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A FIELD TEST OF ELECTROMAGNETIC GEOPHYSICAL TECHNIQUES
FOR LOCATING SIMULATED IN SITU MINING LEACH SOLUTION

By D. R. Tweeton,' J. C. Hanson,? M. J. Friedel,® B. K. Sternberg,* and L. J. Dahl®

ABSTRACT

The U.S. Bureau of Mines, the University of Arizona, Sandia National Laboratories, and Zonge
Engineering and Research Organization, Inc., conducted cooperative field tests of six electromagnetic
(EM) geophysical methods to compare their effectiveness in locating a brine solution simulating in situ
leach solution or a high-conductivity plume of contamination. The brine was approximately 160 m below
the surface. The testsite was the University’s San Xavier experimental mine near Tucson, AZ. Geo-
physical surveys using surface and surface-borehole, time-domain electromagnetic (TEM) induction;
surface controlled-source audiofrequency magnetotellurics (CSAMT); surface-borehole, frequency-
domain electromagnetic (FEM) induction; crosshole FEM; and surface magnetic field ellipticity were
conducted before and during brine injection. The surface TEM data showed a broad decrease in re-
sistivity. CSAMT measurements with the conventional orientation did not detect the brine, but
measurements with another orientation indicated some décrease in resistivity. The surface-borehole and
crosshole methods located a known fracture and other fracture zones inferred from borehole induction
logs. Surface magnetic field ellipticity data showed a broad decrease in resistivity at depth following
brine injection.

!Research physicist, Twin Cities Research Center, U.S. Bureau of Mines, Minneapolis, MN.
2Geophysicist, BHP Minerals, Herndon, VA,

3Geophysicist, Twin Cities Research Center.

“Head, Department of Mining and Geologic Engineering, University of Arizona, Tucson, AZ.
5Geologist, Twin Cities Research Center.



INTRODUCTION

Certain oxide ore deposits, such as porphyry coppers,
may be amenable to in situ mining (1).* In situ mining
depends on.the dissolving action of an infiltrating leach
solution, The leach solution, often a dilute solution of wa-
ter and sulfuric acid, is injected into the deposit, usually
through a surface injection well. After permeating the ore,
the leach solution is recovered through production wells
located elsewhere on the surface or in underground mine
openings. In situ leaching offers potential economic ad-
vantages over conventional surface or underground mining
techniques. These advantages include elimination or re-
duction of the need for excavation, blasting, crushers,
concentrators, and haulers. Thus, in situ mining may allow
profitable production from lower grade ore. In addition,
miner safety is improved because of reduced dependence
on an underground labor force.

The leach solution selectively attacks oxide mineraliza-
tion hosted in fractures or other areas accessible to so-
lution flow. The amount of metal that is actually dissolved
is highly dependent on the extent of contact between leach
solution and oxide mineralization. This contact is directly
related to the location and depth of the injection and pro-
duction wells with respect to fracturing, '

Obtaining knowledge before in situ mining of fracture
systems that can control most of the fluid flow is an es-
sential but difficult and expensive undertaking. An ex-
tensive drilling program is usually required to properly
assess ore grades and tonnages, mineralogy, and chemistry,
as well as fluid flow and fracture characteristics. - While
some of this developmental drilling cannot be avoided,
geophysical methods can be used to position some wells to
improve injection, production, or monitoring processes.
The cost of locating fractured zones could be significantly
reduced by eliminating unnecessary drilling.

Fracture detection by electromagnetic (EM) methods
can be greatly enhanced if fractures have been saturated
with conductive material, such as conductive ground water
(25) or leach solution (16). Acid leach solutions are highly
conductive and, like any fluid, will preferentially follow
paths of least resistance, such as fractures, Hence, the
presence of leach solution will indicate the presence of
fractures in crystalline rock. In porous rocks, such as
sandstone, flow is more uniformly distributed throughout
the rock mass and fractures may be difficult to detect.

Accurate location of fracture systems is also important
for environmental monitoring of leach solution flow.
Leach solution that escapes the well field may pose an en-
vironmental threat to aquifers, EM methods could be
used to map the location and depth of conductive leach

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

solution, providing valuable information to mining com-
panies and regulatory agencies, and could provide an early
warning of flow away from the area of containment. Fur-
thermore, geophysical methods for monitoring leach solu-
tion have the potential to help determine if leach solution
is being distributed to all portions of the deposit. Thus,
the U.S. Burcau of Mines (USBM) conducted this re-
search as part of its effort to reduce costs, enhance mining
productivity, and improve safety.

Several EM methods appeared promising for conductive
fluid detection, particularly time-domain electromagnetic
(TEM) induction (26) and controlled-source audiofre-
quency. magnetotellurics (CSAMT) (47). Although some
of the methods had been used at various sites for different
reasons, these methods had not been compared at one site
under conditions sufficiently relevant to in situ mining. To
evaluate and compare them adequately for applications in
detecting and monitoring leach solution, it was necessary
to use all the candidate methods at one site under the
same conditions to map the same target.

In July 1990, a cooperative experiment involving the
USBM, Sandia National Laboratories, and the University
of Arizona was undertaken at the university’s San Xavier
experimental mine (40) (see figure 1) near Tucson. The
experiment was designed to simulate in situ mining using

l/Suwey line B

Figure 1.~Borehole locations (Indlcated by black circles) and
geophysical survey lines,



a conductive salt water plume as a geophysical target. Se-
lected EM methods were systematically compared for their
effectiveness in detecting the plume.

The USBM tested surface and surface-borehole TEM
. and CSAMT (surface-only method) methods. Sandia re-
searchers tested surface-borehole and crosshole frequency-
domain electromagnetic (FEM) induction. The USBM
and Sandia hired Zonge Engineering and Research Organ-
ization, Inc., of Tucson, AZ, to conduct those geophysical
surveys. The University of Arizona tested an internally
developed surface FEM method described by Sternberg
(37) for measuring the magnetic ficld ellipticity. The
university also measured the conductivity of rock near
boreholes with a borehole induction logging tool. The
tested methods had been selected as the most promising
for detecting deeply injected, low-resistivity solutions in
rocks having relatively low resistivity (16).

Prior to the cooperative experiment, an environmental
permit for the brine injection, required by Arizona envi-
ronmental authorities, was obtained by the University of
Arizona. Permit approval required demonstration of aqui-
fer protection and daily ground water sampling to show
that metals were not being leached from the rock and mo-
bilized by the brine solution. An important advantage of
performing the experiment cooperatively was that all of
the participants could benefit from the permitting effort of
the university.

Various geophysical methods were previously tested at
the San Xavier site (40). These methods include seismic
refraction, dc resistivity, induced polarization, and
CSAMT. The intent of these surveys.was to characterize

rock properties and to provide a data base from which
subsequent surveys could be designed. In addition, cross-
hole tunnel detection experiments used the long explora-
tion drift shown in figure 1 as a target (45).

The experiment is relevant to numerous applications,
such as monitoring acid mine drainage, detecting fractures
for engineering or site characterization studies, and in-
vestigating fluid contamination at hazardous wastesites.
EM techniques that measure the conductivity of the sub-
surface or the conductance (conductivity times thickness)
of objects within the subsurface are used for engineering
and hazardous waste studies (15, 25, 28) and ground water
exploration (13, 24, 30). A few studies discuss the poten-
tial of EM methods for the detection of leach solution
plumes, including those by Hanson (16) and Tweeton (42).
Zonge (47, p. 806) discussed a successful application of
CSAMT for detecting leach solution. Several researchers
have demonstrated successful application of dc resistivity
in salt water injection experiments (6, 46).

This report provides a detailed description of the ex-
periment. To facilitate comparing the geophysical meth-
ods, this report describes the equipment for all methods,
then the data processing for all methods, and finally the
results for all methods. The availability of data not used
in this report is pointed out because they may be of value
to other researchers. These data may be requested from
Tweeton.  Additional information about the surface-
borehole and crosshole FEM tests is given by Lee (23).
Shorter publications that summarize the findings have
been published previously (17-18).
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SITE GEOLOGY

The survey area lies in a faulted and metamorphosed
sequence of Paleozoic and Mesozoic rocks with locally
high fracture permeability (40). The predominant lithol-
ogy around the injection boreholes is Permian Concha
limestone that is in fault contact with the Cretaceous
Angelica arkose. The Concha limestone is medium to
dark gray, crystalline, and contains abundant chert that
occurs as nodules ranging in size from a few centimeters
to a half meter. It is host to much of the lead and zinc
skarn (contact metamorphic) mineralization in the area
and locally strongly altered to garnetite. The Angelica
arkose is thin bedded and consists of subangular to well-
rounded quartz and feldspar grains. Figure 2 shows the
geologic logs from portions of three of the boreholes
shown in figure 1, based on information provided by Stern-
berg (40).

The test area is cut by a normal fault that strikes
N. 80° E. to N. 90° E. and dips 55° to 80° to the south,

roughly parallel to bedding. The Angelica arkose lies
south of the fault and limestones and garnetites lie to the
north. Joint orientation data shown in figure 3 were col-
lected by the USBM on surface outcrops and adapted
from Sternberg (40) for underground mine workings at the
adit level, the 30-m level, and the 46-m level. A primary
joint set, identified from the underground workings, strikes
approximately N. 45° E. and dips 60° to 78° southeast.
Two minor joint sets observed at the 46-m level strike
N. 22° E. and dip 50° northwest, and strike N. 83° E. and
dip 39° southeast, respectively. Joint orientations meas-
ured on surface outcrops near the survey area primarily
strike N, 38° E, and dip 72° northwest. These northeast-
striking, southeast- and northwest-dipping conjugate joint
sets are generally consistent with the known regional geo-
logic fabric of Arizona (19) and expected to be consistent
at the injection depth.
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GENERAL EXPERIMENTAL PROCEDURE

Figure 1 is a plan view of the survey lines and bore-
holes. The primary survey line was A. Budget constraints
allowed only limited data collection along line B to in-
vestigate both sides of the injection wells. These parallel
survey lines were 10 m apart and oriented N. 30° W, with
10-m survey station intervals.

Figure 4 provides a perspective view of the boreholes
and shows that the depth of the boreholes was consider-
ably greater than the distance between them, All bore-
holes were cased with polyvinyl chloride that does not
affect EM data. Borehole deviation surveys showed that
the deviations from vertical were not significant for the
purposes of this experiment.

Geophysical surveying was performed before and during
injection to allow the effects of geology to be separated
from those associated with the brine. The surface TEM
and CSAMT surveys were conducted before injecting
brine, repeated while injecting brine in borehole H4, and
repeated again while injecting brine in both H4 and H15.
The surface magnetic field ellipticity surveys were con-
ducted before injection and repeated while injecting in
both H4 and H15. Surface-borehole and crosshole surveys
were conducted before injection and while injecting brine
into H4. H14 was the primary borehole for environmental
monitoring, but was also used in the borehole geophysical
surveys.

The brine contained 23 g/L NaCl, based on the weight
of salt added to a known volume of water. The brine was
made by adding salt to municipal water trucked to the site
from the nearby town of Green Valley, south of Tucson,
AZ, and mixing the solution in two 2,300-L (600-gal)
fi berglass tanks. The brine had a resistivity of 0.28 Qem
(a conductivity of 3.6 S/m), corrected to 25° C, which
provided a conductivity over 100 times that of the country
rock,

The resistivity of the brine was higher than that of
leach solution. planned for copper in situ leaching.
Discussions with experts and unpublished information
indicate that in situ copper leaching solution will probably
contain about 10 to 25 g/L H,S0,. Sulfuric acid of 10.0
and 254 g/L has resistivities of 0.21 and 0.088 (*m
(conductivities of 4.8 and 113 §/m), respectively (10).
Thus, EM methods that detected the brine solution at
160 m should be more sensitive to copper in sity leach
solution at a comparable depth.

A total of 110,000 L (29,000 gal) of solution was
injected 30 m above the 157-m deep water table. Brine
was injected in borehole H4 during the one-well injection
at about 30 L/min (8 gal/min), and in H4 and H15 at 15
to 19 L/min (4 to 5 gal/min) in each borehole during the
two-well injection. The wells were not pressurized. Over
the 8-day injection period, 68,000 L (18,000 gal) was
injected during the one-well test and 42,000 L (11,000 gal)

during the two-well test. The one-well injection was long-
er because all of the borehole measurements and many of
the surface measurements were conducted during this test.
The two-well test was intended to produce two plumes to
provide an additional spatial resolution test for the surface
EM methods. However, it was not possible to verify
whether two plumes were actually developed and two
plumes could not be interpreted from the geophysical data.

The effective depth was less than the drilled depth for
some boreholes because of infilling sediment. Effective

A D ey 150 m
//

Scala,

Figure 4,—Perspective view of boreholes.



depths were 128 m (injection borehole H4), 131 m (injec-
tion borehole H1S), and 159 m (borehole H14). The
water table was at a depth of 157 m in H14. During
injection, some of the brine flowed from H4 to H14, a
surface distance of 3.2 m, through a large fracture at a
~ depth of 120 m. The unsealed receiver probe, located at
a depth of 120 m in H14, once became saturated and
inoperable, providing direct evidence of this fracture zone.
Other fracture zones were inferred from borehole
induction logs. :
Although not confirmed, 120 m below surface was the
inferred maximum height to which injection borehole H4

could be filled. At depths less than 120 m, brine rapidly-

drained out of the borehole, which prevented measuring
the maximum fluid level. Unfortunately, it was not
possible to measure fluid level while injecting brine;
however, measurements made immediately after stopping
injection were never less than 120 m. Based on this
information, it was inferred that brine was entering
fractures intercepted by H4 between depths of 120 m and
the bottom of the borehole, or 128 m,

From this interval, brine probably flowed almost
straight down until reaching the water table because of the
extensive fracturing. It could then continue downward be-
cause the brine was denser than ground water, It could
also spread somewhat to the south or southeast because of

the combination of south-southeast dipping joints and the
hydraulic gradient created by the injection process. Brine
could also spread to the northeast or southwest along the
strike of the joints,

In the second injection borehole (H15), information
about the injection interval was more difficult to obtain
because brine left the borehole as fast as it was injected,
preventing any measurement of the level of brine. The
simplest assumption was that brine was entering the for-
mation at the bottom of the borehole. No communication,
via fractures, could be established between injection
boreholes H4 and H15. The exploration drift at a depth
of 46 m had no apparent effects on the surface or
borehole results.

The volume of the brine target was small relative to the
depth. Injection did not continue overnight, so brine
injected one day may not have contributed fully to the
target for the next day because of a combination of mixing

with the ground water and/or sinking below the zone of

interest. The extent of the plume in the fractured rock is
unknown, since it would depend on the connected porosity
and fracture pattern of the rock. However it was dis-
tributed, the small amount of brine in the effective target
provided a challenging test for the sensitivity of these EM
methods.

EQUIPMENT AND MEASUREMENTS

The data for all of the EM tests except surface mag-
netic field ellipticity were collected on a Zonge En-
gineering multipurpose GDP-167 data acquisition system.
Data were stacked and averaged to reduce effects from
noise. Surface measurements were usually taken at 10-m
intervals. Most borehole data were collected at intervals
of 3 or L5 m.

For both surface and downhole measurements, the
three components of the induced magnetic field were
measured with three orthogonal coils, The sensitivity of a
coil to an induced magnetic field is governed by its
effective area—that is, the arca times the number of turns
of wire times a factor for the effect of core material, if
not air. The effective area of each of the three surface
receiver coils for the TEM and CSAMT methods was
10,000 m?, while the areas of the downhole coils were
130 m? for the two horizontal components and 400 m? for
the vertical component. The smaller effective areas of the
downhole coils negated to some extent the advantage of
being closer than the surface coils to the region of interest.

In the following discussions, the X direction is hori-
zontal and perpendicular to the survey lines, Y is parallel

TReference to specific products does not imply endorsement by the
U.8. Bureau of Mines.

to the survey lines, and Z is vertical. Thus, H, is the ver-
tical magnetic field, and E, is the electric field parallel to
the survey lines.

TIME-DOMAIN ELECTROMAGNETIC METHOD

The surface TEM transmitter and receiver configuration
used in this test is shown in figure 5. The transmitter loop
was an ungrounded square, 200 m on each side, with two
sides parallel to the survey lines. The loop size was cho-
sen to obtain adequate depth of penetration. The loop,
centered about the injection boreholes, was energized by
a 10-A, 32-Hz bipolar step current (square wave) operat-
ing at a duty cycle of 50%. This wave form was provid-
ed by a Zonge Engineering GGT-30 constant-current
transmitter,

The transient voltages induced in each of the three
orthogonal receiver coils were measured as a function of
time after the current in the transmitter loop was turned
off. When the transmitter is turned off, the change in the
EM field induces eddy currents in conductive material,
These eddy currents diffuse downward with increasing time
and induce voltages in the receiver coils (27, pp. 428-430).

This method is convenient because no electrical contact



with the ground is needed. The transient voltage decay
curve was sampled at 22 logarithmically spaced time inter-
vals or channels, with increasing times corresponding to
increasing depths of investigation.

In most commercial surveys, only H, is measured, which
is adequate when imaging a one-dimensional (1-D) layered
geology. Measuring H, and magnitude of Y-directed mag-
netic field (H,), in addition to H,, gave additional useful
data, as will be discussed in the "Results" section.

All measurements were made inside the one fixed
transmitter loop. This arrangement is called the in-loop

configuration. Other configurations are possible, depend-
ing on the application and objective. Data interpretation
is simpler for surveys inside a loop, since the field is more
symmetric with respect to the receiver. Furthermore, lo-
gistics are easier if the loop is large enough so it does not
have to be moved during the survey.

The configuration for the surface-borehole (transmitter
on surface, receiver in borehole) TEM surveys is shown in
figure 6. The signal source was the same 200-m square
loop used for the surface surveys. All measurements were
taken in boreholes near the center of the loop, using a

Transmitter

Ungrounded, fixed

wire loop (200 by 200 m)

Receiver
v X \%B é
# Iz 3-axls recelver coil

Figure 5.—Surface TEM configuration of transmjtter and recelver. (Survey lines are in Y direction.)
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Figure 8.~Surface-borehole TEM configuration of transmitter and receiver,




prototype receiver described by Lee (23). An electronic
compass, attached to the receiver housing and interfaced
with a surface computer, was used to monitor azimuthal
changes as the probe was raised or lowered. No direction-
_ al information is available for the preinjection TEM hori-
zontal components because the communication software
for the receiver probe was not delivered until after the
surface-borehole preinjection TEM data had been collect-
ed. The compass readings were not used in the analysis
for this report, but are available from Tweeton.

Surface-borehole TEM measurements were recorded as
a function of depth in boreholes H12, H14, and H15 (in-
jection borehole) before and during injection in H4.
The depth ranges for these measurements are shown in
table 1. Measurements were recorded at intervals of 1.5
or 3 m, the latter used near the top of the boreholes
where the brine had less effect. The receiver would not
drop below 93 m in H15. The injection survey in H12 was
started at 61 instead of 25 m to save time. The injection
survey in H14 was stopped at 128 m because brine flowing
into H14 through the large fracture at 120 m damaged the
probe.

Table 1.—Surface-borehole TEM ranges of depths
Iin boreholes at which data were recorded,

In meters
Borehole Preinjection Injection
H12 ........... 25- 78 61- 79
H14 ........... 85-146 61-128
HI15 ........... 61- 93 61- 91

CONTROLLED-SOURCE AUDIOFREQUENCY
MAGNETOTELLURICS

The configuration of the transmitter and receiver for
CSAMT is shown in figure 7. The transmitter dipole was
450 m long and grounded at both ends. It was 1.8 km
south-southeast of the injection area and oriented N. 80°
E., or about 20° off perpendicular from the survey lines.
The transmitter should be far from the receiver to avoid
near-field effects that reduce the reliability of resistivity
calculations. A GGT-30 transmitter supplied 13 A to the
dipole source. The frequencies used were 64, 128, 256,
512, 1,024, 2,048, 4,096, and 8,192 Hz.

Unlike the TEM method, CSAMT requires grounded
dipoles for recording the electric field, in addition to coils
for recording the magnetic field. The magnitude of X-
directed electric field (E,) and E, were measured with
10-m dipoles, grounded with porous pots. The vertical
component is very small and normally not measured. H,,
H,, and H, were measured with the same coils used for
the surface TEM method. The GDP-16 system recorded
the two electric dipole voltages, the voltages induced in the

three receiver coils by the magnetic field, the phase angles
between transmitted and received electric fields, and the
phase angles between transmitted and received magnetic
fields. The usual practice in CSAMT is to measure only
E, and H,, but E, and H, were also measured to deter-
mine if they would be useful.

FREQUENCY-DOMAIN ELECTROMAGNETIC
METHOD

The surface-borchole FEM survey configuration is
shown in figure 8. The transmitter dipole was 610 m long,
oriented normal to the survey lines, and grounded at both
ends. It was located at station position 0 m, about 95 m
south of injection borehole H4. The three magnetic field
components were measured at the 128-Hz fundamental
frequency and its first four odd harmonics (384, 640, 896,
and 1,152 Hz) and also at the 1,024-Hz fundamental
frequency and its first four odd harmonics (3,072, 5,120,
7,168, and 9,216 Hz) with the same three-axis borehole
probe used for the surface-borehole TEM method,

Preinjection measurements were recorded over most of
the length of borehole H12, H14, and H15 (injection
borehole). During injection, time constraints limited data
collection to the lower portion of the boreholes, The
depth ranges for these measurements are shown in table
2,

Table 2.—Surface-borehole FEM ranges of depths
in boreholes at which data were recorded,

in meters
Borehole Preinjection _injection
Hi2 ..., 25- 79 61- 79
H14 ........... 30-146 114-146
H18 . vivvinn 45- 91 61- 91

Crosshole FEM tests (see figure 9) were conducted
between borehole H14 and injection borehole H15, 10 m
apart. The borehole transmitter (23), containing a slim
vertical-axis coil, was set at 125 and 130 m in H15 while
the receiver depth in H14 was varied. The transmitter was
of smaller diameter than the receiver and did not stop at
93 m in H15, as the receiver had done. Measurements
were recorded at the 1,024-Hz fundamental frequency and
its first four odd harmonics with the same downhole
receiver. Measurements could not be recorded at 128 Hz
because of the high background noise level.

SURFACE MAGNETIC FIELD ELLIPTICITY

A high-resolution EM sounding system, developed at
the University of Arizona’s Laboratory for Advanced
Subsurface Imaging (LASI), was also used to record field
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Figure 8.—Surface-borehole FEM configuration of transmitter and receiver.

data. The LASI high-resolution EM system incorporates
several new features, including high-accuracy calibration
(37, 39) and mathematical rotation of three-dimensional
(3-D) measured EM fields (3). The system was designed
to record ellipticity of the magnetic field at receiver sites
located near a source transmitting a swept-frequency wave-
form, The system has a wide bandwidth (30 Hz to 30 kHz)
and can rapidly record stations at a high spatial sampling
density (essentially continuous profiling). A detailed

description of the LASI high-resolution ellipticity system
was given by Sternberg (37).

A schematic of the ellipticity measuring system is shown
in figure 10. The transmitter consists of the power am-
plifier placed in line with a 610-m long transmitter wire
that discharged approximately 1 A of current into the
ground. This transmitter wire was the same dipole used
for the surface-borehole FEM surveys, located at station
position 0 m. The current from this transmitter induces a
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secondary electric and magnetic field in the plume of
injected brine. A receiver, consisting of three orthogonal
coils of wire approximately 0.75 m in diameter with a
calibration coil at 54.7° to each, was used to measure the
total magnetic field in three directions at each station
along a traverse over the injection region. A suite of 19

frequencies (29, 58, 87, 116, 145, 204, 320, 465, 698, 988,
1,450, 2,150, 3,140, 4,650, 6,800, 10,000, 14,700, 21,600, and
31,600 Hz) was swept at each survey station to obtain a
depth sounding. Data were recorded at 10-m intervals
along line A from 60 to 130 m before and during the two-
well injection.

DATA PROCESSING

Data processing techniques can be applied to reduce
effects from topography and atmospheric or cultural noise,

in addition to calculating resistivity and other parameters
of interest. Surface TEM, CSAMT, and magnetic field
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ellipticity data are often displayed as contoured resistivity
cross sections using the "apparent resistivity" (35) and the
"apparent depth." These parameters are calculated using
simplifications, such as assuming that resistivity is uniform
down to the apparent depth. Such cross sections are
known as pseudosections because the relationship between
resistivity and depth is a complicated function of resistivity
distribution and measurement technique, as well as the
method of data processing. Hence, the depths and resis-
tivities indicated on pseudosections are not necessarily
correct. Resistivity pseudosections are sometimes used to
construct an image of the geologic cross section by a
process called inversion (36).

TIME-DOMAIN ELECTROMAGNETIC METHOD

Unprocessed TEM data consist of the normalized volt-
ages induced in the receiver coils at time channels or
windows after transmitter turnoff. The voltages are
normalized by dividing by the transmitter loop current.
The normalized voltages induced on the vertical receiver
coil at position 100 m on line A are shown in figure 11.
This type of curve is called a decay plot or sounding
because increasing time corresponds to increasing depth.

Resistivity measurements from TEM surveys are not
subject to the static effects that can affect CSAMT results
because the electric field is not measured. However, being
a broadband system, the TEM method may be more sus-
ceptible than CSAMT to electrical noise sources such as
cables, powerlines, pipelines, and thunderstorms.

Unprocessed preinjection TEM data contained électri-
cal noise. The effects of noise are evident in figure 11,
where the late-time data appear to ostillate. This position
was selected for display because it shows an unusually high
noise level. The preinjection data were recorded while the
cathodic protection (to prevent corrosion) for a nearby
buried gas pipeline was energized. Zonge (47, p. 736)
states that pipelines are one of the worst sources of cultur-
al noise, especially with cathodic protection, The cathodic
protection was turned off later, which reduced the noise
by a factor of 10 at 1,024 Hz during preinjection FEM
surface-borehole measurements. It remained off during
brine injection. Thunderstorms may also have contributed
to the noise by affecting the late-time, weaker TEM
signals, ' o

The more strongly affected late-time data were

smoothed, and the smoothed data were used to recalculate
resistivity and depth values. Most data were smoothed
by a modified three-point running average or by averag-
ing affected data with nearby unaffected data, Frequency-
domain notch filtering was tried, but introduced too
much ringing. Data recorded during injection were not

smoothed because they were not adversely affected by
thunderstorms or other electrical activity.

The filtering and smoothing made the late-time results
more consistent with site information and with the injec-
tion resistivities at large depths. However, the smoothing
had little effect on the resistivities at the depths of interest
because, for typical resistivities found with the TEM sys-
tem, the depths of interest corresponded to earlier time
channels than were seriously affected by the noise. For
example, an apparent depth of 250 m with a uniform resis-
tivity of 100 +m corresponds to only 0.8 ms. These re-
sults demonstrate that TEM data may require special care
regarding electrical noise, especially if late-time data are
needed for large depths of penetration.

Apparent resistivities were calculated from the normal-
ized voltages with the 1-D modeling program RHOTEM,
The program was adapted by Zonge Engineering from a
program published by the New Jersey Geological Survey
(32). The program calculates resistivities and depth from
the Z-component voltage response of in-loop sounding,
with a square loop. It uses an early- and a late-time as-
ymptotic approximation to the resistivity as initial guesses
in an iterative calculation of resistivity for times between
early and late. The program can calculate the voltage cor-
responding to a specified resistivity at a specified time
channel. Thus, for each time channel, the program calcu-
lates iteratively the resistivity corresponding to the
observed voltage for that time. The program provides a
ramp correction because the turnoff of a transmitter loop
is not instantaneous, but decreases nearly linearly over a
short time (J2). This ramp time was 0.075 ms.

The early-time asymptotic approximation for apparent
resistivity (p,) was

pa = (vV/3M)(L/ /), ey
where v = receiver voltage at t divided by trans-
mitter current before turnoff, V/A,
M = effective area (area multiplied by num-
ber of turns multiplied by core ma-
terial factor) of receiver coil, m?
L = transmitter loop side length, m,
and m = 31416,

The late-time asymptotic approximation was
p, = 6322 x 1072 L{(L)M/tv)2] /311, )

where t = time channel, s,
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The formula for apparent depth in the same program
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Dapp = 28(p at)i/z’ 3

it

where D apparent depth, m,

app
and t

it

time channel, ms.

The apparent resistivities would be correct only if the
resistivities were uniform. A Niblett-Bostick inversion (8,
22, 29) was applied to the apparent resistivities to improve
the reliability of the results by considering layering. (The
Niblett-Bostick inversion was first developed for frequency-
domain applications, but can be applied equally well to
time-domain applications with time channels analogous to
frequencies. The inversion uses the change in apparent
resistivity with frequency or time channel to calculate a
correction for each apparent depth and resistivity.) The
program is 1-D, however, so the calculated depth and re-
sistivity are not necessarily the correct values, Like
apparent resistivity, the calculation of depth in TEM
measurements may be affected by the degree of anisotropy
and the noise level.

The surface horizontal components were not directly in-
verted to calculate separate resistivity pseudosections, but

provided valuable additional information, as explained in
the "Results” section.

Just as for surface TEM data, sutface-borehole data
consisted of the voltage induced in three orthogonal coils
as a function of time after turning off the current in the
transmitter loop. The normalized voltages were expressed
as microvolts per ampere of transmitter loop current
(#V/A) on voltage decay curves for each borehole depth.
At each depth for each borehole, the uV/A response was
recorded for each of the three orthogonal coils for each of
the 22 time channels, from 0.038 to 6.098 ms. However,
the data after 4 ms were noisy and were not used in the
resistivity calculations. Time channels were not converted
to apparent distance from the borehole because such a
conversion would not be reliable. Furthermore, a useful
comparison between preinjection and injection data does
not require that conversion.

CONTROLLED-SOURCE AUDIOFREQUENCY
MAGNETOTELLURICS

Resistivity estimates from CSAMT data are obtained
from a ratio of the perpendicular electric and magnetic
ficld values. When the transmitter is a sufficient distance
from the receiver, apparent resistivities may be calculated
from the Cagniard resistivity equation (5, 9):
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P = (1/en)(E,/HY @)
where p, = apparent resistivity, Qem,
w = 2nf, rad/s (n = 3.1416, rad,
f = frequency, Hz),
¢ = magnetic permeability in free space, 4n
X 107 H/m,
E, = magnitude of X-directed electric field,

V/m,

and H, magnitude of Y-directed magnetic field,
A/m.,

(Unless known, magnetic permeability is always assumed

to be the free space (vacuum) value of 4 = p, = 4n

x 107 H/m.)

For ficld use, it is convenient to express the electric
field in millivolts per kilometer and the magnetic field in
gammas (1 v = 0.01/4r A/m). Then equation 4 becomes
(47, p. 723)

pa = (1/5D(E/H,)%. Q)

Under certain conditions (47), equation 4 or equation
5 can be used equally well with E, and H,. However,
experience has shown that deviations from a homogeneous
or horizontally layered earth environment will cause sig-
nificant differences between E,/H, (also called transverse
magnetic) and E,/H, (transverse electric) resistivity cal-
culations (4, 47). Hence, the presence of two-dimensional
(2-D) or 3-D structures may impose limitations on the ac-
curacy of the resistivity calculations as well as the depth at
which they are interpreted to occur. With sufficient data,
2-D and 3-D computer modeling could improve the reli-
ability of the results.

The calculated apparent depth corresponding to a given
apparent resistivity and frequency is the "effective” explo-
ration depth in CSAMT surveying.

Degt = 356(p0/D'/%, (©)

where Dy = effective depth, m.

D, is 71% of the skin depth. Skin depth is defined as
the distance a wave will penetrate before attenuating to
1/e (37%) of its original amplitude (33). If the subsurface
resistivity were uniformly 60 Q+m (a typical resistivity for
the CSAMT data) and the CSAMT frequencies ranged
from 8,192 to 64 Hz, then the minimum and maximum
effective exploration depths would be 30 and 340 m,
respectively.

CSAMT depths for contouring resistivities were calcu-
lated by applying a 1-D Niblett-Bostick inversion (8, 22,
29) to the Cagniard apparent resistivities. In most places,
including the San Xavier testsite, resistivities vary hori-
zontally, violating the assumptions of a 1-D layered resis-
tivity, Consequently, the depth calculated with the Niblett-
Bostick inversion is not necessarily the true depth.

Phase data arc usually recorded simultaneously with
electric and magnetic magnitude data in CSAMT surveys
(47). Electric field phase (Ej) is a measure of the phase
angle between the transmitted and received electric field
signals in the same direction (X or Y). Likewise, magnetic
field phase (H,) is a measure of the phase angle between
the transmitted and received magnetic field signals in the
same direction. Phase difference (4) is the difference
between the electric and magnetic phases.

In a layered earth, phase difference is a function of re-
sistivity layering. The phase difference is related to the
derivative of the logarithm of the resistivity with respect to
the logarithm of the angular frequency:

¢ = E; - Hy = (n/4)(1 + 3lnp/8lnw). )

Equation 7 shows that values higher than n/4 indicate
high-over-low-resistivity layering while values lower than
/4 indicate low-over-high-resistivity layering. Therefore,
phase difference is useful for indicating changes in resis-
tivity with depth. In a homogeneous environment, the log-
arithmic term equals zero and ¢ = n/4 rad = 45° = 785
mrad.

Phase data can also be helpful in correcting static ef-
fects. Static effects, also called static shift or offset, cause
the resistivity sounding curves, derived from electric and
magnetic field magnitudes, to be shifted up or down from
their true values (47), but do not affect phase differences.
The effect on calculated resistivity is due to charge distri-
bution at the boundaries of shallow 2-D and 3-D bodies
altering the electric field measurements. The effect on the
magnetic field values is negligible. All geophysical meth-
ods that make use of the electric field are subject to static
effects to some degree,

Static effects are common in CSAMT data and, if not
properly corrected, will yield erroneous resistivity and
depth information. Several static correction techniques are
described by Zonge (47, pp. 763-766). Practical methods
include (1) CSAMT data processing, such as phase inte-
gration and spatial filtering; and (2) comparison with
independent, static-free measurements.

Phase integration, applied in this experiment, uses the
static-free phase difference data to calculate phase-derived
resistivity data for each measurement station. All such re-
sistivity values are normalized by py, a normalizing resis-
tivity chosen from a particular frequency and measurement
station (reference station) believed to be unaffected by



static shift. In a similar manner, a reference phase (4,) is
selected from the same data set. The static-corrected re-
sistivity from phase difference values is then obtained from
the following formula:

Pstat = p¢(pN/pref)eXp[(4/7r)(¢r - ¢s)]’ ®)

where  pg,, = static-corrected resistivity, Q+m,
pNy = normalizing resistivity, Qe m,
Prg¢ = resistivity at reference frequency for
each station, Qem,
¢, = reference phase, mrad,
¢, = phase at all stations and frequencies

except reference station, mrad,

fiy
and  py = oy expl(-4/m) [(4 - n/4dinf],  (9)
fL

where fy fj = highest and lowest survey frequencies,
respectively.

The measured p, can sometimes be used in place of Py
to simplify the static correction procedure.

All San Xavier CSAMT data were corrected for static
shift by Zonge Engineering using this method. The valid-
ity of this method depends on the choice of normalizing
resistivity and reference phase values from assumed static-
free data. In applying equations 8 and 9, the following
normalizing values were used: py = 63 Qem and ¢,
= 785 mrad. The 63 Q+m was an average surface resis-
tivity obtained from the TEM data. This value was used
for py to make it easier to compare the TEM and
CSAMT data. The normalizing frequency was 4,096 Hz.
The static corrections were applied to the 4,096 Hz data,
and the rest of the sounding was scaled from that point.

Another CSAMT data processing technique—spatial
filtering—depends on static effects due to local (small
scale) sources compared to the size of the survey area. In
this way, the local (affected) resistivity curves can be nor-
malized to large scale curves that are more representative
of background (unaffected) areas (7, 37-38, 44).

An alternative static correction technique uses in-
dependent static-free measurements for comparison with
the CSAMT data. For example, Sternberg (41) applied
TEM measurements to static-shift corrections for MT
data. This type of correction was not used in the San
Xavier experiment, however. Under many instances,
static-free independent data may not be available, and
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additional geophysical surveying may increase the total cost
of the geophysical program, For leach solution monitor-
ing, rapid surveying is advantageous to minimize the effect
of mining-induced changes during the survey, such as alter-
ations in injection or recovery rates or depths. Therefore,
the extra time required for additional surveys, especially if
performed at a later date, may reduce the effectiveness of
the static correction.

FREQUENCY-DOMAIN ELECTROMAGNETIC
METHOD

In the FEM surface-borehole technique, raw H, data,
plotted as a function of borehole depth, were satisfactory
for locating fractures containing brine. In addition, the
horizontal components provided an opportunity to investi-
gate a novel technique for detecting leach solution. In
conventional surface-borehole surveys, the horizontal com-
ponents are rarely measured because of the limited availa-
bility of three-component probes, or because of directional
uncertainty in the orientation of the probe. Rather than
attempt to rotate the probe and monitor its azimuth, it is
simpler to employ a technique that allows the data to be
used independently of coil orientation. Such a technique,
called ellipticity, is related to the parameters of the
polarization ellipse (14).

Ellipticity in any plane is the complex ratio of the minor
and major axes of the polarization ellipse and related to
conductivity. The parameters of the ellipse in the horizon-
tal plane can be determined from the magnitudes and
phases of the two horizontal components if they remain
horizontal. Since the boreholes were very nearly vertical,
the coil axes remained very nearly horizontal. These
surface-borehole ellipticities were displayed directly, rather
than calculating resistivitics as was done for the surface
magnetic ellipticity data.

The FEM crosshole raw H, data were simply plotted as
a function of receiver depth. The data readily indicated
the presence of brine without further processing.

SURFACE MAGNETIC FIELD ELLIPTICITY

Hoversten (21), Ryu (31), and Smith (34) have con-
cluded that magnetic ellipticity is a sensitive descriptor of
ground conductivity and target depth. The polarization el-
lipse can be described by field components H, (vector sum
of H, plus H)) and H, or by ellipse parameters e (ellip-
ticity) and o (tilt angle), such that

H, H cosa - H sina
e = |—| =22 (10)
H, H,sina + H,cosa|
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Z
2 T cos(t?Z - Gr)
and tan(2a) = , (11)
IdIZ
1 -
H

where 4, 6, = phases of vertical and horizontal com-

ponents, respectively, of total field.

The University of Arizona’s magnetic field ellipticity
measurements were converted to an apparent-resistivity
pseudosection. Apparent resistivities (in ohm meters)
were calculated by finding, for each frequency and re-
cording station, the homogeneous half-space resistivity
yielding a calculated ellipticity equal to the observed
ellipticity. The apparent resistivity pseudosection gives an
estimate of the subsurface electrical resistivity structure.

The method of Anderson (2) was used for calculating
the apparent resistivity corresponding to each observed
ellipticity. Anderson’s program was used in forward mod-
eling to calculate the ellipticity corresponding to resis-
tivities, and iterative calculations were performed to
determine the resistivity corresponding to the observed el-
lipticity. Ward (43) describes the magnetic fields gen-
erated by sources of various configurations, including the
grounded dipole used in this experiment. Frischknecht
(14) describes the polarization ellipse.

An apparent depth scale was calculated from the plane-
wave skin depth (using the calculated apparent resistivity
at each measurement frequency) divided by 5. The scaling
factor of 5 was chosen by comparing these skin depths
with results from 1-D modeling. These scaled depths are
not rigorous depth estimates. The apparent-resistivity
pseudosection with its associated skin depth scale is, how-
ever, a convenient and effective means of displaying the
data.

RESULTS

The success of the results depends on correlation with
the known factors affecting expected fluid flow. As stated
previously, flow was expected to be primarily downward,
with some spreading toward the south after reaching the
water table at 157 m, Spreading was also possible along
the strike of permeable joints. In general, the results were
consistent with the expected flow.

For both surface TEM and CSAMT methods, the one-
well injection results were similar to the two-well results.
Since the separation between the two injection boreholes
was only 13 m and the depth of plume formation was
125 m or more, it is not surprising that two separate
plumes could not be delineated. Both one-well and two-
well injection results are displayed because the similarity
of these results, obtained on different days, helps to dem-
onstrate that the difference between preinjection and in-
jection results was caused by the brine, not by day-to-day
fluctuations unrelated to the injection,

SURFACE TIME-DOMAIN ELECTROMAGNETIC
METHOD

The line A resistivity pseudosections for preinjection,
one-borehole injection, two-borehole injection, and the
change in resistivity from preinjection to two-well injection
are shown in figure 12. The brine should decrease the
resistivity. The preinjection resistivity data indicate a wide
resistive layer, centered at about 210 m depth. The figures
reveal a general decrease in resistivity with injection over
most of line A at a calculated depth of 180 to 240 m,
which is attributed to the brine. The width of a response

to a subsurface conductor is similar to the depth (27,
p. 459), so brine at the water table at 157 m or at the
major fracture at 120 m should affect readings over most
of the line. The narrow high-resistivity feature below the
injection boreholes in the injection resistivity sections is
attributed to a metallic object at the surface to the side of
the survey line, as will be explained after the line B results
are discussed. The general decrease in resistivity with in-
jection showed that this method can detect brine at this
depth, if lateral resolution similar to the depth of the
conductor is adequate.

The limited data from line B for preinjection, one-well
injection, and two-well injection are shown in figure 13.
The one-well data were taken at fewer stations, but are
similar to the two-well data at the same stations. The line
B results were dominated by a strong, narrow resistivity
decrease with injection between stations 90 and 100, con-
sistent with the line A results, As will be shown, this
result was probably caused by a surface metallic conductor
rather than the brine.

The narrow resistivity changes below the injection wells
seemed too narrow to be caused by the brine at depth.
The horizontal components proved useful in identifying the
cause. The horizontal and vertical normalized voltage
changes are shown in figure 14, as two-well injection minus
preinjection values. The time channels displayed cor-
respond to calculated depths of 152 to 281 m, assuming a
uniform resistivity of 100 Q+m. This range demonstrates
the slow decay of the induced signal. As shown in figure
14, the horizontal components showed sharp changes near
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the injection boreholes. The Y-component (parallel to the
survey line) change showed a narrow antisymmetric re-
sponse near borehole H14. The antisymmetry showed that
opposite ends of the Y-component coil pointed at the
conductor as the survey moved past the conductor. The
X-component change showed a narrow negative symmetric
feature near H14. The symmetry showed that the same
end of the X-component coil pointed at the conductor as
the survey moved past the conductor, indicating that it was
to the side of line A.

The narrowness of the horizontal component features
are characteristic of a small near-surface conductor. A
rule of thumb is that the depth (or conductor-receiver
separation) is about the same as the half-width at half-
maximum for a symmetric peak and half the distance be-
tween maximum and minimum values for an antisymmetric
feature (27, p. 459), which implied that this conductor was
no more than 10 m from the receiver.

The long time constant produced by the object indi-
cated that it was a very good conductor, better than the
brine. If an object can be approximated as a spherical
conductor, the time constant (27, p. 467) is

T = poa’/n?, (12)

1

where a conductivity, S/m

and a radius, m.

A metallic conductor has a conductivity o of about
10 §/m, so a metallic conductor with a radius of 0.1 m
has a time constant of 13 ms. The other surface con-
ductors investigated were the mixing tanks for the brine.
However, a tank of brine of conductivity o of 3 S/m with
a radius of 0.75 m has a time constant of 0.0002 ms, too
short to be observed in even the earliest time window of
(.038 ms. The response was still strong at 1 ms, indicating
the conductivity ¢ was that of a metal, not of the brine.
The winch system used to hoist the water samples for the
environmental sampling is the probable conductor because
it was moved very close to line B between the preinjection
and the injection surveys.

A narrow high-resistivity feature in the Z-component
pseudosection for line A is plausible. A conductor at the
side of the survey line could contribute a negative com-
ponent to the vertical-induced magnetic field as magnetic
lines from the conductor curve around it. The long time
constant would make it appear deep in the pseudosection.

TEM resistivities show a depth to brine that is about
180 m, somewhat deeper than would be expected from the
water table at 157 m. This result may be caused by in-
accurate (1-D) TEM inversion and/or weak EM coupling
due to the geometry of the transmitter-target-receiver
combination. Problems with using 1-D interpretation
methods with 2-D structure have been examined by
Hoekstra (20). Hoekstra found that 1-D interpretation
gave a general indication of the structure, but the values of
the resistivity were not correct. Thus, the general pattern
was useful, but the values of the resistivity could not be
relied on directly to indicate rock type or the in situ
conductivity of the solution.

SURFACE-BOREHOLE TIME-DOMAIN
ELECTROMAGNETIC METHOD

The brine caused a significant change in the voltages
and hence in the calculated apparent resistivity in borehole
H14. However, no significant changes associated with
injection were observed in borehole H12 and injection
borehole H1S. Those measurements were limited to
shallow depths, well above the injection level because H12
was shallow and the receiver would not go below 93 m in
H15. The data from H12 and H15 are not displayed, but
are in data tables available from Tweeton.

The preinjection Z-component depth profiles of induced
normalized voltage (receiver voltage/transmitter current)
for seven time channels in borehole H14 before and
during one-well injection are displayed in figure 15 as a
function of depth. The seven channels shown cover a time
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range from about 0.5 to 2 ms after transmitter turnoff,
The magnitudes show significant changes near 120 m re-
lated to injection. The preinjection data are quite smooth
for all times, indicating no nearby strong conductors. A
known permeable fracture zone, intercepted by both H4
" (injection borehole) and H14 at a depth of 120 m, is not
apparent in the preinjection ‘data. The injection data
contain a zero crossover near 120 m for the earliest time,
which is probably related to injection. Other time chan-
nels show significant changes too. Data could not be re-
corded below 128 m because of the danger of damaging
the unsealed probe.

This type of display allows the shape of the uV/A pro-
file to be examined. Dyck (11) showed that the shape can
be used to infer information about the conductor orienta-
tion and discussed the complex variety of effects that
conductors near the borehole can have on the data. De-
pending on the orientation of the conductor with respect
to the borehole, various time channels can exhibit reversals
of sign, as happened with the earliest channel, or maxima
or minima. The inability to record data below the fracture
(to avoid damaging the probe) limited the ability to inter-
pret these results, since much of the diagnostic shape of
the pV/A profile was lacking,

Figure 15 indicates that brine has affected the response
up to a depth of nearly 100 m, although the strongest re-
sponse is confined to the region near the fracture zone be-
low 120 m. This fracture zone, not detected before injec-
tion, became very responsive during injection.
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Figure 16 shows the contoured resistivities before and
during injection, calculated from the Z component of the
field after applying a ramp correction. The horizontal
components were not used in those calculations, but are in
data tables available from Tweeton. The resistivity sec-
tions were plotted as a function of time following trans-
mitter current turnoff and receiver depth in borehole H14,
Trends in the preinjection and injection data are generally
similar except for somewhat lower resistivities in the in-
jection data during early times, up to 0.25 ms, possibly due
to brine saturating the zone around the borehole. Times
are shown only to 1.6 ms because later times are of limited
interest in this experiment.

The effects of noise are apparent as narrow zones of
contrasting resistivity after 1 ms, Although this noise
interferes with interpretation, it appears that injection
caused a zone of low resistivity near 123 m depth. At this
point the late-time (0.8 to 1.6 ms) resistivity has changed
from greater than 125 Q+m before injection to less than
75 ©1»m during injection. This depth correlates well with
the major fracture at a depth of 120 m that carried brine
from injection borehole H4 to borehole H14,

CONTROLLED-SOURCE AUDIOFREQUENCY
MAGNETOTELLURICS

Of the two receiver configurations, only the less com-
monly used E,/H, (see figure 7) data showed a decrease
in resistivity. The E,/H, preinjection, one-well injection,
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Figure 16.—Surface-borehole TEM contoured resistivities from borehole H14. A, Preinjection; B, one-well injection.
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and two-well injection static-corrected resistivity sections
using the Niblett-Bostick calculated depth, and the change
from preinjection to two-well injection are shown in fig-
ure 17. Corresponding results for the E,/H, configuration
are shown in figure 18.

While both preinjection data sets portray resistivity val-
ues characteristic of the area, the E,/H, data indicate
values approximately 1.5 times higher than the E,/H, data.
This "resistivity anisotropy” may be caused by the orienta-
tion of predominant fracture patterns, dipping geology,
other unknown geologic features, static shift, or a com-
bination of these factors.

The effect of the brine was different for the two injec-
tion data sets. The E /H, results show the low-resistivity
region that developed with injection is consistent with the
anticipated location of the brine. The effect of south-
dipping lithology and jointing appears in the E /H, data
set, especially near injection borehole H4. When com-
pared with the preinjection data, brine appears to have
moved toward the south, lowering the resistivity between
H4, near station 90, and the end of the survey line at
station 30, The lowest resistivity occurs at the expected
depth of between 100 and 150 m.

Unlike the E,/H, data, the E,/H, data did not indicate
the presence of the brine. A possible reason for this
discrepancy is the difference in the orientation of brine-
filled joints with respect to each of the configurations. It
may be postulated that the E, /H, configuration was more
sensitive to the predominant direction of the brine-induced
electric and magnetic fields. The E, field, in particular,
may have been oriented roughly perpendicular to the de-
veloping plume, increasing its response. The field direc-
tion with the highest magnitude will be detected most eas-
ily and will give the clearest indication of the conductive
plume. The results demonstrate the desirability of meas-
uring both sets of fields when monitoring with CSAMT.,

While the implied direction of flow seems reasonable,
the location of accumulated brine is not clearly defined by
the E /H, resistivity. A general lowering of resistivity oc-
curs during injection near borehole H4 and the water ta-
ble, but no isolated response is observed. Clearly, the
averaging effects of the overlying layers are masking a
portion of the signal.

The preinjection, one-well injection, and two-well in-
jection E /H, phase differences are shown in figure 19,
For E,/H, preinjection data, there is little deviation from
the nominal 785 mrad value from near surface to a depth
of about 80 m, indicating unchanging resistivity. Below
80 m, corresponding to a frequency of 1,024 Hz, the phase
difference increases, which indicates the presence of a con-
ductive layer. The conductive layer probably corresponds
to the capillary fringe above the water table. At greater
depths, a strong phase reversal, trending toward negative
values, occurs, beginning at 512 Hz.

The corresponding E,/H, phase differences are shown
in figure 20. For comparison, the E /H, phase differences

for the lowest three frequencies increased significantly with
injection, going from about 0 to about 200 mrad. The
E,/H, phase differences changed much less, confirming
less effect from the brine for this receiver configuration.

The very small E,/H, phase differences near the 160-m
station strongly affected the calculated resistivities. (The
small phase differences may have been caused by a power-
line.) The E,/H, resistivity, corrected for static effects
using the phase differences, was very large at the 160-m
station. This feature was caused by the static correction
calculation because there wasn’t a corresponding feature
in the E, or H, data.

Calculations were made to determine if static correc-
tions could be avoided by using only the change in uncor-
rected resistivity with injection. The important factor in
monitoring is the change in resistivity. If the change with
injection for the uncorrected resistivity was similar to the
change for the corrected resistivity, then the calculations
could be simplified by avoiding the static corrections.
Pseudosections of the uncorrected resistivitics were gen-
erated and the changes with injection were calculated.
However, the changes in the uncorrected resistivities were
so erratic that no meaningful interpretation could be
made. These results indicate the importance of the static
corrections to CSAMT.

SURFACE-BOREHOLE FREQUENCY-DOMAIN
ELECTROMAGNETIC METHOD

Profiles for three frequencies of the Z-component nor-
malized magnetic induction data from borehole H14 are
displayed in figure 21. The preinjection profiles show
smooth gradients, decreasing in amplitude from surface to
depth, as would be expected from the gradually weakening
signal of the surface transmitter as the probe is lowered.
The injection data, however, show high variability in mag-
nitude due to brine-saturated fractures.

The injection data demonstrate that the peak response
magnitude can increase by as much as a factor of 5, de-
pending on frequency. The observation that intermediate
frequencies gave the greatest response suggests that meas-
urements should be made over a suite of frequencies in
the audio range. The individual peaks roughly correspond
to peaks observed in a preinjection Geonics EM-39 induc-
tion log (figure 22) in borehole H14, supporting a fracture
interpretation. (The injection log is not shown.)

To minimize damage to the receiver probe from sub-
merging it in salt water, most of the injection data were
recorded immediately after termination of injection, al-
lowing large concentrations of salt water to drain. The
data show that enough residual brine remained to enhance
the fracture conductivity, observable as large peaks. The
largest peak, located at a depth between 122 and 125 m, is
probably an indication of residual brine in the known
fracture zone near 120 m.
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~ The effectiveness of the surface-borehole FEM method
was verified by injecting brine while taking measurements
at a depth of 91 m in borehole H15. Results are shown in
figure 23. This depth was chosen to show the probe’s sen-
sitivity to the brine at a distance sufficient to test the
method conclusively. The receiver was an estimated 35 to
40 m from the injection point (the bottom of H4), and
over 60 m above the water table, where the brine would
collect. An increase in the magnetic induction, especially
in the higher frequencies, occurred 20 min after the start
of injection. The response time of 20 min at 30 L/min in-
dicates that the system detected only 600 L of brine, a
minimum of 35 m from the receiver. This result shows
promise for the system to serve as a monitoring supple-
ment to examine the region between boreholes.

The horizontal components were used to obtain a hori-
zontal ellipticity value. Preinjection and injection ellipticity
data at seven selected frequencies are illustrated for a por-
tion of borehole H14 in figure 24. The preinjection data
set is relatively flat at low frequencies but becomes in-
creasingly more responsive at high frequencies. This may
be a reflection of small conductivity changes associated
with clay-filled fractures. The large fracture zone near
120 m may be indicated as a negative-to-positive swing, but
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this is not certain. The highest frequency may have been
attenuated by the presence of residual clays or conductive
mineralization in the fracture,

The injection data set is significantly different from the
preinjection set, particularly in the vicinity of the fracture
zone near 120 m, The low-frequency data illustrate a pro-
nounced effect from the brine, which was probably slowly
draining from the fracture during the measurements, As
the frequency is increased, the attenuating effect of the
brine becomes more apparent, until at very high frequen-
cies, there is almost no indication of the fracture zone. An
alternative interpretation may include a breakdown of re-
sponse linearity as the conductivity or frequency becomes
very high.

Other responses occur- at depths somewhat shallower
than 120 m, although the fluid was not known to rise
above the 120-m level during injection. Small amounts of
brine may have flowed through the perforated casing at
many depths as the brine moved down the borehole wall.

The injection data show a sign reversal between 640
and 896 Hz at a depth of about 118 m. This may be a re-
sult of the "skin effect,” or the differential penetration of
high- and low-frequency currents into different portions of
the conductive brine. At frequencies abave 1,024 Hz, the
profiles tend to smooth because of the attenuating effect
of the highly conductive fluid. For in situ mining applica-
tions, these frequency-dependent changes in conductivity
may help identify fractures having a high flow capacity.
The sharp spatial-dependent changes indicate that small
station spacings are required for effective fluid mapping.

CROSSHOLE FREQUENCY-DOMAIN
ELECTROMAGNETIC METHOD

Most of the data were collected while the transmitter
was kept at 125 m depth in injection borchole H15 and the
receiver depth in borehole H14 was varied from 116 to
146 m before and during injection, Normalized magnetic
inductions for three frequencies from each set of data are
shown in figure 25. All three components of the magnetic
field were recorded, but only the vertical component will
be discussed here,

The preinjection data are generally featureless except
for a broad low-amplitude peak centered near a depth of
128 m. This peak may be due to the increased field
strength near the transmitter probe, at a depth of 125 m
in the adjacent borehole.

The injection magnetic inductions are much larger than
the preinjection data. This effect may have been caused
by brine filling the annulus around the casing. A peak in
the data near 120 m correlates with a known fracture at
that depth. Other peaks at depths of 131, 137, and 143 m
correlate with fractures or fracture zones inferred from the
EM-39 induction log (figure 22), Local peaks in the
profiles suggest that brine has infiltrated fracture zones at
depths of 118, 131, 137, and 143 m. However, the wide
station spacing hindered detailed interpretation.

As in the surface-borchole FEM survey, the effective-
ness of the crosshole method was tested by measuring
response as a function of time after the start of injection.
For this part of the test, the transmitter was held at a
depth of 130 m in injection borehole H15 while the re-
ceiver was alternated between depths of 114 and 116 m in
borehole H14. The results are shown in figure 26, After
about 60 min of injection, a change in response was ob-
served at 116 m, increasing from 30 to over 70 mvy, Fur-
ther changes did not occur even after injection was
stopped at 63 min and restarted at 80 min, suggesting that
nearby fractures retained brine for that time. At a re-
ceiver depth of 114 m, variations in the data appeared to
correlate with the starting, stopping, and restarting of
injection, although the changes were much smaller than
those observed at a depth of 116 m. These variations sug-
gest increased sensitivity to the low-retention capacity of
fractures near this level. In any case, the crosshole system
was reacting to the influx of brine and appears useful for
locating saturated fractures.

SURFACE MAGNETIC FIELD ELLIPTICITY

Figure 27 shows the apparent-resistivity pseudosections
and the injection value minus the preinjection value for
each point. A substantial decrease in apparent resistivity
at depth is indicated by the negative differences near the
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bottom of figure 27C. This change is attributed to the
brine spreading at the water table, at 157 m depth.

The increase in apparent resistivity to the right of in-
jection borechole H4 is probably related to the powerline
directly over this anomaly. The powerline was disconnect-
ed and grounds were removed during all the measure-
ments. It was reconnected and the grounds replaced be-
tween measurements. There was probably a small change
in the impedance to ground of the powerline wires in the
preinjection versus injection surveys that led to the
anomalous response under the powerlines.

The pseudosections shown in figure 27 do not neces-
sarily provide a geometrically accurate section. Further
modeling and inversion of the data are needed to deter-
mine the precise depths and character of the resistivity
structure. Unfortunately, such modeling is severely limited
using state-of-the-art modeling programs since the power-
line was 2-D and the plume of brine was 3-D.

Differences between the layering observed with this sys-
tem and the other surface methods may be at least partial-
ly caused by the difference in inversion methods. The el-
lipticity data were not inverted with the Niblett-Bostick
inversion. The depth was estimated using a normalized
skin-depth scale that was determined by comparison with
1-D models, whereas the TEM and CSAMT depths were
calculated as part of the inversion process. Thus, exact
correspondence in layering should not be expected. An
additional difference is that the ellipticity system used
more frequencies than the CSAMT system. Therefore,
features that would cause a response at a particular
frequency may not be observed with a CSAMT system
lacking that frequency. For example, the ellipticity system
provides higher frequencies and therefore can display
features closer to the surface.

The ellipticity method offers several advantages com-
pared with the other surface methods. The many closely-
spaced frequencies over a broad range are helpful for pro-
filing thin features that can be either shallow or deep.
Unlike CSAMT, the ellipticity method does not need elec-
tric dipoles, so it avoids static effects, and it does not need
a distant transmitter. It appeared to be less susceptible to
electrical noise and interference from surface conductors
than the TEM method. However, both the ellipticity
method and CSAMT were affected by the powerline near
the north (high station number) end of the survey line.
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CONCLUSIONS

Selected EM geophysical systems were evaluated for
their ability to detect injected salt water brine with a
conductivity of 3.6 S/m collecting at the water table, 157 m
subsurface. A total of 110,000 L of brine was injected.
The effective target volume was probably much less than
that at any time during the test.

Despite the small target and deep water table, the
surface TEM, CSAMT, and magnetic field ellipticity
methods showed decreases in resistivity with injection
consistent with a response to the brine. In addition,
surface-borehole and crosshole methods detected fractures
containing brine. Each system revealed particular advan-
tages and disadvantages.

The surface TEM resulis showed a broad decrease in
resistivity with injection, along with an interfering narrow
response from a surface metallic conductor. The surface
TEM method was logistically convenient because it did not
require grounded electric dipoles, but it appeared more
susceptible than the frequency-domain systems to electrical
noise and the effects of a surface metallic conductor.
TEM data were strongly affected by a surface metallic
conductor that appeared as a deep feature in a resistivity
pseudosection because it produced a long time constant.
Surface-borehole TEM data indicated strong changes as a
result of brine injection and located brine-filled fractures.
The CSAMT survey revealed resistivity changes using

/H, measurements, but not with the more commonly
used E,/H, data. This result may have been due to dif-
ferences in EM coupling with fracture-controlled brine
flow. Data collection was slower with CSAMT than with
the TEM method because data collection with CSAMT re-
quired grounded electric dipoles. However, CSAMT data
were less affected by the surface metallic conductor. Static
effects were large enough that failing to apply proper
corrections would lead to the wrong interpretations.

A discrepancy between the CSAMT and TEM methods
in the determination of apparent depth to the brine may
be caused by inaccurate (1-D) TEM inversion or weak EM
coupling due to transmitter-target-receiver geometry.

Surface-borehole FEM tests showed high sensitivity to
the brine, indicating promise for monitoring applications,
While time-dependent changes due to injection were meas-
ured, surface-borehole FEM tests detected 600 L of brine
with the receiver at a depth of 91 m, over 35 m from the
injection point and over 60 m above the water table. It
also located conductive zones consistent with an EM in-
duction log, interpreted to be zones of fracturing. Re-
sponses may vary with frequency in a complex way, de-
pending on fracture geometry and conductivity, so a suite
of frequencies should be employed. In addition, a novel
approach using the two horizontal components to compute
ellipticity was very responsive to brine injection.

The crosshole FEM method provided data consistent
with a conductivity log, insofar as comparisons could be
made. Conductive zones generally appeared as peaks at
correct locations, but the data set may be somewhat dis-
torted by changes in the primary field strength as the
distance varied between the fixed transmitter and the
mobile receiver. However, changes in the data with brine
injection were easily recognizable. The horizontal reso-
lution and sensitivity of the method are not known at this
time. Data recorded at many transmitter and receiver
sites would provide greater interrogation of the region be-
tween boreholes and may allow tomographic image proc-
essing, improving both horizontal and vertical resolution.

The surface magnetic field ellipticity surveys indicated
a decrease in resistivity at depth following brine injection,
which is consistent with brine at and below the water ta-
ble, affecting surface readings over much of the survey
line. This method offers the advantage of a frequency-
domain system’s reduced susceptibility to electrical noise.
Unlike CSAMT, however, the ellipticity method avoids
electric dipoles and the resulting static effects and does not
require a distant transmitter.

Surface ellipticity and CSAMT methods were both af-
fected by an anomalous interference near the north (high
station number) end of the survey line. CSAMT data
showed a large anomalous change in phase difference and
a change in the resistivity calculated using phase dif-
ferences to make static corrections. Ellipticity data
showed a large increase in resistivity there, whereas the
brine would have produced a decrease.

Measuring all the components of electric and magnetic
fields available with selected methods was beneficial.
TEM horizontal magnetic components helped to identify
the source of interference with the usual vertical com-
ponent data, FEM surface-borehole horizontal magnetic
components allowed surface-borehole ellipticity to be
calculated. With CSAMT, only the less commonly meas-
ured ficlds showed a response to the brine. When using
a selected method, measuring all the available components
of the fields will be especially important for monitoring in
complex geology and fractured rock, where resistivity ani-
sotropy is likely.

Monitoring conductive solutions presents a different set
of challenges than exploration. The effect will often be
more subtle, and the target will usually be smaller, Col-
lecting data before and after injection is important for
detecting small changes in resistivity, Geology can be
complex, especially near mines, and monitoring requires
separating the large effects of geology from the subtle
effects of the solution. Future needs include more 3-D
interpretation because monitoring is a 3-D problem.



The data collected in this test did not allow the brine
position to be located with the accuracy needed for
determining the flow pattern in a well field. The results
suggested possible improvements in conducting future
tests. Additional data collection could have enhanced the

" test. Longer survey lines, with the half-length greater than

the depth to the water table, would have allowed a better
test of lateral resolution, Additional paralle! survey lines
would have allowed 3-D effects to be examined. A
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waterproof probe would have allowed more complete
downhole data collection, and more boreholes extending
to the water table could have provided independent
verification of the position of the brine.

Detecting the small amount of brine at the depth of this
experiment was a significant achievement for these sys-
tems, The results demonstrated considerable promise for
expanding the role of EM methods in detecting and mon-
itoring subsurface conductive solutions.
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