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ABSTRACT

The conductance of an infinite uniformly conductive thin sheet
can be calculated using the ratio of the temporal gradient and the
spatial gradient in the normal direction of any component (or
combination of components) of the secondary magnetic field.
With standard borehole electromagnetic (BHEM) systems, the
temporal gradient can either be measured or readily calculated
from transient-magnetic-field data, and the spatial gradient in
the normal direction can be estimated using adjacent stations.
Synthetic modeling demonstrates that, for a finite thin sheet,
the magnitude of the field provides a robust and reliable apparent
conductance in typical three-component BHEM survey configu-
rations. The accuracy in which the apparent conductance can be

calculated is hindered by low spatial gradient signal values and
can only be reliably estimated where the fields are large (i.e., in
close proximity to the target). In a field example of BHEM data
collected over a massive sulfide deposit in Sudbury, Ontario, Can-
ada, the spatial gradient could be calculated over a roughly 100-
m-wide zone, and a consistent apparent conductance could be
calculated at each delay time using the magnitude of the field.
Increases in the apparent conductance with increasing delay time
are likely due to currents migrating into more conductive parts of
the body. The apparent conductance values were also consistent
with Maxwell models and time constant derived conductance es-
timates. This simple and robust apparent conductance is ideal as a
first-pass estimate for target discrimination, grade estimation, and
starting values for forward and/or inversion modeling.

INTRODUCTION

The success of inductive borehole electromagnetic (BHEM)
methods in the exploration for base metals can be attributed to
the methods’ ability to detect conductive mineralization (which
is often the deposit itself) and other conductive geologic features
of interest (Dyck, 1991). These conductive features can be identi-
fied some distance from the hole (Dyck, 1991). In massive sulfide
exploration, the contrast in conductivity between crystalline base-
ment rock and massive sulfides can be as high as 109, and with
exploration in mature districts such as Sudbury, Ontario, Canada,
often exceeding depths of 1 km, BHEM is often the primary tool
for geophysical exploration and characterization (King, 2007).
BHEM interpretation generally involves identifying if there is a
conductor proximal to the hole by the existence of an anomalous
response. If there is an anomaly, the interpreter will determine
the distance to the target (if not intersected) and the orientation
of the target. The interpretation exercise is generally undertaken

through forward and inversion modeling of the measured data
(Dyck, 1991; Polzer, 2000).
The quantitative forward and inversion modeling approach in

mineral exploration BHEM varies from manual methods (the inter-
preter generates synthetic models, using software such as Multi-
Loop, until the synthetic data resemble the field data; Lamontagne,
2007) to semiautomated methods (the interpreter generates a model
that somewhat resembles the field data and then automated inver-
sion fine-tunes the model to provide a better match) to the less
common but nearly fully automated methods (inversion algorithms
such as the one found in Zhang and Xiao [2001]). In mineral
exploration, the targets (especially massive sulfides) can often
be well represented as thin sheets and many BHEM interpretation
procedures take advantage of this (Grant and West, 1965; Palacky,
1987; Polzer, 2000; King, 2007). Like most of quantitative geo-
physical techniques, many of these routines are complicated, suffer
from nonuniqueness, and the output model may depend strongly on
having reliable starting information (Li and Oldenburg, 2000;
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Lamontagne, 2007; Oldenburg and Pratt, 2007; Lelièvre et al.,
2009). It is more convenient to have a simple method to calculate
the conductance directly from BHEM data, but typical methods
often rely on using circuit theory and/or fitting exponential decays.
Historically (and still in practice today), the conductance can
be estimated from the decay rate of the body at late time
(Nabighian and Macnae, 1991). For a thin sheet, the conductance
is proportional to 10τ∕μL, where τ is the time constant of the body
and L is typically the smallest dimension of the sheet (either the
strike or down-dip length). The time constant is generally estimated
by fitting an exponential decay to the late time measured response.
This method is often only reliable far from the source or at a late
time in which the high-frequency information has decayed as the
method effectively assumes that only the lowest order decay mode
(large and smooth current system) is being observed (B. Polzer, per-
sonal communication, 2013).
Three benefits of having reliable estimates of conductivity or

conductance (product of conductivity and thickness) are (1) to have
better starting models for forward and inversion modeling, (2) for
improved target discrimination (King, 2007), and (3) an ability to
estimate grade variation within the target (McDowell et al., 2007).
An independent way of obtaining a conductivity/conductance es-

timate is to use a galvanic or inductive borehole probe or laboratory
equipment (e.g., handheld conductivity meter on the core, Smith
et al., 2012). In addition to having to collect additional data, differ-
ent borehole probes and laboratory techniques measure the conduc-
tivity over a different scale length and typically often provide
drastically different values. Other difficulties with these measure-
ments include the availability of equipment, the additional cost,
and the fact that the samples may not be available (i.e., no recovered
core; Smith et al., 2012). As such, the use of a simple and robust
method to calculate the target conductance directly from BHEM
data is justified.
The method presented in this paper uses the formulation of Kolaj

and Smith (2013), who develop a methodology to estimate the con-
ductance of a thin sheet from time-domain EM data using the ratio
of the temporal gradient and the gradient in the vertical direction of
the vertical secondary magnetic field. This work was done assuming
that the buried sheet was horizontal and that the receivers were on
the surface. We show that, for an infinite uniform sheet, any mag-
netic-field component (or combination of components) can be used
to estimate the conductance. Through synthetic studies, we show
that reliable results can be obtained when using the magnitude
of the magnetic field to calculate an apparent conductance for fi-
nite-size sheets. This apparent conductance is robust because it
is relatively insensitive to varying transmitter positions, the bore-
hole location within the target, and the borehole/sheet orientation.
Last, we show results from a field example, where the apparent con-
ductance is calculated from two typical three-component BHEM
surveys collected over a massive sulfide target in Sudbury, Ontario,
Canada.

THEORY

The thin-sheet assumption allows for substantial simplification
of the EM induction problem due to the ability to define a surface
current that is constrained to flow only in the plane of the
sheet (Price, 1949). Furthermore, simple relationships between
the magnetic-field components directly above and below the sheet
can be derived (Grant and West, 1965). Following Price (1949),

Smith and West (1987), and Kolaj and Smith (2013), these simpli-
fications allow for a simple differential equation for a flat-lying thin
sheet in a resistive medium to be derived as

−
dHs

z

dz
Rþ dR

dy
Hs

y þ
dR
dx

Hs
x ¼ −

μ

2

dHz

dt
; (1)

where Rðx; yÞ is the resistance of the sheet; μ is the magnetic per-
meability (generally assumed to be that of free space); and the var-
iables dHs

z∕dz, Hs
y, Hs

x, and dHz∕dt are measured directly above
(or below) the sheet, where the vector fieldHS ¼ ðHs

x;Hs
y; Hs

zÞ rep-
resents the secondary field emanating from the sheet and H repre-
sents the vector of the total field (secondary field plus the primary
field from the transmitter, H ¼ HS þHP). In equation 1, the sheet
is assumed to be in the horizontal plane, which, if untrue, the
three-component magnetic field (Hz, Hx, Hy) would need to be ro-
tated so that the Hz-component was normal to the sheet. As dis-
cussed in Kolaj and Smith (2013), by assuming that the sheet is
infinite in extent and that the sheet is of uniform resistance so
the dR∕dx and dR∕dy terms can be ignored, a conductance can
be estimated from

C ¼ 2

μ

0
@dHs

n
dn
dHn
dt

1
A; (2)

where C is the conductance (inverse of the resistance R) and n rep-
resents the normal component to the thin sheet such that the restric-
tion that the sheet is in the horizontal plane is no longer necessary.
Furthermore, in the off time or when the primary field is constant,
the temporal derivative will be solely a secondary field (i.e.,
dHP

n∕dt ¼ 0). This ratio can therefore be independent of the trans-
mitter (location and current waveform), which adds to the simplicity
of the method. If the sheet is not uniform or infinite, then equation 2
will not yield a conductance, but an apparent conductance.
Equation 2 can be investigated in more detail using image theory

in cylindrical coordinates (Grant and West, 1965). If the transmit-
ting source is a vertical dipole situated at (0, h) with moment m and
the infinite sheet of conductance C is located in the plane z ¼ 0,
then the secondary magnetic fields can be shown to be equal to

HSðρ; z; tÞ ¼ m
4π

�
3ρa

ðρ2 þ a2Þ52 ip þ
2a2 − ρ2

ðρ2 þ a2Þ52 iz
�
; (3)

where a ¼ zþ hþ ð2t∕μCÞ) and iρ and iz are the unit vectors along
the ρ and z axes, respectively (there is no field in the φ-direction
because the primary field has no component in this direction; see
Telford et al., 1990). This is known as Maxwell’s receding image
solution (Grant and West, 1965) because the secondary magnetic
fields are equal to the image of the source receding downward with
a velocity of (2t∕μC). Differentiating HS with respect to z and t
yields

dHS

dz
ðρ; z; tÞ ¼ 3 m

4π

�
ρðρ2 − 4a2Þ
ðρ2 þ a2Þ72 ip þ

að3ρ2 − 2a2Þ
ðρþ a2Þ72 iz

�

(4)

and
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dHS

dt
ðρ; z; tÞ ¼ 3 m

2πCμ

�
ρðρ2 − 4a2Þ
ðρ2 þ a2Þ72 ip þ

að3ρ2 − 2a2Þ
ðρ2 þ a2Þ72 iz

�
;

(5)

respectively. Notice that the terms on the right side in the square
brackets are identical. Thus, by dividing the vertical components
of equations 4 and 5, a factor of (μC∕2) remains, which is the ex-
pected result based upon equation 2. However, as is evident in equa-
tions 4 and 5, this relationship is also true for other components of
the vector, specifically, Hρ. This same conclusion can also be de-
duced by the observation that Hρ and Hz are of the same form
(equation 3) and the difference between the t and z derivative is
controlled by the term, a, where da∕dz ¼ 0 and da∕dt ¼ 2∕μC.
Because all the components result in the same answer, any linear
combination of the components, including the magnitude Hm ¼
ðH2

ρ þH2
zÞ0.5, can be used in the calculation of the conductance.

Furthermore, although equation 1 is valid only directly above or
below the sheet, equation 2 (with any component) is valid for mea-
surements made at any distance away from the sheet.
Equation 2 requires measurements of the magnetic field and its

time derivative, which can be obtained by using a magnetic-field
sensor and then estimating its time derivative using adjacent delay
times, i.e., a finite forward difference scheme such as

dHsðk; tj þ 0.5ΔtÞ
dt

¼ Hsðk; tjþ1Þ −Hsðk; tjÞ
Δt

; (6)

where k represents the station, j represents the channel number, and
Δt is the difference in time between the two adjacent time channels.
Alternatively, if using an induction coil (time derivative) sensor,
then the full-waveform time-derivative measurements can be inte-
grated to give a magnetic field (Smith and Annan, 2000). The
derivative in the normal direction of the magnetic field for a flat
lying sheet and a vertical borehole can be approximated using
the difference between stations, i.e., a finite central difference
scheme such as

dHsðk; tjÞ
dz

¼ Hsðkþ 1; tjÞ −Hsðk − 1; tjÞ
Δz

; (7)

where z is the depth and Δz is the change in depth between the
station directly below and above station k. A comparison of the spa-
tial and temporal derivatives (calculated using equations 6 and 7)
and the calculated conductance (equation 2) using different compo-
nents for an analytical solution of a 1000 S infinite horizontal sheet
at a depth of 300 m can be seen in Figure 1. As opposed to equa-
tions 3–5, the transmitter is a 400 by 200 m rectangular loop and is
located 100 m to the east of the borehole. Note that the calculated
conductance differs slightly in close proximity to the sheet because
the derivatives have been estimated using a finite-difference ap-
proach (equations 6 and 7).
Although it is now clear that any component that is not null

coupled to the secondary field can be used to calculate the conduct-
ance of an infinite sheet, it is not as easy to prove how effective the
different components will be at calculating an apparent conductance
of finite nonuniform thin sheets. Furthermore, dHs∕dz ¼ dHs∕dn
only when the borehole axis is normal to the sheet, and as such,
erratic/erroneous conductance estimates may occur when dHs∕dz
(equation 7) is used instead of dHs∕dn to calculate the conductance

(equation 2) for different survey/model geometries. These issues
will be further investigated through forward modeling of finite
and dipping thin sheets in the following section.

FORWARD MODELING

In each example, a 1 Hz BHEMUTEM survey (West et al., 1984)
with station spacing of 10 m was simulated in MultiLoop III (La-
montagne Geophysics, Walker and Lamontagne, 2006). A general
schematic of the synthetic model can be seen in Figure 2. Because a
UTEM survey measures the magnetic field at each station, the spa-
tial derivative was calculated using a central difference between sta-
tions (equation 7) and the time derivative was calculated using the
forward difference between adjacent delay times (equation 6). Be-
cause the time derivative is calculated using adjacent delay times,
the spatial derivative is also averaged over adjacent delay times.
Additional survey parameters are stated before each example. Note
that no noise (apart from some numerical noise) was added to
the data.

Figure 1. Comparison of equation 2 usingHz (solid line), Hm (dot-
ted line), and Hρ (dashed line) for a step response at t ¼ 1.1 ms
intersecting a horizontal 1000 S infinite sheet located at a depth
of –300 m. The station spacing is 5 m, and several stations in close
proximity to the sheet have been removed. A 400 × 200 m trans-
mitter is located 300 m east of the borehole (geometry is depicted in
the top right corner). (a) Absolute magnitude of the time derivative
of the vertical component (dBz∕dt), the magnitude (dBm∕dt), and
the horizontal component (dBρ∕dt). (b) Absolute magnitude of the
spatial derivative of the vertical component (dBS

z∕dz), the magni-
tude (dBS

m∕dz), and the horizontal component (dBS
ρ∕dz). (c)

Conductance calculated from the ratio of the fields in (a) and
(b). Note that B magnetic fields are shown in this and subsequent
figures because B-field units (nT) are more commonly used in prac-
tice (conversion B ¼ μH).
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Synthetic example 1 — Zero dip

In the first example, a 600 × 600 m loop was positioned around
the survey area (Figure 2) containing a 250 × 250 m sheet at a depth
of 200 m having a conductance of 10,000 S with boreholes (BH)
oriented normal to the sheet (i.e., no dip; dHs∕dz ¼ dHs∕dn). The
results of equation 2 for the early and late times using the vertical
(Hn ¼ Hz), horizontal (Hρ), and magnitude (Hm) components for
BH#41 (central hole) and BH#21 (corner of sheet) can be seen in
Figure 3 (there is no horizontal component for the central borehole
because these fields are essentially null coupled to the body).
For the central borehole (BH#41, top two panels, Figure 3), the

apparent conductance calculated using the vertical and magnitude
components is the same because the magnitude of the field is equal
to the vertical field (Hz ≫ Hρ thus Hm ≈ Hz) in this symmetric
central-loop configuration (Figure 2). In both cases, close to the
sheet (–180 or −220 m), an apparent conductance of 9000 to
10,000 S could be estimated depending on which delay time is used.
For the borehole intersecting the top left of the sheet (BH#21, bot-
tom two panels, Figure 2), the apparent conductance using different
components differs. The vertical component produces erroneous re-
sults at the late delay time where the conductance drops off quite
rapidly away from the sheet. Nevertheless, an apparent conductance
of 6500 to 7500 S could be estimated. Overall, the apparent con-
ductance from Hρ is larger and the apparent conductance calculated
using Hρ and Hm drops off steadily away from the sheet. A reliable
apparent conductance of 7500 to 10,000 S could be estimated from
either of the two methods. If the methods’ assumptions are true (in-
finite uniform sheet), then all time channels should produce the
same calculated conductance and the apparent conductance will
be equal to the actual target conductance. However, because the

sheet is finite in size and each time channel corresponds to a current
system with a different shape, discrepancies in the calculated appar-
ent conductance can arise because the methods’ assumptions are
violated to a varying extent. Furthermore, differences can also arise
from errors in the finite-difference approximation used to calculate
the temporal and spatial derivatives. In this example, the later delay
times produced higher conductance values.
The later delay times produced results closer to the actual con-

ductance, with channel 2 (t ¼ 140.6 ms) providing a good estimate.
A gridded map of the apparent conductance from all boreholes at
channel 2 at a depth of 180 m can be seen in Figure 4. For the ver-
tical component (Hz), there seemed to be an edge effect for stations
in close proximity to the sheet edge at a depth of 180 m, so for these
holes, the estimate from a depth of 190 m was used. Similarly, for
the horizontal component (Hρ), there were erroneously high appar-
ent conductance values for the boreholes that did not intersect the
sheet and a depth of 160 m for these holes resulted in improved
results. These issues were not seen in the estimates obtained using
the magnitude (Hm), suggesting this may be a more robust method.

Figure 2. Plan view of the generalized survey geometry for the syn-
thetic models used in MultiLoop III. The dashed black line repre-
sents the transmitter loop, circles represent the boreholes (numbered
1–81, spaced 50 m apart), and the central gray square represents the
surface projection of the thin sheet.

Figure 3. Apparent conductance calculated using equation 2 using
Hz (solid line), Hm (dotted line), and Hρ (dashed line) at the early
and late times for the synthetic model shown in Figure 2. The sheet
is located at −200 m, the conductance of the sheet is 10,000 S, and
BH#41 and BH#21 are the boreholes going through the center and
top left corner of the sheet, respectively (Figure 2). Time 0 corre-
sponds to the moment of slope change in the UTEM triangle current
waveform. The time windows correspond to the mean middle time
of the time windows used. Stations 190 to 210 m downhole have
been removed due to the high numerical noise close to the sheet.
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In Figure 4, Hz produces a relatively diffuse anomaly and the ap-
parent conductance drops off steadily away from the sheet center.
The image from Hρ is less diffuse, but it overestimates the actual
conductance over most of the sheet and contains some edge effects
for the nonintersecting boreholes. The Hm image has all of the
sought characteristics: high resolution, minimal boundary effects,
and a consistent apparent conductance estimate over most of the
sheet. Although each method would likely provide an apparent con-
ductance estimate of about the same order of magnitude, Hm ap-
pears to be superior.

Synthetic examples 2 & 3 — Dip of 45°

In the second and third examples, the 10,000 S sheet is given a
dip of 45° (i.e., the boreholes are no longer normal to the sheet). The
sheet’s dimensions were changed to 350 × 250 m so that the num-
ber of boreholes intersecting the sheet remains the same as in ex-
ample 1. In example 3, the effect of the transmitter location is
investigated by offsetting the transmitter loop 700 m to the east such
that none of the boreholes are inside of the loop. Because the bore-
holes are not normal to the sheet in either example 2 or 3, the spatial
gradient (equation 7) is no longer calculated along the normal di-
rection but rather along the borehole axes (vertical in this case;
dHs∕dz is now only an approximation of dHs∕dn). This approxi-
mation should hold as long as the distance between stations is small
and the secondary magnetic fields are not rapidly varying over that

small distance. Because the magnitude was the most successful
component in the previous example, the calculated apparent con-
ductance using the magnitude on examples 2 and 3 for BH#41
and BH#21 (the central and corner holes, respectively) can be seen
in Figure 5.
In contrast to the first example, the magnetic field down the bore-

hole is no longer symmetric about the plane of the sheet due to the
nonzero dip. As such, the calculated apparent conductance is also
often not symmetric about the sheet, and in some cases, the apparent
conductance values and range is smaller on one side of the sheet.
Large asymmetry in the apparent conductance generally results
from discontinuities in either gradient and/or from differences in
decay rates above and below the sheet. As such, there is some am-
biguity as to which apparent conductance values to use, but because
they tend to be of the same order of magnitude, an average of both
sides tended to produce reasonable estimates. As before, the later
delay times produce higher apparent conductance estimates.
Although equation 2 for the infinite sheet is independent of the
transmitter properties, it is evident that there is some effect on
the apparent conductance when the transmitter is offset from a finite
sheet (i.e., compare Tx_1 and Tx_2 in Figure 5). This difference is
more pronounced in BH#41, but again, if the average is taken above
and below the sheet, both transmitters produce roughly the same
apparent conductance. Using the average above and below, an ap-
parent conductance of roughly 6000–9000 S could be estimated,
which is close to the actual conductance of 10,000 S. As before,
all boreholes can be used to produce a contour map of the apparent
conductance. A gridded apparent conductance map (channel 2,
t ¼ 140.6 ms) was calculated using the average apparent conduct-
ance of the station 20 m above and the station 20 m below the maxi-
mum Hm value (Figure 6). The maximum Hm value was used
because this was generally proximal to the location of the sheet
(where reliable estimates can be made).

Figure 4. Gridded apparent conductance at the late time (t ¼
140.6 ms) using Hz (top left), Hm (top right), and Hρ (bottom left)
corresponding to the survey layout seen in Figure 2. The black dots
represent borehole locations, and the thick black line is the outline
of the 10,000 S sheet. The image is generated from estimates at a
depth of approximately 180 m (see text).

Figure 5. Apparent conductance calculated using equation 2 using
Hm at an early and late time for the synthetic model shown in Fig-
ure 2 (sheet dipping at 45°). In contrast to example 1, the 10,000 S
sheet has dimensions of 350 × 250 m and has a dip of 45°. Tx_1
(example 2) represents the survey being performed inside of the
transmitter loop (Figure 2), and the transmitter for Tx_2 (example
3) has been offset 700 m to the east. Stations in close proximity to
the sheet have been removed.
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The results from Figure 6 are very similar to that of the apparent
conductance calculated using Hm in Figure 4. There is a well-
defined sheet edge, minimal edge effects, and a relatively consistent
apparent conductance over the sheet itself. Both transmitter posi-
tions essentially produce the same interpreted conductance, show-
ing that for a finite sheet, the apparent conductance is only weakly
dependent of the transmitter position. The apparent conductance
(5000–10,000 S) is close to the true conductance (10,000 S) but
is overall a poorer estimate than when the sheet had a zero dip
(Figure 4). This is likely due to the fact that the derivative is not
the derivative in the normal direction, but a derivative in a direction
at 45° (i.e., dHs

m∕dz ≠ dHs
m∕dn). A reduction by a factor of 1∕

ffiffiffi
2

p
would be expected. The apparent conductance was also calculated
using other components (Hz, Hρ, rotated Hn), and the results were
considerably erratic (not shown). Some boreholes would produce
apparent conductances close to the true value, whereas others were
considerably high or low. Overall, none of them produced results as
reliable as using Hm.

Summary and discussion of synthetic modeling

From the three synthetic examples, it is clear that, although the
theory is developed over infinite uniform sheets, the apparent con-
ductance calculated over finite-size sheets is quite reliable and close
to the true conductance when the magnitude (Hm) is used. Using
Hm provides the most robust solution because the apparent conduct-
ance is reliable regardless of the transmitter position, the location of
the borehole within the target, and the orientation of the borehole
and/or the sheet (i.e., even when dHs

m∕dz ≠ dHs
m∕dn). Other com-

ponents produce reliable results intermittently. It should also be
mentioned that with real survey data, it would likely not be possible
to calculate the apparent conductance down the entire hole as de-
picted in Figures 3 and 5 due to low signal levels in the spatial gra-
dient (dH∕dz). In reality, an adequate signal-to-noise ratio (S/N)
and thus calculated apparent conductance may only be possible
where the fields are large (as would be the case in close proximity

to the target). Therefore, using the magnitude component has the
added benefit that the magnitude of the field will be the largest pos-
sible combination of the components and will thus produce the best
possible S/N.

FIELD EXAMPLE

The presented methodology for estimating the target conductance
can be readily applied on existing borehole data because the method
only requires three-component data, which is generally the standard
in modern BHEM. As such, two previously surveyed boreholes
(4 Hz UTEM survey with a station spacing ranging from 10 to
15 m, Figure 7) in Sudbury, Ontario, Canada, are used in this study.
The massive sulfide deposits in Sudbury were chosen as ideal tar-
gets because they can generally be well approximated by one or
more thin sheets/plates, which is consistent with the assumptions
of the method. The results of equation 2 using Hm can be seen
in Figures 8 and 9.
As before, the magnitude of the field (Figures 8a and 9a) was

calculated from the three-component data, and it is clear that, apart
from a roughly 100-m-wide zone, the fields are very small over
most of the hole. The spatial gradient (equation 7) was calculated
using the distance downhole (zm) rather than the change in depth
(z). Borehole#2 is essentially vertical, and as such, the difference is
negligible, whereas for BH#1, using the downhole distance will re-
sult in conductance values roughly 10%–20% smaller than using the
change in depth. Without knowledge of the strike and dip of the
target, it is uncertain which strategy will give a derivative closest
to the derivative normal to the plate. The derivatives (dBm∕dt
and dBm∕dzm, Figures 8b and 9b and Figure 9b and 9c, respec-
tively) were calculated using the same finite-difference scheme
as in the synthetic study. Because spatial gradients have very

Figure 6. Gridded apparent conductance at the late time
(t ¼ 140.6 ms) using the magnitude (Hm) for a 10,000 S sheet with
a dip of 45°. For Tx_1 (left panel), the transmitter encompasses the
survey area (Figure 2), and for Tx_2 (right panel), the transmitter
has been offset by 700 m to the east. The conductance values are the
average of the conductance estimate 20 m above and below where
the magnetic field is the largest.

Figure 7. Relative location of two UTEM surveyed boreholes in-
tersecting a conductor in Sudbury, Ontario, Canada (black line,
BH#1 and gray line, BH#2). The roughly 800 × 800 m transmitter
loop is centered at approximately 900 m north, 50 m east.
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low signal values, dBm∕dzm is erratic over most of the hole due to
the low S/N. As such, the apparent conductance could only be cal-
culated over a small section of the hole where the fields were large
(Figures 8d and 9d, where dBm∕dzm is above a few pT). This is not
much of an issue because the fields are expected to be the largest in
the areas of closest proximity to the target and that is also where the
apparent conductance (equation 2) is the most reliable. If there were
multiple drillholes intersecting the target, then it would be possible
to image the apparent conductance variation over the targets in a
similar way to the synthetic examples.
For BH#1 and BH#2, most apparent conductance values fall be-

tween 1000 and 10,000 S. Although the apparent conductance val-
ues do span a large range (e.g., 100–8500 S at 180 m for BH#1), the
apparent conductance is relatively constant over the depth range
at each delay time. For instance, in BH#2, the field values show
large variations from 300- to 400-m depth across the peak in
Figure 9a–9c, but the apparent conductance values for each delay
time are more or less similar across the same depth range. Because

the results are consistent, this supports the hypothesis that the ap-
parent conductance estimates are reliable. The increase in apparent
conductance with delay time is consistent with the synthetic data,
but the range is larger than what was seen in the synthetic study
where the apparent conductance generally only varied within the
same order of magnitude. It is possible that this discrepancy is
due to the invalidation of the methods’ assumptions (thin sheet, uni-
form conductivity distribution). Furthermore, with highly conduc-
tive bodies, the early time data represent currents that are mainly
confined to the surface of the conductor and are only weakly de-
pendent on the conductivity structure (Grant and West, 1965). With
the increasing delay time, the established currents diffuse into the
body and the behavior of the magnetic field will reflect the more
conductive parts of the body. This is likely the reason why there is a
large change in the apparent conductance from the early to the late
time. For BH#2, the logarithmic mean apparent conductance over
310 to 390 m for channels 2 to 4 (36.3 to 9.1 ms) ranges from
roughly 3400 to 6400 S. For BH#1, the range is slightly larger from

Figure 9. Results from a 4-Hz UTEM survey conducted down
BH#2 (Figure 7). (a) Magnitude of the magnetic field (Bm). (b) Ab-
solute magnitude of the temporal derivative (dBm∕dt). (c) Absolute
magnitude of the spatial gradient (dBm∕dzm), area of low S/N in-
dicated. (d) Apparent conductance as calculated using equation 2
over the acceptable S/N region.

Figure 8. Results from a 4-Hz UTEM survey conducted down BH#1
(Figure 7). (a) Magnitude of the secondary magnetic field (Bm, theo-
retical primary removed). (b) Absolute magnitude of the temporal
derivative (dBm∕dt). (c) Absolute magnitude of the spatial gradient
(dBm∕dzm), with the area of low S/N indicated. (d)Apparent conduct-
ance as calculated using equation 2 over the acceptable S/N region.
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approximately 2500 to 6300 S for channels 2 to 4 from 70 to 190 m.
The data from BH#1 and BH#2 were also modeled in Maxwell
(software by ElectroMagnetic Imaging Technology Pty. Ltd.) using
conductance values of 5400 and 3000 S, respectively (S. Dickie,
personal communication, 2013), which is consistent with our
results.
The conductance can also be estimated using the time constant τ

of the body. The time constant was calculated analytically along the
borehole (Nabighian and Macnae, 1991) using

τ ¼ t2 − t1
ln½Bmðt1Þ∕Bmðt2Þ�

; (8)

where t2 and t1 are adjacent time channels. The conductance of the
target can then be estimated using C ≈ 10τ∕μL, where a value of
50 m was used for L (the smallest sheet dimension). The estimate of
L was made by visual inspection of the narrow anomaly widths in
Bm in Figures 8 and 9. Because the time constant can be calculated
at all stations and using any adjacent time channels, the conductance
can be estimated along the entire hole and for each time channel pair
as is donewith our apparent conductance methodology (equation 2).
Overall, the time constant calculated conductance (τ conductance)
produced larger conductance values at late delay times but they
were generally within the same order of magnitude as our apparent
conductance. The logarithmic mean τ conductance ranged from ap-
proximately 5000 to 15,000 S for BH#1 and from 3800 to 9300 S to
BH#2 using the same delay times and stations as our apparent con-
ductance estimate. A time constant of roughly 50 ms was calculated
using the latest delay time at the peak amplitude in Bm for both
holes, which results in a τ conductance of roughly 8000 S. These
results are consistent with our apparent conductance estimate. How-
ever, it should be noted that estimating the conductance using the
time constant can be problematic at times. The estimated time con-
stant is only valid once the magnetic-field time dependence follows
an exponential decay. This occurs at late delay times or far from the
source where only the lowest order (smooth, large scale) current
system dominates the measured response. At this point, the ampli-
tudes are often small and can be greatly affected by noise. For BH#1
and BH#2, the estimated time constant varied substantially (10 to
100 ms) between adjacent stations and delay times and was likely
only valid at the peak Bm position, where it ranged from 30 to 60 ms
at the latest delay times. Furthermore, the estimate of the dimension
(L) is often highly dependent on the interpreter skill level and with-
out forward modeling of the response the estimates can vary sub-
stantially. Although the value for L is typically taken as the smallest
sheet dimension, this is not always the ideal dimension. However,
perhaps the two methods can be used in conjunction. For instance, if
the time constant is taken as 50 ms and the apparent conductance is
5000 S (the average apparent conductance calculated using equa-
tion 2), then the dimension L is calculated to be roughly 80 m.

CONCLUSION

The conductance of an infinite uniform thin sheet can be calcu-
lated from any magnetic-field component (or combination of com-
ponents) by taking the ratio of the spatial derivative in the normal
direction with the temporal derivative. Through synthetic modeling,
we show that by using the magnitude of the magnetic field, reliable
estimates of finite-size sheets can also be obtained. This methodol-
ogy is ideal for BHEM data, which typically use conductance

estimation through the laborious process of forward modeling
the data or through approximate conductances derived through time
constant estimates. In real field data, a limiting factor is the accuracy
in which the spatial gradient can be calculated with a finite-
difference approach between adjacent stations because spatial gra-
dient signals are quite low. However, we show from BHEM data
acquired in a massive sulfide example in Sudbury, Ontario, Canada,
that the spatial gradient is large enough in proximity to the sheet (up
to 100 m in this example) and an apparent conductance estimate
could be obtained. The estimated value is smaller at early delay
times, but as large as 10,000 S at later delay times. The apparent
conductance values are also consistent with the Maxwell models.
Calculating the target’s apparent conductance from a simple ratio
derived from BHEM data is an attractive complement to (1) logging
the hole with a conductivity probe, (2) traditional inversions, for-
ward modeling, and time-constant-derived conductance values,
and (3) using handheld instruments or laboratory techniques on
the recovered core. Furthermore, the field data suggest that the ap-
parent conductance can be used in conjunction with a calculated
time constant to estimate the dimensions of the target. Future re-
search will investigate this possibility further.
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