phase, 
air-water system, air is the nonwetting phase (water is 
wetting). 

Figure 4 depicts the equivalent water retention drainage 
curves derived from mercury intrusion data for the copper 
oxide ore obtained from coreholes A and B. The two 
curves display similar moisture retention properties, 
typified by a similar shape over the same range of pressure 
head. Conformity of these retention curves implies 
structural homogeneity over the distance spanned by these 
coreholes. Hence, anyone sample would suffice for the 
analysis. 

The shape of a drainage curve often reflects the relative 
homogeneity of the pore-size distribution. If the pressure 
head remains constant over a large water saturation inter­
val, the related pore dimension is considered homogene­
ous. Conversely, a variation in pressure head as a function 
of saturation implies that pore dimensions are relatively 
heterogeneous. 

Figure 5 depicts the equivalent moisture retention drain­
age curve for copper oxide sample 2BI. Two prominent 
pore distributions are obvious; the first reflects microfrac­
tures at low, negative pressure head values associated with 
relative saturation of 0.8095 to 1, while the other reflects 
micropores at pressure head values associated with satura­
tions from 0 to 0.8095. These results are consistent with 
interpretations based on the axioplan and scanning elec­
tron microscope analyses observed earlier. 
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Figure 4.-Typlcal moisture retention drainage curves, plotted 
as linear function of pressure head, derived from mercury intru­
sion data for copper oxide ore obtained from coreholes A and B. 



II 

8 

§ 
z o 
~ 
~.4 Micropores 
:.:r: 
(/) 

.2 

o -2.000 -4.000 -6.000 -8.000 -10.0000 

WATER PRESSURE HEAD <1/1>. m 

Figure 5.-Typical moisture retention drainage curve, plotted 
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To better assess the range of pressure head values over 
which the saturation varies, the saturation is plotted 
against the log of pressure head (fig. 6). Micropores in 
the saturation range between 0.8095 to 0 are associated 
with pressure head values ranging from -150 to -10,000 m; 
while saturation of microfractures between 0.8095 and 
1 correspond to pressure head values of -150 to -0.1 m, 
respectively. Test results beyond a water pressure head of 
about -3,500 m should be considered inaccurate because of 
the inability of the mercury intrusion method to penetrate 
micropores less than about 0.002 J1.m. This limitation is 
further reinforced because residual saturation does not, as 
expected, reach an asymptotic value when slightly above 
zero (field capacity). 

Hydraulic radii, reflecting the pore-size distributions 
seen while draining (or drying), are calculated and dis­
played in figure 7 as a function of effective saturation for 
each of the systems observed based on the expressions, 

r(w) = (2 a Cos 9) / I w I 'Y (10) 

(11) 

where r is the hydraulic radius; a, 9, T, and 1/J are as pre­
viously defined; Se, Sf> and S. represent the effective, rel­
ative, saturated and residual saturations, respectively. In 
the mercury porosimetry testing, S. represents 100 pct sat­
uration (S = 1). When the residual saturation is equal to 
zero, the relative saturation is equivalent to the effective 
saturation. 

The microfractures appear to have the broadest pore­
size distribution (greatest slope) with hydraulic half width 
apertures ranging from 0.15 to 33 J1.m. The most uniform 
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Figure 7.-Hydraulic radii of micropores (A) and microfractures (8). 



hydraulic half width aperture distribution exists between 
1 to 4 J.'ms, which is consistent with that observed using 
the microscope. The hydraulic radii associated with 
the micropore distribution ranges from about 0.0015 to 
0.05 I'm; however, it is uniform between 0.0025 to 
0.0075 I'm. 

ESTIMATING HYDRAULIC PROPERTIES 

To be able to study the behavior of injection and 
recovery of leach solutions in an unsaturated setting, 
knowledge of permeability, or preferably the hydraulic 
conductivity (also known. as the coefficient of permeability, 
or capillary conductivity), and its relationship to moisture 
content is needed. The most direct way to obtain this 
relationship is by experiment. Reliable estimates of un­
saturated hydraulic conductivity are difficult to obtain, 
mainly because of difficulty in obtaining representative 
samples and the time and expense involved. An estimate 
of the permeability function can be obtained, however, 
from the moisture retention properties already discussed, 
i.e., saturation as a function of pressure head. Although 
fluid flow phenomena in partially saturated media normally 
involves two-phase flow of a wetting and nonwetting fluid, 
usually air and water, the flow of air is seldom of major 
significance. Hence, the present investigation is restricted 
to the permeability of the water phase only. 

Several unsaturated permeability models have been de­
veloped that are based on probability functions describing 
the relationship between the measured moisture content 
and water pressure head. Using the Brooks and Corey 
(7), and Brutsaert (8) power functions, it was found that 
their two dependent parameters did not yield reasonable 
results for fitting the moisture retention curves associated 
with Cas a Grande ore. On the other hand, the closed 
form expression developed by Van Genuchten (9) seemed 
to provide reasonable results, requiring three dependent 
coefficients to be estimated. The methodology for the 
establishing of these constants is outlined in the following 
section. 

MOISTURE RETENTION CURVE ESTIMATION 

The Van Genuchten procedure requires plotting the 
effective saturation as a function of log water pressure 
head. By noting the saturation point, SI/2, located halfway 
between the maximum effective saturation and residual 
saturation point, and its corresponding water pressure 
value iJ!1/2' the slope, Sp can be evaluated. The slope is 
necessary to be able to determine the m coefficient given 
by 

9 

(12) 

Next, the n coefficient is calculated (Maulem theory) using 

n = -1 I (m-l). (13) 

At this point, the m and n coefficients can be combined 
with an appropriate expression, equation 13 to give the 
relative permeability, K,., and hydraulic conductivity, K, 
as a function of saturation. The modeled coefficients then 
can be compared with those derived from the laboratory 
curves. To obtain a theoretical retention curve for com­
parison, the a parameter must be calculated using 

a = 1 I [ I iJ! I (Se-1/ m - 1)1/0]. (14) 

At this point, the three parameters, n, m, and a, can be 
substituted into the equation, 

to yield a theoretical retention curve based on the chosen 
model. 

ESTIMATION OF FLUID PERMEABILITY 
FUNCTION 

The equation used to determine hydraulic conductivity, 
K(Se), as a function of effective saturation is 

(16) 

where K. represents the saturated permeability, and the 
relative permeability K,.(Se) is described by 

A complete derivation of equations 12 through 17 is given 
by Van Genuchten (9). 

A plot of the nonlinear relative micro fracture perme­
ability distribution is presented in figure 8. This perme­
ability function was calculated using expression equa­
tion 17, and the Van Genuchten constants: a = 0.30 11m, 
m = 0.525, and n = 2.105. It is noteworthy that perme­
ability is nonlinear and observed to decrease one order of 
magnitude with a 20-pct reduction in saturation. Fig­
ure 9 depicts the saturation plotted as a log function of 
permeability. By inspection, the permeability diminishes 
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with decreasing saturation ultimately spanning six orders 
of magnitude. The maximum rate of permeability de­
crease for the Cas a Grande ore occurs at saturations be­
low 45 pct. Using the range of saturated permeability 
values, 10-2 to 10-1 mD, corresponding conductivity values 
can be obtained from the :product of the relative perme­
ability and saturated permeability. Assuming a best case, 
the range of permeability would be 10-1 mD (Se = Ss = 1) 
to about 10-6 mD (Se = 0, Sr = .8095). While the abso­
lute permeability for the micropores cannot be firmly 
established, it appears to represent the end of the micro­
fracture continuum about 10-6 mD. Therefore, fluid in 

micropores can be assumed to be immobile for the pur­
poses of this study. Hence, the remaining portion of 
this study investigates only the fluid movement in the 
micro fractures. 

One obvious conclusion from the foregoing is that a 
decrease in saturation results in decreasing the permeabil­
ity in the medium, thereby inhibiting fluid flow. From an 
environmental viewpoint, leach mining in an unsaturated 
setting presents a tractable scheme under which lixiviants 
may be better contained. From a production standpoint, 
however, permeability enhancement may require high­
pressure injection, hydrodilation, hydrofracing, and/or 



in situ rubblizing. For either objective, site-specific mod­
eling is required to assess injection-rec9very pressure 
requirements. 

HYSTERESIS 

Unsaturated porous media typically displays a hysteretic 
behavior. The two branches of the hysteretic loop (drain­
age and wetting) therefore see a different average effective 
pore-size distribution, depending on whether the sample is 
being saturated or desaturated. Two main causes for the 
hysteretic behavior are from a change in contact angle, or 
from the so-called, "ink bottle effect." The former results 
from asperities existing along the pore wall, while the 
latter occurs from changes in pore radii along a given flow 
tube. 

Since the drainage branch exhibits higher moisture con­
tent than the wetting branch at any given pressure head, 
the porous media becomes more retentive during the dry­
ing cycle. Hence, the average effective pore-size distribu­
tion during a drainage experiment shifts toward smaller 
values of pore radius than one for the wetting branch. 
This may, in part, explain why the half width apertures 
calculated from a drainage experiment are slightly less 
than those observed when using the microscope approach. 

For modeling fluid flow from the injection into un­
saturated copper ore, knowledge of the wetting boundary 
curve is required. Since a mercury extraction curve was 
not obtained during porosimetry testing, an equivalent 
wetting boundary curve was not originally determined. 

11 

The similarity hypothesis (10), however, can be used to 
establish two models that provide the wetting branch 
saturation curve, Sw(w), based on knowledge of the drain­
age branch saturation curve, Sd(W). Of the two models, 
the Maulem model II more accurately reproduced results 
comparable with laboratory analysis. For this reason, the 
Maulem model II, given by the quadratic relationship 

(19) 

was used to derive the wetting branch saturation curve. 
The dimensionless hysteresis curves for the hysteretic 
model II, or for the case when hysteresis is not present is 
depicted in figure 10. When there is no hysteresis effect, 
a linear relationship exists and flow, either drainage or 
wetting, follows the same path. The Maulem model II, 
however, produces an expected departure from the straight 
line flow path. Since hysteresis is normally present in 
rock, it is incorporated in the finite element, unsaturated 
flow model. Figure 11 compares corresponding hysteretic 
loops for microfractures. Using the Van Genuchten ap­
proach, both the drainage and wetting branch constants 
could be calculated. These are summarized in table 2. 

Table 2.-Summary Van Genuchten constants 
describing mlcrofracture hysteresis 

Hysteretic 

Drainage .. . 
Wetting ... . 

0.1521/m 
.300 11m 

m n 
0.070 1.075 

.525 2.105 

WETTING BRANCH SATURATION Sw(tJ;) 

Figure 1 D.-Dimensionless hysteresis curves. 
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COMPUTER MODELING OF UNDERGROUND IN PLACE LEACHING 

MATHEMATICAL MODELING Hence, the water is considered mobile, while the air is 
assumed immobile. 

Modeling the movement of water in a partially satur­
ated porous medium has been discussed by many authors. 
A review of the state-of-the-art can be found in a recent 
text edited by Evans (11). Basically, the movement of 
water must consider the movement of liquid water, water 
vapor, air, and the medium itself. The simplified approach 
taken here invokes the assumption of single-phase flow. 

An equation describing partially saturated and un­
saturated flow of water in porous media, neglecting air­
water interactions, can be derived by the principle of 
conservation of mass and the constitutive relationship 
given by Darcy's law (1). Variably-saturated flow in a 
vertical plane, and anisotropic media, is given by 

aiJ! a [ [ aiJ! ahe 1 [ aiJ! ahe 1 [ aiJ! ahe II C(iJ!) - = - Kxx(iJ! ) - + - + K (iJ!) - + - + Kxz (iJ!) - + -
at ax ax ax xy ay ay az az 

where C(iJ!) 

K(iJ!) 

iJ! 

he 

<fJ 

a 
+ -

ay [ [ 
aiJ! ahe 1 [ aiJ! ahe 1 [ aiJ! ahe II Kyx(iJ!) _ + - + Kyy(iJ!) - + - + Kyz(iJ!) _ + _ 
ax ax ay ay az az 

a 
+­

az [ [ 
aiJ! ahe 1 [ aiJ! ahe 1 [ aiJ! ahe II Kzx(iJ!) - + - + Kzy(iJ!) - + - + Kzz(iJ!) - + - +Os' (20) 
ax ax ay ay az az 

= moisture capacity, L/L, Os source (injection well), or sink (recovery 

= hydraulic conductivity, Lit, 
well), Lit, 

water pressure head, <fJ-he, L, 
time, 

elevation head, L, and x,z = horizontal and vertical coordinate 
directions, respectively. 

= hydraulic head, L, 
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Under isotropic conditions, this expression simplifies to the 
familiar Richards equation. The nonlinear nature of the 
equation limits the availability of analytic solutions. As a 
consequence, the computer code TWOD was developed 
using the Galerkin fInite-element approach. While the 
code has no provision for handling deformable material, 
both heterogeneity, anisotropy, and hysteresis can be 
incorporated using this flow simulator. 

FINITE.ELEMENT MESH AND FLOW 
BOUNDARY CONDITIONS 

The nature of fluid flow is generally a three­
dimensional phenomenon, however, a two-dimensional 
representation of the Cas a Grande tool crib operation can 
be approximated by considering radial flow in the region 
perpendicular to a well. That is, the surface that exists 
along the contact between the fanoglomerate (cemented 
gravel) and copper oxide ore is considered. This surface 
undulates in cross section (fIg. 12), but can be char­
acterized in a two-dimensional plan view by projecting 
each well onto this plane. This approach appears justifIed, 
since only the interval spanning the copper oxide ore is 
perforated. Figure 13 gives a cross-sectional representa­
tion of the total well fIeld for the hanging wall. Wells 
related to a given fan pattern are depicted by connecting 
each group of wells by a dashed line. 

The corresponding fmite-element (FE) grid for the 
hanging wall cross section is given in fIgure 14. The FE 
solution domain is represented by a 100- by 100-m mesh 
with 512 simplex triangular elements and 300 cor­
responding node points. The x-direction represents the 
horizontal distance along the tool crib drift, while the 
y-direction denotes the vertical distance along the hanging 
wall. The lower, left-hand corner represents the 0, 0 m 

Cased and 
cemented 

level drift 

Figure 12.-Cross-sectional view of Casa Grande tool cribsite. 

E 
ill 
<.) 

z 
~ 
(f) 

is 
...J 
c::( 
<.) 

i= 
a: w 
> 

13 

1100 level incline drifL 

100~~======~+===~==~::---==~ 

401 crib drift r 1 \ ' 1 

Well~'" t 

I 
, 

758 
50 I-

J \ · 

o 

900 level hau~ • 
, 

50 
HORIZONTAL DISTANCE, m 

" , ~ 

-

100 

Figure 13.-Cross-sectional representation of total well field 
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mesh coordinate, and the upper, right-hand corner rep­
resents the 100, 100 m coordinate. The distance between 
any horizontal or vertical pair of node points is 6.25 m. 
The complete solution domain was chosen to be large 
enough so that there would be no interaction between the 
surface and sides of the solution domain. If interactions 
exist, then the calculations of both pressure and flux would 
be inaccurate. 

To properly describe flow during the in situ leaching 
process, the governing equation must be supplemented 
with a set of suitable boundary conditions. In general, the 
boundary conditions employed for the site-specific simula­
tions included no flow at the upper and side boundaries, 
a unit hydraulic gradient along the lower boundary, and a 
point source or sink at the interior of the mesh (node 
point 145). The physical problem outlined involves a 
mixture of boundary conditions, of both Dirichlet and 
Neumann types. Mathematically, these boundary condi­
tions are expressed as follows: 

(a) no flow boundary, or specified flux (Neumann type): 

q = 0 
q = 0 
q = 0 

x = 0 m 0<z<100 m t>O; 
x = 100 m 0<z<100 m t>O; 
z = 0 m 0<z<100 m t>O; (21) 

(b) unit hydraulic gradient, or uniform pressure distribu­
tion (Neumann type), 

q = K(w) z = 0 m 0<x<100 m t>O; (22) 

( c) point source-sink pressure head (Dirichlet type): 

z = 50 m x = 50 m t>O; (23) 

and (d) specified point source-sink flux (Neumann type): 

z = 50 m x = 50 m t>O; (24) 

A schematic depicting these boundary conditions with re­
spect to the finite-element mesh is shown in figure 15. 

To solve the transient flow problem, an initial value of 
capillary pressure head must be specified in addition to 
those outlined above. While this condition might be mani­
fested in a steady-state flow, or transient flow condition, 
these simulations used a uniform static water pressure. 
The initial condition given for specified pressure head is 
represented by 

w (x,z,O) = wo(x,z). (25) 

No flow boundary 

1/1/ /1/ V/ 1// 1/ 1/1/ 1/ 1/ VIV V 
1/1/ /v 1// // 1/ /1/ 1/ 1/ IVIV V 
1// /1/ 1// // 1/ /1/ 1/ 1/ IVIV V 

No flow boundary 

VI/ /IV 1/ / / / ~ ~ V/ /v 1// / / Node point 145 
~ 

VV VIV /V V Flux or Z ~ 
VV IVV VIV V pressure / ~ 
VV VV VIV IV 1/ '/ / v / V 
VV V/ .I'IV IV 145 1/ / /I/V IV V 

No flow boundary 

VV V/ IV 1/ IV '// 1// /1/ 1/ IV V 
V V // 1/ / / /1/ 1// /IV IV IV V 
V V /IV 1/ / / /1/ '// 1/ IV IV IV V 
IV / VI/ '/ / / /1/ /1/ 1/ 1/ IV VV 
/V 1/ IV / / / 1/ / /1/ 1/ ,/ / V/ 

1/ IV 'V / / 1/ 1/ / /1/ V V / VV 
V V V V V V 1/ 1/ IV 1/ 1/ 1/ V VV 

y 

l]x Unit hyraulic gradient 

Figure 15.-Schematic depicting boundary conditions used. 

INVERSE MODELING 

Since the Casa Grande tool cribsite is known to have 
macroscale fractures linking various wells (12), it is 
necessary to identify a tight well. A tight well, dermed as 
one that had minimum observed flow rates, is used to rep­
resent fluid flow through the rock matrix. Since the Casa 
Grande site has had extensive permutations in pressure 
conditions over a 1-year period, an additional requirement 
is to select an interval from the onset of leaching to the 
first permutation in well conditions. 

Figure 16 depicts the flow rate and corresponding pres­
sure history recorded for the first l00-day period in well 
758. The mean flow rate and injection pressure are cal­
culated to be 0.315 gpm and 528 psi, respectively. These 
values are used during subsequent inversion of the FE 
model to determine the appropriate saturated permeability 
and ambient degree of saturation. 

The first inversion involved calibrating the model by 
adjusting the saturated permeability until the computed 
initial flux matched that observed in the field. Figure 17 
gives flow rate (flux) for a range of saturated permeability 
values. The maximum permeability of 0.1 mD resulted in 
a maximum flow rate (1.92 gpm), while the minimum val­
ue of 0.01 resulted in a minimum flow rate (0.19 gpm). 
The saturated permeability value of 0.016 mD matched the 
flow rate (0.315 gpm) observed in well 758; consequently 
it was used in subsequent forward model simulations. This 
agrees with the value 0.0177 mD from using a geostatis­
tical analysis used to estimate permeability under the 
saturated conditions assumed by Schmidt (12). 
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Figure 17.-Callbration of model: effect of saturated conductivity on initial flux. 
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The second simulation involved estimating the ambient 
degree of saturation by direct inversion. The ambient 
degree of saturation is defined as that saturation which ex­
isted prior to in situ leaching. Estimating the ambient 

degree of saturation was accomplished by changing the ini­
tial pressure condition until the transient pressure response 
matched the results observed in well 758, i.e. where injec­
tion pressure was equal to 371 m at the 100th day. The 
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initial pressure condition (zero time) was decreased incre­
mentally beginning with 0 m until transient pressure condi­
tions were matched (fig. 18). The -1 m initial pressure 
condition corresponds to an ambient saturation of 95 pct. 

Since laboratory moisture determinations were not avail­
able, it was not possible to verify this ambient degree of 
saturation. An alternative approach was used, however, to 
qualitatively check the calculated minimum saturation, 
based on draining the initially saturated domain. From the 
1,000 year simulation based on the Van Genuchten micro­
fracture drainage constants, a permeability of 0.016 mD 
correspond to a minimum saturation of about 88 pct. 
The gravity effect is clearly evident from the moisture 
tongue in center of figure 19, demonstrating that, at least 
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Figure 18.-Estimating ambient degree of saturation at 528 psi. 
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Figure 19.-One thousand year drainage simulation. 

qualitatively, the derived ambient degree of saturation 
appears believable. 

The effect that localized drifts, i.e., the tool crib and 
other drifts at the 900 (274 m) and 1100 (335 m) levels 
have on fluid distribution in the rockmass situated between 
them is shown in figure 12. This analysis was necessary 
to assess whether the boundary conditions associated with 
these drifts would need to be integrated into the forward 
model. Figure 20 gives results for a 25-year simulation 
approximating the time frame since these drifts were 
created. Van Genuchten constants again reflect the drain­
age curve, with a saturated permeability of 0.016 mD and 
ambient degree of saturation of 95 pct. The net effect of 
imposing drifts essentially increases the moisture gradient 
in a region of about two and a half times the radius of 
each drift. The regional effect on ambient degree of sat­
uration, however, is largely unaffected. 

FORWARD MODELING 

The primary purpose of transient variably-saturated 
flow modeling is to provide insight into the hydrologic 
design of in situ leaching operations in deposits where 
copper mineralization is disseminated in segmented blocks 
of ore. Forward (predictive) modeling is performed with 
reference to a single injection or recovery well drilled into 
a homogeneous block of ore, or equivalently with refer­
ence to a single linear fracture which acts as a source or 
sink for a single block of ore. Well 758 is seen as an 
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Figure 20.-Twenty-flve year simulation of Impact of drifts on 
moisture distribution. 
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example of a well in the tool crib pattern that is drilled 
entirely within a single ore block. The in situ permeability 
estimate obtained from well 758 (0.016 mD) matches that 
obtained from core samples. 

Values of ambient degree of saturation (95 pct), and 
saturated permeability (0.016 mD) derived during the 
inversion process, and those Van Genuchten constants 
previously described, were the parameter specifications 
used to simulate fluid flow in forward modeling. The 
effect of injection pressure on the transient buildup of a 
saturated plume in an ore block is shown in figure 21. For 
early analysis of plume development, the solution domain 
was reduced to 25 by 25 m, corresponding to an internodal 
distance of 1.56 m, while using the same mesh (fig. 14) 
and boundary conditions (fig. 15). 

Flow simulations showed that an injection pressure of 
1,500 psi (currently the practical limit at the tool cribsite) 
sustained for a l00-day period is required before a circular 
block of ore with a radius of 5 m becomes completely sat­
urated. While lesser pressures could be employed, the 
waiting period for solution penetration would be cor­
respondingly longer. Pressures at or below 500 psi would 
effectively contain solution within a 2-m radius around the 
injection source. 

Forward modeling demonstrates that it is possible to 
penetrate and saturate ore blocks with leach solution, 
allowing contact between leach solution and disseminated 
copper minerals. The hydraulic head, pressure head, and 
fluid distributions for an injection source (such as well 
758) after a I-year period, while subjected to an injec­
tion pressure of 1,500 psi, are given in figure 22. The 
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symmetry of the pressure plume in these figures reflects 
the assumption of homogeneous and isotropic conditions 
within an ore block. The steepness of the cone is at­
tributed to the large moisture gradient existing about the 
source. 

Converting the injection source after a I-year period to 
a recovery sink, with a zero gage pressure or a negative 
(suction) pressure affects the head and fluid distribution, 
as shown in figures 23 and 24. In each case, the pressure 
plume around the sink is reduced. However, since the 
zero gage pressure would not be less than or equal to the 
air entry value (about -4 m) of the medium, only 1 pct of 
the injected solution can be recovered by the sink. The 
bulk of the solution remains captive in the rock by capil­
lary tension. Because of the capillary effect, a dramatic 
increase in solution recovery, i.e., about 95 pct, can be 
achieved by inducing a suction head of -10 m at the sink 
as shown in figure 25. 

HYDROLOGIC DESIGN 

Forward modeling shows that solution penetration into 
ore blocks can be achieved, despite the reduced perme­
ability associated with unsaturated conditions, if well 
injection pressures are of sufficient magnitude. From an 
operational standpoint, if the target ore zone were a single 
homogeneous ore block, a flux rate of .05 mid would be 
unacceptably low. At the closest spacing, wells in the tool 
crib pattern are 5 m apart. 

The observed breakthrough times for flow of solution 
between injection and recovery wells at the tool cribsite 

.6 .8 

TIME. year 

Figure 21.-InJection pressure effect on transient buildup of saturated plume. 
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Figure 22.-Hydraullc head, pressure head, and effective saturation for well 758 after 1-year period of injection. 
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Figure 23.-PostlnJectlon-solutlon recovery using air lifting and its impact on hydraulic head, pressure head, and effective saturation 
for well 758. 
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Figure 24.-Postlnjectlon-solutlon recovery using suction and Its impact on hydrauliC head; pressure head, and effective saturation 
for well 758. 
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Figure 25.-Solution recovery comparison between air lifting 
and suction pumping with time review. 

ranges from 1 to 100 h, after the start of injection, in­
dicating that the network of macro fractures which transect 
the target ore zone is, initially at least, the dominant flow 
path through the ore zone. 

A hydrologic design suggested by the results of forward 
modeling is a variant of the push-pull test method. Injec­
tion in a core region of the tool crib wells at pressures of 
1,500 psi is maintained for a 30- to 60-day period. The 
injection interval serves to saturate the ore blocks and 
build pressure in the saturated macrofracture network. 
Following the 30- to 60-day interval wells are selective­
ly converted from injection to recovery mode. Suction 
pressure is applied, if practical. Otherwise, the lowest 
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possible head condition should be imposed. To ensure 
that there is ample residence time to impregnate the 
injected leach solution with copper, and that the sorption 
of copper, and/or precipitation of gangue minerals does 
not occur, flow rates during recovery can be regulated by 
shutting in the well to some degree. The advantage of 
applying backpressure in the well is to prevent the es­
tablished pressure plume from dissipating too rapidly. The 
concentration of copper and gangue minerals in solution 
would need to be continuously monitored to adjust the 
recovery flow rate. 

A hydrologic design involving rubblizing of a mineral­
ized zone could be expected to improve fracture perme­
ability in the ore zone by orders of magnitude. Rubblizing 
conducted in a manner similar to that used for in situ oil 
shale retorting is just one possibility. A factor of central 
importance for determining the desired degree of rub­
blizing (or the average block size) is the penetration rate 
of leach solution into unsaturated ore blocks. . 

Forward modeling suggests that maintenance of injec­
tion pressures of 500 psi, or below, would effectively 
confme solutions to a rubblized zone in which the average 
block diameter is 4 m or less. Flow in blocks larger than 
this, on the periphery of the rubblized zone, would be 
unlikely without large-scale fractures, under the per­
meability constraints imposed by a partially saturated 
setting. The undisturbed (and unsaturated) rock would 
therefore serve to confme the solution plume within the 
rubblized zone, providing a safeguard against environ­
mental contamination. 

CONCLUSIONS 

The Cas a Grande copper oxide deposit is character­
ized as a variably-saturated trimodal porosity system. A 
network of macrofractures segment the copper ore into 
blocks which have a bimodal distribution of microfractures 
and micropores. Once the macrofractures are saturated 
they act as a source-sink to these ore blocks. 

Moisture retention characteristics indicate that a 
microfracture-micropore permeability continuum exists 
in the rock blocks. The microfracture permeability 
diminishes nonlinearly with decreasing saturation, sparming 
six orders of magnitude; hence, fluid flow in the saturated 
micro pores is essentially immobile. Since the microfrac­
tures provide internal access to copper-hosted minerals, 
the unsaturated condition (ambient saturation of 95 pct) 
will be the dominant control on flow capacity. 

Forward modeling demonstrated that solution penetra­
tion into ore blocks can be achieved, despite the reduced 
permeability associated with unsaturated conditions, if well 

injection pressures are of sufficient magnitude and time 
permits. Post injection-recovery simulations demonstrated, 
however, that the bulk of solution injected at 1,500 psi for 
1 year (roughly 98 pct) is held captive in the rock by 
capillary tension, when using the conventional air-lifting 
technique. Conversely, inducing a suction head of -10 m 
(air entry value - 4 m) for a 2-week period immediately 
following the injection period increases the capacity to 
recover leach solution (roughly 95 pct). 

By specifying proper time and pressure constraints, 
forward modeling can be used to optimize a mine design 
by determining the maximum block diameter to be derived 
through rubbilizing. Upon rubbilizing a zone to an 
average block diameter of 4 m, and sustaining an injection 
pressure of 500 psi for a 100-day period, leach solution 
could be distributed effectively at the Casa Grande copper 
oxide tool cribsite, while inhibiting flow outward into the 
surrounding rock mass. 
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