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and phases (Figure 12) from line 6. There is a strong anomaly
in the TE pseudosection (Figure 11, top) at sites 615, 607,
616, and 608, particularly at frequencies below 10 Hz. This
low-frequency response is discussed above. The TM appar-
ent resistivity (RhoTM) pseudosection (Figure 11, bottom)
shows a general reduction of resistivities in this region.
The phase pseudosections do not show a strong high phase
anomaly as would be expected from the model depicted in
Figure 3.

Induction vectors

The geomagnetic transfer function between the vertical mag-
netic field component and the horizontal magnetic field compo-
nents can be expressed asreal and imaginary induction vectors,
and the real vector, when reversed, usually points towards

FIG. 8. Derived low-frequency tensor decomposed appar-
ent-resistivity data for site 005 together with their prediction
(dashed lines show± one standard error) from the phase data
using Parker and Booker’s (1996) Rho+ algorithm. The solid
lines in the apparent resistivity plots show the decay for an
infinitely conducting substratum. Also shown are the decom-
posed phase data.

regions of enhanced conductivity (Jones, 1986). Over a 1D
earth, and also directly on top of a symmetric 3D anomaly,
there is no induced vertical magnetic field. Accordingly, an
observed vertical magnetic field implies that there must be
lateral variations in electrical conductivity within an induc-
tive scale length of the station. These vectors have been
used qualitatively in regional studies to map areas and find
anomalies, and were first used in Australia where they pointed
towards electrical current concentration at the coastlines
(Parkinson, 1962).

Maps of these vectors illustrate that there are problems with
the geomagnetic transfer function estimates for these data. The
vectors are generally inconsistent both in length and azimuth
from site-to-site and, accordingly, a quantitative interpretation
is not possible. There is very poor data quality, particularly
in the AMT dead-band centered on 1536 Hz. This is unfortu-
nate as theoretical tests demonstrate that for a body at depths
of 500–700 m (i.e., the depth of mineralization intersected by
the drillholes), the maximum geomagnetic transfer function
response is in the frequency band 3000–1000 Hz.

A map of the induction vectors at 768 Hz for the sites closest
to the drillholes (Figure 13a) shows, as expected, very small
vectors for sites on or close to the anomaly (sites 004, 007, 003,
401), with others nearby generally pointing towards them. Sites
616, 402, 803, and 609 have questionable vectors, suggestive of
layout or calibration errors.

At low frequencies, beginning at 96 Hz, the real vectors all
point northeast towards Okak Bay. Although the nearest ocean
water is over 25 km away in Okak Bay, and the Atlantic coast-
line is almost 50 km away, the electric currents concentrated at
the ocean-land boundary can be sensed at frequencies as high
as tens of Hertz. Even for the high crustal resistivities in the
region, the coast is many skin depths away from the anomaly,

FIG. 9. Rotation of the apparent resistivity data in the fre-
quency range 1000–1 Hz from site 005 with azimuith from 0◦
(ρxy) to 90◦ (ρyx).
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and so one might not intuitively expect this result. However, as
discussed by Ranganayaki and Madden (1980), Dawson et al.
(1982), and Jones (1983), the appropriate scale length is given
by the adjustment distance, not the skin depth, and at low
frequencies this distance can be many hundreds of kilome-
ters. As formulated by Ranganayaki and Madden (1980) and
Dawson et al. (1982), this distance applies on the ocean side
of the coastline, so it cannot be directly applied as there is no
conducting upper thin sheet on the land side. Nevertheless, the
induction arrows clearly indicate that there is an observable
effect.

Forward modeling studies show that if there is a conducting
anomaly at 1–3 km, as depicted in Figure 3, this anomaly would
have its maximum geomagnetic transfer function response at

FIG. 10. Maps of distortion-corrected averaged apparent resistivities at four frequencies: (a) 768 Hz, (b) 192 Hz, (c) 48 Hz, and
(d) 12 Hz.

approximately 10 Hz. A map of vectors at 12 Hz (Figure 13b)
shows only the distant coast, and no response to any exten-
sive deep conducting bodies. (The vectors at sites 401 and 615
are anomalously small and the geomagnetic transfer function is
close to zero at all frequencies, suggesting a problem with acqui-
sition of the vertical magnetic field component at these sites.)

1D INVERSIONS

The high-frequency (>100 Hz) parts of the data set respond
in an almost 1D manner, i.e., the apparent resistivity and phase
curves of the two modes (TE and TM) overlie one another.
Thus we can use 1D MT tools to investigate the shallow struc-
ture beneath important sites. We have chosen sites 004 and 005
for presentation; 004 is closest to the holes drilled on the basis
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FIG. 11. Apparent resistivity peudosections of the distortion-corrected data from line 6.

FIG. 12. Phase peudosections of the distortion-corrected data from line 6.
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of the AMT results (OK-M1, OK-M2, and OK-M3) and 005 is
at the center of an anomaly observed in data from the TEM
survey.

Site 004

A detailed examination of the data from site 004 was un-
dertaken in order to extract as much information as possible
given the site’s location closest to the three holes drilled that in-
tersected mineralization: OK-M1, OK-M2/OK-M3 (Figure 2).
An inversion to obtain the best-fitting model, which comprises
conductance “spikes” (D+, Parker and Whaler, 1981), of the

FIG. 13. Reversed real induction arrows at (a) 768 Hz and
(b) 12 Hz.

decomposed and anisotropy-corrected data, with the TE-mode
(ZXY) data directed N80◦ E and the TM-mode (ZYX) data
directed N10◦ W, gave conductance spikes above 1 km at the
depths listed in Table 3. The information from the two orthog-
onal directions is consistent with an anomaly of about 1.5–S
total vertically integrated conductance centered at a depth of
around 500 m.

One-dimensional layered-Earth inversions (Fischer and Le
Quang, 1981) of the TE- and TM-mode data and of the arith-
metic average of the two modes gave the model parameters
for the uppermost kilometer listed in Table 4. Singular value
decomposition (SVD; Edwards et al., 1981; Jones, 1982) sen-
sitivity analysis of the averaged response model (ZAV) shows
that the parameters of the top of the conducting layer are rea-
sonably well-resolved, with a standard error for the depth to
the conducting zone of 450–600 m, and a standard error for
the conductance of the conducting zone of 1.85–2.15 S. The top
of the layer correlates well with the zone at 454 m depth in
drillhole OK-M3.

The electrical conductivity of magnetite can range from 105

to 10−5 S/m, with an average value of 104–103 S/m, depend-
ing on the interconnectivity. Pyrrhotite has a smaller range,
from 106 to 103 S/m, with an average of 105–104 S/m. As-
suming that the 2-S conducting zone is primarily due to the
pyrrhotite in the 16.4-m depth interval between 454.1 and
470.5 m, reported to be up to 10% disseminated sulfides, then
the layer has an averaged interval resistivity of 8.2 ohm-m
(16.4 m/2 S). For a nominal mineral conductivity of 104 S/m
then, by Archie’s Law with an exponent of two, the aver-
aged interconnected pyrrhotite content required to explain
the 2-S conductance is approximately 0.3%. Alternative as-
sumptions about the topology of the interconnectivity can be
made, with the modified brick layer (MBL) model of Schilling
et al. (1997) being perhaps the most general. The MBL model
also suggests a conductive fraction of around 0.3%. However,
both Archie’s Law and the MBL model, as well as others
discussed in Jones (1992), describe interconnectivity for ionic
conduction in porous media. Whether these models are also
appropriate for electronic conduction in dry rocks has yet to be
established.

Site 005

The AMT responses from site 005 exhibit problems in the
range 3 kHz–1 kHz, as noted above and shown in Figure 7.
The phases look reasonable in this range, but the apparent
resistivity estimates are scattered and downward-biased, and
are unusable. The highest frequency XY phases show a decay,
or droop, towards 0◦ (Figure 14). The contractor noted very

Table 3. Conductance spikes above 1 km obtained using
Parker and Whaler’s (1981) D+ algorithm for the corrected
responses from site 004.

ZXY (=TE mode) ZYX (=TM mode)

Depth Conductance Depth Conductance
(m) (S) (m) (S)

277 0.19 0 0.11
473 1.32 513 2.04



Okak Bay AMT Data Set Case Study 81

high dc levels for the north-south electrode array (82 mV),
which may indicate electrode deterioration. This would re-
sult in capacitive coupling to the ground that manifests itself
as a low-pass RC-like filter. Alternatively, it may indicate a
spontaneous polarization (SP) effect from the shallow anomaly
mapped, but the lack of a corresponding droop on the other
component (PhsYX) supports the conclusion of an electrode
effect.

The lack of high-quality data in the band 3 kHz–600 Hz is
most unfortunate because this is exactly the frequency range
that would be sensitive to an anomaly at depths of approxi-
mately 100–200 m initially thought to be responsible for the
observed TEM anomaly. A 16-m-thick layer of 10 ohm-m at
a depth of 100 m would have an AMT response as shown in
Figure 14, and is compared to the observed data also shown in
the figure. There is poor correspondence between the model
and the data, particularly with the shape of the phase curves.
This lack of correspondence in the AMT data is counter to
the interpretation of the TEM data of the existence of a layer
of conductance of 2 S at a depth of 100 m below site 005. A
weak conducting zone is imaged at around 450 m when the
data are fit by a smooth 1D model algorithm (OCCAM mod-
els, Constable et al., 1987), and layered earth inversion (Fischer
and Le Quang, 1981) suggests a 0.6-S conductor at a depth in
the interval 450–550 m (451 m TM; 505 m AV; 540 m TE),
but this depth is weakly constrained, with a standard error
of 120 m due to the poor data quality. Drilling in September
1999 in the center of a TEM anomaly (hole OK-M8, close to
site 005) intersected a 3.5-m-thick zone of mineralization at
a depth of 523.6 m, consistent with this weak conductor. Al-
though the mineralization intersected by the borehole has high
concentrations (locally up to 50% disseminated sulfide miner-
alization), the weak AMT response seen at site 005 suggests
that it is either of limited extent or is poorly interconnected
electrically.

In conclusion, although the AMT data are inconsistent and
unusable in the 3 kHz–1 kHz frequency band most sensitive
to the presence of an anomaly initially thought to explain the
observed TEM response, it is possible to exclude the existence
of a 2-S mineralized zone at 100–200 m depth. The anomaly
required to explain the usable AMT data is one of 0.6 S at a
depth of 450–500 m, and the AMT response most sensitive to
it is the phase maximum at 300–400 Hz (Figure 14). This AMT
frequency compares well with a TEM maximum anomaly time
channel of 0.55 ms, which converts to approximately 360 Hz.

2D INVERSIONS

The distortion-decomposed data on the nine profiles were
inverted using the rund2inv nlcg2 2D inversion code of Rodi

Table 4. One-dimensional layered earth parameters of the top kilometer for the corrected responses from site 004 (Rho = layer
resistivity in ohm-meters; H = layer thickness in meters).

ZXY (=TE mode) ZYX (=TM mode) ZAV

Layer Rho H Rho H Rho H

1 3700 445 1878 496 1753 520
2 53 75 54 98 50 100
3 1940 10500 3845

and Mackie (2001). The inversions were performed using the
data in the 1000–10 Hz frequency range, with a minimum error
floor of 3.5% in the apparent resistivities and 1◦ for the phases
(i.e., if the estimated errors were less than these floor values,
they were set to these values). The starting model in each case
was a uniform half-space of 1000 ohm-m. The final misfits of
both mode inversions for all models are relatively small [nor-
malized root mean square (rms) around 6, but with a good
visual fit to the character of the data]. Better fits are achieved
for the TE- and TM-mode data separately, suggesting either
the presence of spatially aliased local site-to-site variation or
off-profile 3D effects, or both.

Validity of 2D inversion of 3D structures

As discussed by Jones (1983), in situations where the earth
is 3D, then a valid 2D interpretation may be undertaken of
the TM-mode data when the end of the 3D anomaly is greater
than 0.1 skin depths in the host medium. For a host medium
of 5000 ohm-m, and a distance to the “face” of 580 m, then
the TM inversion is valid to frequencies as low as 35 Hz. At
lower frequencies, the off-profile 3D body will affect the re-
sulting model. However, for the TE mode, the effects of an
off-profile body are seen at much higher frequencies. The ap-
proximate rule-of-thumb is that the TE-mode data are affected
by bodies lying off-profile within one skin depth. Wannamaker
et al. (1984) also concluded that 2D TM inversion of data
over a 3D body is likely to produce the most accurate re-
sult. However, Park and Mackie (1997) show that for some
geometries it is the 2D TE-mode data that are closest to the
3D response.

FIG. 14. Distortion-corrected data from site 005 compared to
a 1D model which includes a conducting layer at 100 m with
the same conductance as observed in drillhole OK-M3 in the
interval 454–470 m.
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Martinelli et al. (2000) undertook a comparison of 2D in-
version of 3D data for a problem with an embedded inhomo-
geneity, and showed that whereas the geometry of the top and
sides of the body is reasonably well-recovered, the 2D models
underestimated the thickness of the conductor by up to 30%
(i.e., underestimate the total conductance by that amount). The
TM-mode equivalent model is closest to the true cross-section
of the 3D model, but the TE-mode equivalent model is also a
reasonable approximation to that cross-section. This study sug-
gests that joint inversion of TE- and TM-mode data together
will result in a model with a conductance of the embedded in-
homogeneity that is in error by at most 50%, and more likely
less than 25%.

Tests of preliminary model

To test the resolving properties of the inversion code used,
the preliminary model of Figure 3 was simplified and parame-
terized (Figure 15a), and its theoretical forward response calcu-
lated at the same sites and same frequencies as the actual data.

FIG. 15. (a) Test model based on the preliminary model (Figure 3), and inversion of (b) both modes and (c) TM-
only mode, of the synthetic MT data in the range 1000–10 Hz. (Note the horizontal exaggeration of 3.3:1.)

As well as the deeper anomalies, shallow ones were included
beneath sites 604 and 616 (100-m depth) and surficial anoma-
lies beneath sites 609, 613, and 614. There is little TM re-
sponse to the structures, and the maximum TE response to
the large central deep (1–3 km) conductor is in the frequency
band of 100–10 Hz for apparent resistivity and 100–1 Hz for
phase.

We inverted the synthetic data for this model data at 13
frequencies in the range 1000–10 Hz, with an assumed error
of 3.5% in apparent resistivity and 1◦ in phase. The starting
model was a uniform 1000-ohm-m half-space. The final model,
with a normalized rms misfit of one (i.e., the data were fit
to the level of the error bars) and obtained after 82 itera-
tions, is shown in Figure 15b. All the anomalies in the model
are “discovered” when inverting the data. The shape of the
main anomaly is poorly resolved, which is due to the well-
known difficulty in resolving the base of conductors with EM
methods.

The model illustrated in Figure 15c is that obtained from in-
verting the TM-mode data alone. The model was found after
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37 iterations, with a smaller misfit of normalized rms = 0.5. This
model only shows a very weak image of the large conductor,
demonstrating the well-known problem with TM data for imag-
ing “thin” subvertical anomalies (see discussion below). The
spurious conductor to the north of site 613 is an edge artifact
of the inversion code.

Line 6

Joint TE and TM inversion of the distortion-corrected line
600 data.—The final model obtained by jointly inverting the
distortion-corrected TE- and TM-mode data simultaneously is
shown in Figure 16a. This model has an rms misfit of 3.5; thus, it
does not fit the data to within the set statistical tolerances. The
TM-mode data (RhoYX and PhaYX) are fit reasonably well,
and most of the misfit is in the the TE-mode data (RhoXY and
PhaXY). We attribute this problem to incompatibility of the
TE with the TM data, and interpret this as due to off-profile
structure appearing in the TE-mode data, but not in the TM-
mode data.

The only anomaly found is between sites 607 and 608 at
depths of some hundreds of meters with an apparent dip to the

FIG. 16. (a) Inversion of both modes of data for the line 6 sites. (b) Inversion of TM-mode only data for the line
6 sites.

south. There is no evidence of the deeper conducting feature
in the contractor’s preliminary model (Figure 3).

TM-only inversion of the distortion-corrected line 600
data.—It should be noted that although TM data have the ad-
vantage that they are less sensitive to off-profile structures,
they have the distinct disadvantage that they are also insen-
sitive to certain classes of anomalous structures. These struc-
tures are ones in which the anomaly (or anomalies) is (are)
thin in a lateral sense (Jones, 1993; Jones et al., 1993). This
is a serious restriction for mineral exploration studies, where
the enhanced conductivity often lies along thin zones (Jones
et al., 1997). The final TM model found is shown in Figure 16b.
This model does bear some resemblance to the test TM inver-
sion of the model shown in Figure 3, demonstrating the poor
sensitivity of TM data to the presence of vertical conducting
anomalies.

Line 0

Profile 0 is the westernmost profile in the data set (Figure 2),
and is located on top of the aeromagnetic anomaly. The data
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are subject to strong 3D effects due to the presence of small
conductors. The fact that the mineralized zone is located to the
east of the profile may be the cause of the difficulty in inverting
both modes simultaneously.

For the inversion, we started with simultaneous TE- and TM-
mode inversions, then used the best model obtained as the
starting model for a new inversion until the misfit could not be
improved. Subsequently, a new set of iterations was performed
using either TE or TM data alone. The final model for both
modes of inversion (Figure 17) does not differ significantly from
the models obtained from single mode inversions. The fit of the
model to the data is very good for the single mode inversions
but is poorer using both modes.

Line 8

The final model obtained for the data from Line 8 (Figure 17)
shows the presence of a conductor at approximately 200-m
depth located under station 802. The body is 200-m long and
100-m thick, with a resistivity of around 50 ohm-m, for a total
integrated conductance of 2 S. The model fits the data with a
final normalized rms of 3.2, and the misfit is mostly in the TE
mode, which again we take as indicative of 3D effects due to
an off-line conductor.

Lines 1 and 2

Lines 1 and 2 are located outside the area of interest. The
final model for line 1 (Figure 17) does not reveal any conduc-
tive structures with resistivity below 1000 ohm-m. The fit to
these data is very good, with a few stations that show very local
3D effects that could not be removed by the decomposition
procedure.

The line 2 data are similar to those from line 1. The final
model (Figure 17) does not indicate the presence of any con-
ductive structures with resistivity below 1000 ohm-m. The fit is
very good, and only station 201 is anomalous, probably due to
noise in the data.

Line A

Line A is the northernmost east-west profile. The first inver-
sions were performed using eight stations (005, 004, 402, 608,
802, 002, 106, and 207). Due to the presence of the mineralized
zone in the western part of the profile, it was not possible to
obtain a 2D model for the whole profile. The profile was short-
ened by dropping the easternmost sites, and it extends from
station 005 to station 802. Station 005 shows an anomalous
apparent resistivity and, in order to fit the data, the error bars
corresponding to the highest frequencies were increased by a
factor of two to allow a fit of the phase that is more consistent
with the neighboring stations.

The model (Figure 17) shows a conductor below stations 005
and 004 dipping to the west. This conductor is more than 300-m
long, 100-m thick, and presents an anomalous region of resis-
tivity between 50 and 10 ohm-m in its eastern part, decreasing
to 1 ohm-m at its western termination. As station 004 is off the
profile line, this conductor is due to the lateral effects of the
conductors located south of the profile. The fit is not very good,
but the model reproduces the behavior of the data.

Line B

Line B presents the same problems as line A. The lack
of sufficient spatial coverage to study the anomaly, the noisy

FIG. 17. Inversions of the data from all lines.
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responses, and the clear 3D nature of the data seriously com-
plicates the inversion of the data from this profile.

The model (Figure 17) shows two conductive structures that
correlate with the structure found in line 1. The conductive
structure located below stations 003 and 401 is the conductor
intercepted by the drill holes in that area (OK-M1, OK-M2,
and OK-M3). Under station 007 there is a second conductor,
of reduced dimensions, that is equally traced by the inversion
of the line 0. There is a large misfit of this model to the data,
especially in the TE mode.

Line C

Line C is the southernmost east-west profile. The model ob-
tained (Figure 17) does not show the presence of any conduc-
tive structures in the area. The fit to the data is very good at all
frequencies.

Line Z

The northwest-southeast line Z was constructed in an at-
tempt to determine better the geometry and resistivity value
of the conductor traced by the drillholes. The stations that
form this profile are 005, 004, 401, and 615. The MJ de-
composition of the data along this profile suggested that
the best strike to represent this data in a 2D fashion is 80◦

(N80◦ E).
The model obtained for this profile is shown in Figure 18.

It shows a large conductor below station 004, slightly dip-
ping to the northwest. This conductor is approximately 800-
m long and 200-m thick at a depth of approximately 400 m.
This is the conductor intersected by the drillholes in the area
(OK-M1, OK-M2, and OK-M3) and comprises the pyrrhotite
in the 16.4-m depth interval of 454.1–470.5 m. The fit of
the data is good for the TM mode, but less satisfactory for
the TE mode, particularly at stations 005 and 615. This pro-
file intersects line B at station 401 and shows good agree-
ment between both models in the vicinity of the conductive
area.

FIG. 18. Inversion of the data from line Z over the top of the drillholes.

3D IMAGING AND MODELING

Pseudo-3D model

In order to obtain an approximate geometry of the conduct-
ing body, we have constructed a pseudo-3D model using all the
2D models that cross, or are close to, the target body (A, B,
C, Z, 0, and 6). This model is a block with corners predom-
inantly defined by stations 005, 608, 606, and 006. It should
be noted that the 2D inversion code places smooth edges on
anomalous structures, so conductors will have lower bulk con-
ductivity and larger dimensions than may be correct. Also, 2D
models place lateral conductors directly beneath the profile,
which may result in false images of the conductive structure
due to off-line effects. Finally, to construct this structure we
had to interpolate between profiles. Accordingly, this model
should be interpreted in a qualitative sense only.

Figure 19 shows four slices through the pseudo-3D model
with a transparency filter for resistivities over 50 ohm-m ap-
plied. The isosurface determined by resistivity below 50 ohm-m
is shown in Figure 20; this represents the conductivity structure
alone. The position of this conductive structure correlates well
spatially with the conductive mineralized zone found through
drilling.

The pseudo-3D models locate the conductive structure at a
depth of 500 m with a resistivity of <50 ohm-m, and is located
in the square formed by stations 005, 004, 003, and 007. This
body was intersected by the drillholes in the area (OK-M1,
OK-M2, and OK-M3).

The forward response of a stylized body with the approx-
imate dimensions and geometry was computed using the
extended Born algorithm of Habashy et al. (1993), as imple-
mented in the EMIGMA code of PetrosEikon. In the fre-
quency range of our interpretation (1000–30 Hz), the observed
responses were qualitatively explained by the body.

3D regional model

As pointed out above with regard to low-frequency data
inconsistency and induction vector response, some of the
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difficulties in understanding the data in a 2D fashion arise
from the proximity of the ocean to the study area. The in-
duced currents in the ocean couple inductively and galvani-
cally with the conductive structure, and the effects manifest
themselves as an apparent enhancement of the anomaly’s con-
ductivity and its lateral and vertical extent. Possibly other
noneconomic (graphitic) conductors between the anomaly
and the coast contribute to this coupling effect by channel-
ing regional current flow through the area. Detailed maps by
Ermanovics et al. (1997) and Ermanovics and van Kranen-
donk (1998) show outcrops of black shale units and metased-
imentary units that contain locally massive (up to 15-cm
thick and several meters long) pyrite veins. Such an effect
was previously reported by Livelybrooks et al. (1996), who
observed an EM response of the Trillabelle deposit that
was in excess of expectations based on 3D modeling of the
body.

To understand the effect of the Atlantic Ocean and Okak
Bay, 3D forward modeling was undertaken with a con-
ductor representative of the target body in the study area
(resistivity 1 ohm-m) within a homogeneous half-space of
10 000 ohm-m, and modeling the ocean 50 km to the east
(Figure 21). This type of 3D model with a range of scales
from tens of meters to hundreds of kilometers is difficult
to compute numerically using conventional approaches. Ac-
cordingly, we used the extended Born algorithm of Habashy

FIG. 19. Slices through the pseudo-3D model with resistivities above 50 ohm-m set to opaque.

et al. (1993). We calculated the forward response of three
models. The first model contains both the target body and the
ocean. The second model has only the target body without
an ocean (discussed above), and the third model has only the
ocean.

We were unable to reproduce the fundamental curious ob-
servation, which is of a significant effect on apparent resistivity
data below 10 Hz with little corresponding effect on the
phase curves at those sites in the closevicinity of the anomaly
(Figure 8). In contrast, the 3D modeling showed a large phase
effect due to interaction between the body and the ocean cur-
rents for one mode of induction. The phase pseudosections cor-
respondent to all these models are shown in Figures 22 (XY
mode, with X= east and Y= north; electric currents traveling
east-west, i.e., crossing the coastline) and 23 (YX mode; elec-
tric currents traveling north-south, i.e., along the coastline). As
can be observed, the effect of the ocean is apparent in the data,
manifest under the profile as an apparent conductive layer that
is just the electrical image of the ocean. What is more signifi-
cant is that for those sites on top of the conductive body, there
is a large anomaly at the lowest frequencies (<30 Hz) as a re-
sult of the charge distribution impinged upon the body by the
ocean electrical currents and which can be misinterpreted as a
large conductor.

Two-dimensional inversions of the data corresponding to the
ocean+ body model have been carried out. It is impossible for
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the inversion scheme to reproduce correctly the TE-mode be-
havior, although the TM mode is easily modeled. The best
inversions show a conductor of resistivity and dimensions
higher than in the original model, and a second layer located
under the conductor.

CONCLUSIONS

This case study of AMT data over a small conductor has
demonstrated a number of important aspects. With regard to
data acquisition, high-quality data are required in the 1000–
10 000 Hz range in order to (1) resolve better the structures in
the top 500 m and (2) aid definition of static shifts on the AMT
apparent resistivity curves. As emphasized by Garcia and
Jones (2002), for the most optimum signal-to-noise ratio, these
data must be acquired during night hours due to the attenua-
tion of the magnetic fields from distant lightning sources in the
enhanced sunlit atmospheric conductivity. Also, high-quality
vertical magnetic field data leading to superior geomagnetic
transfer response functions must be acquired over the whole
bandwidth.

These data have demonstrated the requirement for careful
data analysis and appraisal prior to modeling. The analysis is
to determine the extent of galvanic distortions and the appro-
priate dimensionality, whereas the appraisal is to determine
whether the data are internally self-consistent. For these data,

FIG. 20. Fifty ohm-meter surface of the pseudo-3D model.

FIG. 21. Three-dimensional regional model including the
Atlantic Ocean and Okak Bay, and also a representation of
the minor anomaly studied herein.
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the low-frequency decay in the apparent resistivity curves at all
sites close to the anomaly cannot be validly interpreted using
2D codes.

Two-dimensional modeling of appropriate data over 3D min-
eralized bodies can yield geometrical and physical property
information that are reasonably accurate and can be used for
defining a drilling program to test the results. Once a single
hole is drilled and conductivity information obtained by well
logging, the inversions can be reperformed holding fixed the
resistivity values in the model cells intersected by the tra-
jectory of the borehole. Even minimal a priori information
constrains inversions significantly (e.g., Kim et al., 1999) and,
given the costs of drilling a borehole, the maximum use should
be made of the knowledge obtained and applied to existing
data.

With regard to the objective of the survey, mapping of the in-
duction vectors and the distortion-corrected responses showed
that there is only one anomalous conductor in the region, and
that it is bounded roughly by the triangle formed by sites 004,
007, and 003. This anomaly is the one intersected by drillholes.

FIG. 22. Phase pseudosections for currents traveling east-west (regional TM mode) from the model shown in
Figure 21. (Top) Both the ocean and the body are included, (middle) only the response of the body, and (bottom)
only the response from the ocean.

Two-dimensional inversions of the distortion-corrected data
show the presence of a single minor conductor of about 2 S
total conductance in the area located at depth between sta-
tions 005, 004, 003, and 007. Given that the body is 3D and not
2D, Martinelli et al.’s (2000) comparison study would suggest
that we underestimate the conductance value by up to 30%, so
to be conservative we assign a maximum vertically integrated
conductance of about 3 S for the anomaly. This anomaly corre-
lates with the mineralization intersected by the AMT-defined
drilling program (OK-M1, OK-M2, and OK-M3), and the re-
sponse of this conductor explains almost all of the observed
AMT anomalies in the 1000–10 Hz frequency range. The drilled
pyrrhotite in the 16.4-m depth interval between 454.1–470.5 m
would explain this anomaly, and an average volume percent
of 0.3% pyrrhotite is sufficient for the approximately 8-ohm-m
inferred resistivity of the layer.

We find no evidence for any enhancement in conductiv-
ity beginning at a depth of approximately 1000 m as shown
in the contractor’s preliminary interpretation of the line 600
data (Figure 3). We suspect that this anomaly came from



Okak Bay AMT Data Set Case Study 89

interpreting the apparent resistivity data at frequencies below
10 Hz where there is a strong anomalous decay response. How-
ever, the data at these frequencies are significantly affected by
the mutual interaction of off-profile structures, in this case the
mineralized zone intersected by the boreholes and the electric
currents in the ocean.

We have attempted to model the EM effects of the dis-
tant ocean. Although we are unable to reproduce the primary
observations, the modeling does indicate that one should ex-
pect the low-frequency responses to be seriously affected, lead-
ing to the presence of a deeper false conductor. These ef-
fects can be avoided in the final 2D model by restricting the
frequency range to use in the inversion. This, however, limits
penetration significantly.

Using an interpolation algorithm and with the use of 3D plot-
ting code, a final pseudo-3D model has been obtained showing
the presence of a single conductor in the area. Although this
is not a formal 3D model, the location and geometry provided
from combining the 2D inversions are sufficient for exploration
purposes.

FIG. 23. Phase pseudosections for currents traveling north-south (regional TE mode) from the model shown in
Figure 21. (Top) Both the ocean and the body are included, (middle) only the response of the body, and (bottom)
only the response from the ocean.

Inversion of the data from station 005 demonstrates that the
TEM conductor in time channel 0.55 ms has a counterpart in
the AMT response. Although initial interpretation of the TEM
data implied a conductor at a depth of 100–200 m, this can be
rejected based on the AMT responses. The AMT data can be
explained by the 3.5-m-thick zone of mineralization intersected
at 523.6 m. Comparing the AMT and TEM responses for sites
005 and 004, we find perplexingly that even though the miner-
alization intersected is at approximately the same depths for
OK-M2 and OK-M8, the AMT response is largest at site 004
and weaker at site 005, whereas the converse holds for the TEM
data. We conclude that the TEM data are sensitive to concen-
trations of mineralization within a confined body, whereas the
AMT data are more sensitive to interconnectivity over a larger
region.
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