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Electromagnetic imaging of a complex ore body: 3D forward modeling,
sensitivity tests, and down-mine measurements

Pilar Queralt', Alan G. Jones?, and Juanjo Ledo'

ABSTRACT

This study investigated the capability of audio-magnetotellu-
rics (AMT) not only to detect, but also to delineate complex con-
ductive ore bodies at minable depths. A detailed 3D numerical-
electrical resistivity model of the Bathurst no. 12 deposit (New
Brunswick, Canada) was constructed using available geologic
and geophysical information. Different geologic and data acqui-
sition conditions were simulated: presence of overburden; differ-
ent geometries, dimensions, and positions of the ore body; and
different data sampling regimes. The behavior of the surface 3D
electromagnetic fields was compared with that from bodies of in-
finite strike extent. The 3D and 2D AMT responses were similar
at high frequencies, so 2D modeling was shown to be both valid
and sufficient. However, at low frequencies only those responses
for current flow perpendicular to the body (the transverse mag-
netic mode in a 2D case), were reasonably similar. The 2D

inversions showed that the position and the top of the 3D ore
body were well resolved, but the bottom of the ore body’s resis-
tivity were poorly resolved. To increase resolution at depth be-
low ore bodies, and to possibly extend mine life, we recommend
that AMT measurements are taken from within mines. Simple
mod-els of ore bodies were simulated to show responses at depth,
and to undertake body stripping of the overlying structures. The
tests showed that conductive structures above the measurement
level can have a strong influence on imaging of conducting zones
below, and can produce distortion effects in apparent resistivity
and phase. Although the body-stripping approach reduces these
effects and gives an indication of whether there are conductive
structures below, the resulting image is considerably different
from that of a model without overlying conductive structures.
Full 3D inversion, holding known structures at constant, is
required.

INTRODUCTION

Geophysical methods, particularly electromagnetic methods,
have been very successfully used to discover economic base metal
and precious metal ore bodies (e.g., Tripp, 2005). A common view is
that all mineral deposits within 500 m of the surface, and close to ex-
isting infrastructure, have essentially been discovered and exploited,
and are rapidly being depleted. Because of the high cost of installing
new infrastructure in greenfield areas, the modern challenge is to de-
termine if there are deeper deposits at economically recoverable
depths (typically 1.5 to 2 km) within or close to existing deposits
and infrastructure (e.g., Zhang et al., 1998; White and Gordon,
2003).

Controlled-source electromagnetic (CSEM) methods are superior
to natural-source EM methods for probing shallow depths (e.g.,

Boerner et al., 1993), because the source is controllable and the sur-
vey can be designed for the problem at hand (e.g., Stummer et al.,
2004). For deeper investigations (typically greater than about 500 m
depth), natural-source EM methods, principally magnetotellurics
(MT), offer distinct advantages over CSEM. These relate mainly to
cost and logistic difficulties of the requirement for CSEM of two
powerful, independently oriented bipole sources sufficiently distant
from the recording locations that the target is not in the near field of
the source (e.g., Boerner et al., 1993; Wannamaker, 1997). Addi-
tional advantages of MT over CSEM are superior data processing
(remote-reference robust approaches, e.g., Jones et al., 1989; Egbert,
1997), distortion analyses (e.g., McNeice and Jones, 2001; Caldwell
et al., 2004), and multidimensional modeling capabilities. In partic-
ular, the mathematical formulations for multidimensional modeling
are more tractable in MT, and yield practical, efficient, and fast 2D
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inversion and 3D forward inversion codes (e.g., 2D: Smith and
Booker, 1991; Rodi and Mackie, 2001; 3D: Mackie et al., 1994; Sir-
ipunvaraporn et al., 2005). Over the last decade, these factors have
proved MT to be a reliable method of EM imaging (Garcia and
Jones, 2001), particularly when coupled with modern 24-bit acquisi-
tion systems, and continuous-profiling systems such as Mount Isa
Mines’ MIMDAS (Sheard, 2001) or Quantec’s TITAN-24 (White
and Gordon, 2003). As a direct consequence of these advances, the
application of audio-MT (AMT) (i.e., MT at frequencies of 10 Hz

to 10 kHz) for mineral exploration has increased significantly over
the last decade, particularly for base and precious metals in Canada
where it has been used at more than 25,000 sites, principally in Voi-
sey’s Bay, the Sudbury Basin, and the Thompson Nickel Belt (e.g.,
Balch et al., 1998; Stevens and McNeice, 1998; Zhang et al., 1998;
Watts and Balch, 2000; Jones and Garcia, 2003).

The aim of our research was to study the capability of AMT not
only to detect, but also to delineate complex conductive ore bodies at
minable depths. Previous model-based studies have been undertak-
en in the Sudbury Basin (e.g., Livelybrooks et al., 1996); however,
further work is required to achieve a better understanding of the ap-
plicability of AMT for mine-scale problems. Moreover, as an exten-
sion to surface-based methods, we advocate the use of EM data ac-
quired from the lowest levels in mines, to detect ore that might exist
below existing workings and thereby possibly extend mine life.

Three-dimensional modeling is essential to define the complex
geometry of ore bodies, but reliable 3D inversion algorithms that can
be applied to observed data are still in their infancy. Since the late
1970s, when 3D modeling was first developed, studies have been
published on 3D effects in MT data (e.g., Wannamaker et al., 1980,
1984a, b; Ting and Hohmann, 1981; Jones, 1983) and recent studies
have shown the main limitations of 2D inversion of 3D data (e.g.,
Garcia et al., 1999; Ledo et al., 2002; Ledo, 2005); these studies
made recommendations to avoid 3D effects in 1D or 2D interpreta-
tions. Some 3D MT inversion codes are publicly available (e.g., Sir-
ipunvaraporn et al., 2005), but they are not in common use and, as
was the case with 2D codes, it will be some time before they are de-
veloped into useful, reliable, and well-understood tools.

For our study, we required an ore body with a comprehensive and
publicly available information base. Profiting from recent and com-
plete geological and geophysical information obtained at the
Bathurst mining camp in New Brunswick (Thomas et al., 2000), we
chose to simulate the Brunswick no. 12 deposit, which is one of the
largest massive sulfide deposits in the Bathurst area. By determining
synthetic AMT responses of models of the Bathurst no. 12 deposit,
for different strike lengths and sampling geometries, we were able to
investigate the main caveats for 2D interpretation of 3D data in a
mining environment. In addition, by determining AMT responses
within the earth, we examined the advantages of down-mine AMT
data acquisition for resolution of below-mine ore bodies.

Although many 3D modeling studies have been published, be-
cause of the complexity of the model we studied and its closeness to
geological reality, ours is a new and innovative contribution. More-
over, we present complete analyses of the model and make sugges-
tions for a new approach, that of taking down-mine measurements.

DESIGN OF THE 3D MODEL

Figure 1 shows a geological map and cross section of the Brun-
swick no. 12 deposit. The design of our 3D numerical model took
into account geophysical and geologic information from Thomas et

al. (2000) and references therein. Following Katsube et al. (1997),
zones of different resistivity, corresponding to different host rocks,
were modeled. However, to emphasize our main points, we present
herein only the simplest case, that of a conductive homogeneous ore
body of 2 (m resistivity embedded in a resistive homogeneous half-
space of 1000 Qm resistivity. To replicate local conditions, we in-
cluded a thin layer of overburden (thickness 9 m) of 100 Qm resis-
tivity covering the ore body and the area to its east. The shape of the
ore body is highly irregular, both laterally and with depth, and was
interpolated from plan views of the deposit at eight different depths,
obtained from Luff et al. (1992).

Figure 2 shows the 3D model ore body we constructed. Note that
the ore body subcrops beneath the layer of sedimentary overburden.
To allow sensitivity testing of strike length, we constructed other 3D
models by varying the geometry of the initial model, particularly the
X-direction length and depth to its base.

ELECTROMAGNETIC RESPONSE
OF THE MODEL

The synthetic data were calculated using the 3D MT forward code
of Mackie et al. (1994), with modifications from R. L. Mackie and
J. R. Booker (personal communication, 1999). The 3D mesh used
was a compromise between the physical parameters of the model
(size of body, conductivity, depth, overburden thickness, and station
locations) and computational limitations. The surface AMT synthet-
ic responses at eleven frequencies between 10,000 and 0.04 Hz were
calculated. In all cases, convergence of the response was verified by
increasing the mesh size until the responses were asymptotic to sta-
ble values. The final mesh was 86 cells (E — W)X99 cells
(N = S) X 50 cells (vertical), with a horizontal cell size of 12.5 m
within and close to the ore body. The validity of the 3D responses
was also tested by comparing the 3D responses for a body of infinite
length to 2D responses derived using the code of Wannamaker et al.
(1987) with the same mesh size. For this mesh size, the 3D code
needed 1.5 Gb of random-access memory on a Sun Blade 1000
workstation and took 48 hours to calculate responses at the eleven
frequencies.

Figure 3 shows the XY (quasi-TE) and YX (quasi-TM) apparent
resistivities and phases, plotted as pseudosections that would be ob-
tained at stations located on a surface profile crossing the center of
the body (see Figure 2) in the Y-(E-W) direction. Although the ore
body is 3D, its elongate shape means the X-direction can be consid-
ered as the strike direction.

The most significant result was the behavior of the RhoXY appar-
ent resistivities at low frequencies. Close to the ore body they re-
mained anomalously low compared with those that would have been
obtained for a body with infinite length (i.e., the 2D response). The
phases at sites above the body were high (near 78°) but did not go be-
yond the first quadrant (0°-90°). It was possible to fit the XY and YX
data (both apparent resistivity and phase angle) separately with two
different 1D models, which implies that there is a mathematical and
physical relationship between the apparent resistivities and the phas-
es at each site and for each mode for this particular 3D model.
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Figure 1. Geologic map and cross section of the Bathurst no. 12 deposit (from Thomas et al., 2000). The schematic locations of the surface AMT
acquisition sites (red diamonds) and down-mine sites (gray diamonds) used in the modeling are also shown. The down-mine AMT sites are at the

lowest level of current ore extraction.

2D INVERSION OF 3D DATA

We carried out 2D inversion tests on various subsets of the data:
XY (quasi-TE) and YX (quasi-TM) data jointly, only XY or only
YX, only phases or only resistivities; and using different frequency
ranges and different sampling geometry. The inversions shown
herein were obtained using RLM2DI code (Rodi and Mackie, 2001).
We obtained similar results using other codes (RRI of Smith and
Booker, 1991; and REBOCC of Siripunvaraporn and Egbert, 2000).

Table 1 summarizes the most significant of our tests, and Figure 4
presents the resultant 2D models. The YZ section beneath the profile
is shown as model L of Figure 4, but it should be noted that this mod-
el is not the same as the silhouette on the Y-Z plane of Figure 2. All
models presented here represent inversion of the 3D data from sta-
tions along the central profile that runs through sites 53 and 57, and
the results should be compared with model L.

Model A included data from all 22 sites on the central profile. The
best-fit model obtained from inversion of all data (XY as TE and YX
as TM) at all 11 frequencies (model A of Figure 4) did not yield an
acceptable fit; the final root mean square (rms) misfit between the
synthetic 3D responses and the 2D modeled response was 4.85. (An
rms misfit of unity signifies a fit within statistical tolerances with as-
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Figure 2. The numerically modeled 3D ore body used in this study
(X:Y:Zis approx. 1). The profile used for 2D modeling, and the loca-
tions of recording sites 53 and 57 are also shown. The principal di-
mensions of the body are: depth to base, 1375 m; dip angle, 80°;
maximum width in X direction (N-S), 1300 m, and in Y direction
(east-west), 250 m.
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sumed errors of 20% in apparent resistivity and 2.8° in-phase. These
are large errors and might represent environmental and/or geologic
noise.) At frequencies below 10 Hz, the XY data (quasi-TE) did not
fit with a 2D model, but the YX data (quasi-TM) did. The asymptoti-
cally decreasing XY apparentresistivities at low frequencies (Figure
3) observed at sites located over the ore body were not compatible
with a 2D model. When the phases alone were inverted (model B,
Figure 4), the rms misfit that was achieved was statistically satisfac-
tory (rms = 1.2), but the fit to the shape of the phase curves was
poor. This suggests that some parts of the data were overfit, whereas
others were underfit, which is a problem with correlated misfit resid-
uals. The inversion of apparent resistivities and phases correspond-
ing to the YX data (quasi-TM) alone produced a model with an

Apparent resistivity XY

9 13 17 21 29 37 45 5357 65 69 73 77

acceptable final rms misfit of 1.4 (model C, Figure 4). However, al-
though the XY data from individual sites could be fit with 1D mod-
els, there was no 2D model that fit the XY data alone; the best-fit
model obtained (model D, Figure 4) had an rms misfit of 9.6.

Other inversions were performed using subsets of the higher fre-
quency data. Using data above 10 Hz resulted in a final model with
an rms misfit of 4.0 (model E). Using only the data above 100 Hz
(model F) showed a good fit to the data with an rms misfit of 2.85. To
study the effects on resolution of spatial sampling, other subsets
were considered. Model G of Figure 4, with 16 sites, was obtained by
doubling the spacing between sites used in models A to F, and mod-
els H to K had the same site geometry as model G, but the sites locat-
ed directly over the body were excluded. The results show that a
sample interval equal to approximately half of the
body width is barely sufficient to identify the ex-
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047 Figure 5 shows the apparent resistivities and
l g:gg phases from two sites on the central profile for ef-
gfgﬁ fective ore body strike lengths of 500, 1000,
&5 2500, and 10,000 m.
&1 Site 57 was directly over the ore body and site

3
I %% 53 was 50 m to the west (Figure 2). At site 57,
1620 there was a sharp contrast between the responses
of the XY and YX data; the XY data were sensi-
tive to the length of strike of the body, whereas
the YX data were not. This behavior held for both
(o) apparent resistivities and phases. For site 53,
0 however, both the XY and the YX data were sen-
}g sitive to strike length. At high frequencies (above
2 100 Hz) the behaviors of the 2D and 3D responses
b were similar, with phases rising to 78° at 10,000
54 Hz. At lower frequencies, the 3D YX data be-
& haved as did the 2D model (rising again to 78°),
84 but the XY data responses were completely
different.
Clearly these results support the conclusions of
Wannamaker et al. (1980, 1984a, b) and Jones
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Figure 3. AMT apparent resistivities and phases for the XY (quasi-TE) and YX (quasi-
TM) data along the east-west central profile crossing the ore body as shown on Figure 2.
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(1983), that the quasi-TM mode responses from a
3D body can be interpreted as 2D, even for bodies
of small strike length, whereas the quasi-TE mod-
el responses require long strike extents. It should
be noted that for a host rock resistivity of
1000 Qm, the skin depths at frequencies of 1000,
500, 300, and 100 Hz are 500, 700, 910, and 1580
m respectively. Conversely, the faces of the 3D
E-W body are one skin depth away for the strike ratios
of 2:1 (250 m half-length), 4:1 (500 m), 10:1
(1250 m), and 40:1 (5000 m) at frequencies of
4000, 1000, 160, and 10 Hz. Figure 5 shows that
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the quasi-TE responses depart from the 2D response at frequencies
of 5000 Hz (2:1), 1000 Hz (4:1), 300 Hz (10:1), and 10 Hz (40:1).
These values are reasonably consistent with the conclusion by Jones
(1983) that the quasi-TE can be interpreted as 2D when the distance
to the face of the body is more than one skin depth.

RESPONSES WITHIN THE MODEL:
BELOW-MINE IMAGING

AMT measurements recorded from the lowest levels of mines can
provide high-resolution below-mine imaging that might detect eco-
nomic ore bodies below existing workings and thus extend mine life.
We advocate two approaches: The first is to invert both the surface
and down-mine AMT responses simultaneously, holding known
structures constant. The second involves body stripping (a 3D ver-
sion of layer stripping) by removing the responses of known 3D
structures from observed down-mine responses, then treating resid-
ual responses as surface responses. Body stripping uses the fact that
in 1D, MT responses at an interface depend only on the structure be-
low that interface; that is, they are independent of any structure
above it, as demonstrated by the well-known recursion relationship
for deriving MT responses over layered structures (e.g., Kaufman
and Keller, 1981). Body stripping gives a precise and accurate meth-
od to determine the forward response in 1D and can be a useful tool
to obtain an approximation in 2D and 3D.

However, before implementing either or both of these approach-
es, itis important to study the nature of the forward responses within
the ore body. To accomplish this, we took the 3D forward code of
Mackie et al. (1994) and modified it (R. L. Mackie, personal commu-
nication, 2001) to calculate the electromagnetic fields at node points
within the subsurface, and from those fields we derived apparent re-
sistivities and phases. As stated above, the AMT impedances at any
depth within a layered earth are not a function of the layers above,
but for 2D and 3D models anomalous currents can flow both above
and below a given depth, and thus simple strip-
ping may be invalid.

To ascertain whether the 3D code yielded reli- Figure 2.

were very similar. The simulated measurements inside the mine (A2
in Figure 6) show that there is a conductor beneath. This behavior re-
sembles the 1D case in that the medium above the level at which the
measurements were taken has little effect. However, this is a special
situation because the medium above is homogeneous and resistive,
although less resistive than air. Nonetheless, this example gave us
confidence in the numerical responses obtained within the earth.
Note that for frequencies below 1 Hz only galvanic effects are evi-
dent.

Case B: Body at surface, measurements
at different depth levels

For case B the position of the body was fixed, outcropping at the
surface, and the responses were calculated for measurements at dif-
ferent depth levels with respect to the body: Case B1, at the top of the
body (z = 0 m); case B2, at a depth corresponding to the bottom of
the body (z = 27 m); and case B3, at a depth equal to twice the thick-
ness of the body (z = 54 m). The responses for cases B1 and B2, ob-
tained with the modified Mackie code, were compared with the 3D
integral equation code of Avdeev et al. (1997) for frequencies of 10
and 100 Hz; both XY and YX apparent resistivities and phases
agreed to within less than 10%. Because the degree of disagreement
increased with frequency, and some numerical instabilities were ob-
served in our solutions for 10,000 Hz, we chose to use solutions only
for frequencies between 1000 and 0.1 Hz.

Figure 7 shows the apparent resistivity responses for the three
variants of case B. Case B1 is the same as case Al (Figure 6), but the
responses are plotted in Figure 7 with a different color scale to facili-
tate comparison with cases B2 and B3. Cases B2 and B3 showed
very different character to that observed in case A2 (Figure 6). The
medium above the body in cases B2 and B3 had a significant influ-
ence for both polarizations, imaging a conductive zone; although, in
case B3, it was smooth. Clearly, without appropriate correction, in-

Table 1. Data used for 2D inversion models of the central profile shown on

able numerical estimates of the EM fields within
the model, we conducted several tests with lay-
ered models and compared them to 1D analytical
results. Moreover, we used different meshes, re-

Model®  Sites and frequency band

rms
Data inverted Iterations misfit

fined at the locations where the fields were de- A
rived, to ensure convergence of the solutions.
After these tests, we modeled a simple 3D body

22 sites, spacing 50 m over the body All 66 4.85
All 11 frequencies (10,000-0.04 Hz)

of dimensions 27 m thickness, 350 m width, and B As for model A Phases only 28 1.2
500 mlength, and of 2 Q0m resistivity, hosted in a C As for model A YX only 62 143
homogeneous earth of 100 {m resistivity. We D As for model A XY only 19 9.56
studied the magnetotelluric responses for three E Sites and spacing as for model A All 49 3.98
cases (A-C) as described in the following section. Frequencies above 10 Hz only
F Sites and spacing as for model A All 53 2.85
. Frequencies above 100 Hz only

Case A: Body at surface versus buried G 16 sites, spacing 100 m over the body  All 76 4.59

We compared the responses at the top of the All frequencies
body in two situations: Case A1, where the body H 14 sites (excluding those over the body) All 86 3.76
was at the surface (z = 0 m); and case A2, where All frequencies
it was placed at a depth equal to its vertical thick- I As for model H Phases only 9 0.99
ness (i.e., with its top at z = 27 m, simulating in- ] As for model H XY 29 5.64
mine measurement). Figure 6 shows that the ap- K As for model H X 67 1.09

parent resistivity XY (quasi-TE) and YX (quasi-

TM) pseudosections derived for both situations

*Model letters correspond to Figure 4a-k, respectively.
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Figure 4. Key 2D models obtained from inversion of 3D data along the central profile shown on Figure 2. Table 1 provides details of the data used
for each inversion. The YZ section below the central profile is shown as (1) model L.
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terpretation of measurements made at either the 27 or 54 m level
might lead to erroneous conclusions about the existence of struc-
tures below.

Effect of a tunnel

Because in a mine the responses inside an ore body can be ob-
tained only from within the galleries of that mine, we considered the

Fo1

effect of a tunnel on apparent resistivity and phase responses. The
tunnel was simulated by a prism, 2 m high, 2 m wide, and with a
length of 350 m, equal to the width of the conducting body.

For case B2 (z = 27 m), we tested responses with and without a
tunnel (it would be difficult to experimentally verify the latter in a
mine). Figure 8 shows the apparent resistivities and phases for two
sites, one within the tunnel and one away from the tunnel. Site 9 was
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Figure 5. Comparison of the apparent resistivity and phase responses for different 3D models at two sites for varying strike length compared to
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(Figure 2). The label “2D” indicates the responses calculated using the 2D forward code.
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Figure 8. Simulation of the effect of a tunnel on the apparent resistiv-
ity curves for two sites. The tunnel was simulated by a body
2 m high X2 m wide X 350 m long of 10,000 (m resistivity at the
base of a 3D body 500 m long X 350 m wide X 27 m thick and 2
Qm resistivity. The tunnel is shown as the dark bar at the base of
body.

outside the tunnel and site 13 was inside the tunnel at the base of the
conductive body. The tunnel created a distortion that can be consid-
ered as a static shift (e.g., Jones, 1988). The phases were identical
with and without the effect of the tunnel, but at the site within the
tunnel the apparent resistivities were shifted by a frequency-inde-
pendent multiplicative constant.

To simulate the resistivity of the air within the tunnel, we tested
resistivities of 5000 and 10,000 (m; the shift of the apparent resis-
tivities increased with increasing resistivity of the air.

We concluded that the effect of the tunnel on apparent resistivities
is important and must be taken into account for interpretations or in-
versions of experimental data.

Case C: Down-mine responses and body stripping

As a first approach, body stripping of the responses of known
structures can be useful to reduce the effects of structures above the
level of data acquisition. To examine this we derived theoretical re-
sponses as follows:

First, responses were calculated at a depth of 27 m for two 3D
bodies with their top interfaces at the surface, one of 27 m thickness,
and the other of 54 m thickness (cases C1 and C2, respectively). Fig-
ure 9 shows the XY apparent resistivity responses for these two cas-
es. The difference between the two sets of responses (C2-C1) was
then derived on a logarithmic scale for apparent resistivities, and on
alinear scale for phases. An apparent resistivity pseudosection of the
XY difference is shown in Figure 10.



Second, apparent resistivity responses were
derived at a depth of 27 m for a body of 27 m
thickness with its top interface at 27 m depth; that
is, the responses from the top of the body, which
corresponds to case A2. The resultant XY appar-
ent resistivity pseudosection is shown in Figure
10.

Figure 11 shows the apparent resistivity curves
for a site in the center of the profile on top of the
body for cases C1, C2, C2-CI, body stripping,
and A2. The body-stripping curve was obtained
from the log-difference between the responses
from cases C2 and Cl1, shifted upward to a resis-
tivity of 2 Qm at the highest frequency. The re-
sponses of the body-stripping scenario and case
A2 are similar. At high frequencies, apparent re-
sistivity increases from that of the body (2 (m)
as frequency decreases, but the body-stripping re-
sponse had a smaller galvanic distortion effect
than case A2 (i.e., the response of the structure
below the level of acquisition). The body strip-
ping curve reached a maximum resistivity of
45 Qom, whereas the curve for case A2 rose only
to 8 Qm, compared to the 100 Om resistivity of
the surrounding medium. Thus, at lower frequen-
cies the two diverged significantly, as can be ob-
served by comparing the pseudosections in Fig-
ure 10.

We concluded from this simple example that
body stripping may not be a successful strategy to
recover accurately the response of conductive
structures below the level of acquisition. Howev-
er, assuming that the conductivity of the deposit
and surrounding rocks can be obtained, and if the
response of the overlying conductive structure is
correctly stripped away, it can show qualitatively
if more conductive material is present below the
level of acquisition.

DOWN-MINE ELECTROMAGNETIC
RESPONSE OF THE MODEL

We computed the down-mine electromagnetic
responses for the ore body illustrated in Figure 2.
The cross section A-A’ (Figure 1) is shown sche-
matically in Figure 12c. The gray-shaded region
represents known ore, interpolated from informa-
tion from Luff et al. (1992), and the horizontal
dotted line shows the lowest level of the current
mine workings along which responses were com-
puted. The apparent resistivities and phase re-
sponses from four stations, sites 17, 33, 49, and
61, are shown on Figure 12a and b. Sites 17 and
61 were neither beneath nor above ore, and their
phase responses remained within their appropri-
ate quadrants (first quadrant for XY and third
quadrant for YX). In contrast, the sites that were
either above ore (site 33) or below ore (site 49)
exhibited phase responses that did not obey the
quadrant rules for surface responses from 1D, 2D,
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and 3D models, unless, of course, there is some sort of galvanic dis-
tortion (or an equivalent one) (e.g., Larsen, 1977; Richards et al.,
1982; Bahr, 1988; Groom and Bailey, 1989; McNeice and Jones,
2001; Weckmann et al., 2003). The XY apparent resistivities for site
49 and the YX apparent resistivities for site 33 were also strongly
distorted, with gradients exceeding one on a log-log scale. The ex-
treme responses at sites 33 and 49 can be attributed to the complex
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Figure 11. XY (quasi-TE) apparent resistivities observed at a site in
the center of the profile at a depth of 27 Qm for cases C1 (Figure 9),
C2 (Figure 9), the difference between C2 and C1, the scaled differ-
ence between C2 and Cl1 (i.e., body stripping, apparent resistivity
curve bulk shifted to match known body resistivity of 2 {dm), and
case A2 (Figure 6).
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and highly conductive structure of the ore body, which tended to
gather and/or deflect horizontal electromagnetic fields and currents
and, in particular, to the fact that there was conductive material both
above and below the sensing location.

DISCUSSION AND RECOMMENDATIONS

From the initial results of our continuing study, we make several
recommendations for the design of AMT surveys to detect and delin-
eate ore bodies, and for interpretation of the acquired data. These
recommendations are discussed below:

1) Fora3D body of limited extent, the anomalous horizontal mag-
netic-field components are small compared to the 2D case;
most of the anomalous response is from the electric-field com-
ponents. This suggests that an optimized field experiment
would use stationary magnetic sensors and multiple electric-
field measurements. This can be achieved with the MIMDAS
(Sheard, 2001) or TITAN-24 (White and Gordon, 2003) tech-
nologies. However, in a numerical simulation of the Kidd
Creek deposit, Jones and McNeice (2002) showed that if a de-
posit has significant length extent, the anomalies in the magnet-
ic field can be three times greater than the anomalies in the elec-
tric field.

2) Site spacing must be sufficiently close to resolve the body;
spacing of less than half the width of the body must be consid-
ered a maximum for bodies similar to the one studied here. This
is especially true for MT.

3) When interpreting a 2D model, it must be kept in mind that the
data corresponding to the strike-parallel electric field (XY data
in this study) are more sensitive to 3D effects than the data
across strike. If a 2D inversion is attempted, all the across-strike
data can be considered, but only the high fre-
quency strike-parallel data should be used.
As arule of thumb, frequencies greater than
one skin depth in the host can be used in TE,
and greater than one-tenth of skin depth in
TM (Jones, 1983).

4)  The base of an ore body is poorly resolved
by the AMT method. The differences be-
tween the complete body (maximum depth
1375 in this study) and a reduced thickness
body (reducing the maximum depth to
850 m) are less than 15% for the lowest fre-
quencies.

5) The wide frequency range of AMT data is
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| necessary to detect and to delineate the deep
geometry of a 3D body, including data in the
difficult AMT dead-band of Garcia and
1 Jones (2002, 2005).

CONCLUSIONS

Figure 12. Down-mine electromagnetic responses of the numerical simulation model of
the Bathurst no. 12 ore body at a depth of 850 m (lowest level of current ore extraction).
The apparent resistivities (a) and phases (b) are those that would be observed in the XY
(quasi-TE) and YX (quasi-TM) data at sites 17, 33, 49, and 61. (c) shows a sketch of the
section along the profile A-A" (Figure 1). Sites 17 and 61 are neither above nor below ore.

Site 33 is above ore only, and site 49 is below ore only.

Tests of the ATM response to a simple model
of a buried conductive body showed that conduc-
tive structures above the level from which the
measurements were taken affected those mea-
surements. These effects are important when at-
tempting to image a conductive zone below a
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known ore body. As a first approach, body stripping of the responses
of known structures can be qualitatively useful to reduce these ef-
fects, but this approach cannot isolate the responses for only the
deeper structures. A full inversion, fixing the known near-surface
structures, must be undertaken.

Some questions about the influence of environmental and/or geo-
logical noise remain unanswered, but a useful study of the influence
of noise in MT mining exploration is beyond the scope of this paper.
However, our main conclusions are not dependent on the answers to
these questions, which can be addressed within the framework of fu-
ture studies of 3D inversion.
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