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Conductivity-depth imaging of helicopter-borne
TEM data based on a pseudolayer half-space model
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ABSTRACT

Helicopter-borne time-domain electromagnetic (HTEM)
systems with a concentric horizontal coil configuration have
been used increasingly in mineral exploration. Conductivity-
depth imaging (CDI) is a useful tool for mapping the distribu-
tion of geologic conductivity and for identifying conductive
targets. A CDI algorithm for HTEM systems with a concen-
tric coil configuration is developed based on the pseudolayer
half-space model. Primary advantages of this model are im-
munity to altimeter errors and better resolution of conductive
layers than other half-space models. Effective depth is de-
rived empirically from the diffusion depth and apparent
thickness of the pseudolayer. A table lookup procedure is es-
tablished based on the analytic solution of a half-space model
to speed up processing. This efficiency makes generation of
real-time conductivity-depth images possible. Tests on syn-
thetic data demonstrate that the pseudolayer conductivity-
depth-imaging algorithm maps a wider range of conduc-
tivities and does a better job of resolving highly conductive
layers, compared with that of the homogeneous half-space
model. Effective depths are close to true depths in many cir-
cumstances. Field examples show stable and geologically
meaningful conductivity-depth images.

INTRODUCTION

Helicopter-borne time-domain electromagnetic (HTEM) systems
with a concentric horizontal coil configuration now dominate the air-
borne electromagnetic industry and are used in mineral exploration,
hydrologic projects, and oil and gas programs. In such applications,

conductivity-depth imaging (CDI) of data has proven useful for the
distribution of geologic conductivity and for identifying conductive
layers within a variably conductive host geology. This approximate
technique for interpreting EM data is based on the direct transforma-
tion of observed EM data to apparent conductivity and depth. Com-
pared with true inversion methods (e.g., Huang and Palacky, 1991;
Chen and Raiche, 1998; Ellis, 1998), CDI algorithms are very effi-
cient because techniques do not require an initial model definition
and iterative computations.

There are many techniques for deriving fast conductivity-depth
sections from time-domain electromagnetic (TEM) data. The Max-
well receding image concept is commonly used for deriving conduc-
tivity from a predicted depth for an image source (e.g., Macnae and
Lamontagne, 1987; Nekut, 1987; Macnae et al., 1998). Approximate
imaging schemes based on the depth of the maximum current or
maximum sensitivity to a layer in a half-space also have been devel-
oped (e.g., Eaton and Hohmann, 1989; Fullagar, 1989; Fullagar and
Reid, 1992; Smith et al., 1994). Some researchers focused on how to
accomplish deconvolutions or decompositions that take into account
an arbitrary waveform to estimate the step response of the earth from
off-time TEM measurements (e.g., Macnae et al., 1991; Wolfgram
and Karlik, 1995; Chen and Macnae, 1998; Eaton, 1998; Stolz and
Macnae, 1998). Thin-sheet approaches developed for TEM data also
have been used to compute conductance and depth, which can be dif-
ferentiated into a conductivity-depth section (Macnae et al., 1991;
Liu and Asten, 1993; Tartaras et al., 2000). A modification of this
method has been introduced to add the possibility of recovering
magnetic properties of the geology (Zhdanov and Pavlov, 2001).
Still further development of this technique has involved the applica-
tion of the localized S-inversion (Zhdanov et al., 2002).

Apparent conductivity is typically obtained by transformation of
the measured EM response and aircraft altimeter data assuming a
half-space model. Techniques were developed by Fraser (1978) for
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frequency-domain systems and by Dyck et al. (1974) and Palacky
(1981) for time-domain systems. Figure 1 shows two half-space
models in which Figure 1ais termed homogeneous half-space model
and Figure 1b pseudolayer half-space model (Fraser, 1978). The up-
per (pseudo) layer of the pseudolayer half-space model of Figure 1b
is merely an artifice to account for the difference between computed
sensor-source distance 4 and measured sensor altitude a. Measured
sensor altitude is determined from the radar or laser altimeter. Any
error in the altimeter reading, e.g., an error caused by a forest canopy,
falls into the computed sensor-source height and therefore does not
corrupt the computed conductivity. In frequency-domain airborne
EM methods, the pseudolayer half-space is the model of choice for
displaying apparent resistivity in both plan (Fraser, 1990) and sec-
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Figure 1. Sketch of the HTEM system and half-space models. Trans-
mitter consists of a large loop towed by a helicopter with receivers
located at the center of the transmitter loop. (a) Homogeneous half-
space model in which the top of the half-space coincides with earth’s
surface, as defined by radar or laser altimeter. (b) Pseudolayer half-
space model in which the top of the half-space is defined numerically
by output parameter /4. The pseudolayer half-space model is equiva-
lent to a two-layer case in which the upper layer is of zero conductiv-
ity. Thickness A is the difference between interpreted height 4 and
bird altitude @ as obtained from the altimeter.
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Figure 2. Seventeen channel off-time responses to a homogeneous
half-space for 12-m bird at a height of 35 m. Base frequency f,
= 90 Hz.

tion (Sengpiel, 1988), partly because of this immunity to altimeter
errors. Another merit of the pseudolayer model is better resolution of
conductive layers. Furthermore, derived apparent conductivity
spans a larger range. These aspects of the model tend to make con-
ductive bedrock layers more recognizable than when the homoge-
neous half-space model is employed (Fraser, 1978, 1990).

Conductivity transformation of TEM data based on pseudolayer
half-space was developed by Palacky (1981), even if he did not spec-
ify the point. Based on both Fraser’s and Palacky’s work, Huang et
al. (1983) portrayed explicitly the pseudolayer technique for air-
borne TEM systems. However, techniques reported in the early
1980s yielded a single conductivity from all channel data and were
used for conductivity mapping rather than for depth sounding.

We present an approach to CDI using a pseudolayer half-space
model. The concept of the effective depth is used. The new algo-
rithm, as applied to HTEM data, is tested on synthetic and field data
with encouraging results.

AEROTEM SYSTEMS

The original concept of a coincident coil HTEM system was pio-
neered by Aerodat scientists in the early 1980s under Wally Bokyo’s
guidance. Since then, Aeroquest has refined the system design into
an effective and fieldworthy exploration tool that is optimized to
provide the maximum amount of information on a target conductor.
The transmitter consists of a large loop towed by a helicopter with re-
ceivers located at the center of the transmitter loop. Diameter of the
transmitter loop can be 5 m, 9 m, or 12 m. The transmitter wave-
form is a bipolar symmetric triangular pulse which can be operated
at 150,90, and 30 Hz with a 30-50% duty cycle. The transmitter mo-
ment is 4 X 10* Am? for the 5-m system and 2.3 X 10° Am? for the
12-m system. Vertical and inline horizontal components of induced
voltage of the secondary magnetic fields are measured during trans-
mitter on time and off time. There are 16 on-time channels plus 17
off-time channels for both components. Finite transmitter turnoff
time might affect TEM data collected at times shortly after transmit-
ter turnoff when transmitter turnoff time is large (Fitterman and
Anderson, 1984). AeroTEM systems allow sufficient time between
transmitter turnoff and first time-off data sampling to avoid the ef-
fects of transmitter turnoff. Strengths of AeroTEM systems include
high spatial resolution, broadband response, source geometry dis-
crimination, and depth of investigation.

METHOD

A sketch of the HTEM system and half-space models is shown in
Figure 1. The transmitter consists of the large loop towed by a heli-
copter and the horizontal and vertical component receiver coils lo-
cated at the center of the transmitter loop. For concentric transmit-
ting and receiving coils, the half-space response in the frequency do-
main can be found in Ward and Hohmann (1988). This response can
be Fourier-transformed to the time-domain. Figure 2 depicts the off-
time response A to a half-space as a function of conductivity o. The
response for each channel, given in nT/s, increases with increasing
conductivity at low conductivities, reaches a peak at moderate con-
ductivity (about 1 S/m), and then decreases as o continues to in-
crease.

Figure 2 shows that conductivity cannot be determined uniquely
from a single channel of data but can be derived from any two chan-
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nels. Assuming decay curves can be approximated as a piecewise ex-
ponential function of time, we can calculate the time constant, 7;,
from two channels as

Live — 4
7= 1
1 ( A,‘ ) ( )
In
Aik

where #; and A; are the center time and measured response in nT/s for
the ith channel, respectively, and k (= 1) is the channel interval used
to calculate 7;, which can be 1 for high-quality data and as much as 4
for low-quality data.

Then we define the amplitude «; to be

a; = (A7 + A2, )2 )

Apparent conductivity o, and apparent bird height & can be comput-
ed from a pair of 7; and «;. Apparent thickness A of the pseudolayer
(= depth to top of half-space) can be calculated from & and mea-
sured bird altitude a,1.e., A = h — a.If N channels of data are avail-
able, N-k apparent conductivities and apparent thicknesses can be
computed.

In practice, we create a lookup table to compute o and / based on
analytic solutions to speed up the process. This procedure is under-
stood easily by using a graphical presentation shown in Figure 3. A
diagram is used to yield a unique o and & from each pair of 7, and «;.
For measured data, we calculate 7; and «; from channel i and channel
i + k. These pairs, 7; and «;, then locate a point on a corresponding
diagram such as Figure 3, which is one of the N-k diagrams. The
point determines conductivity o and height /. Solutions are interpo-
lated in which the location does not fall directly on conductivity-alti-
tude curves. If the earth is truly homogeneous, the conductivity ob-
tained from Figure 3 is equal to the true conductivity o. When it is
not homogeneous, the solution is an apparent conductivity o,.

Conductivity o; of channel i will be associated with an effective
depth d; that we determine next. We begin with the time-domain dif-
fusion depth, which is proportional to the square root of sampling
time #; and inverse conductivity o ;. Thus, we write
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Figure 3. Diagram of time constant 7, and amplitude «; (in logarith-
mic space) of half-space model for two time-off channels.
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where pu, is the magnetic permeability of free space. Because the
pseudolayer model is used, effective depth is related to apparent
thickness and can be written generally as

d; = f(‘siaAi) (4)

(Huang and Fraser, 1996), where the function itself is determined
empirically based on experimentation with synthetic data. Figure 4
provides a graphic presentation of our choice of the effective depth
as afunction of §;and A,.

Tests on synthetic data

We have compared output of the homogeneous half-space and
pseudolayer half-space algorithms for a variety of layered earth ex-
amples. We refer to apparent conductivities obtained from the homo-
geneous half-space model as homogeneous conductivity and those
from the pseudolayer model as pseudolayer conductivity. Algo-
rithms were tested on synthetic data obtained from a series of homo-
geneous half-space models in which testing yielded output conduc-
tivities from the homogeneous algorithm and conductivities and
pseudolayer thicknesses from the pseudolayer algorithm. Conduc-
tivity returned for each channel pair yielded errors generally less
than 0.1%, and computed pseudolayer thicknesses were all
0 = 0.1 m. Having established the efficacy of algorithms for a half-
space, we now apply them to a variety of multilayer earth synthetic
data to determine their usefulness in yielding CDIs that are reflective
of layering in the earth.

In the following examples, synthetic data were computed using
AeroTEM 5-m system data and parameters. Width of the transmitted
pulse is 1.1 ms, and 17 off-time data channels were used for sound-
ings with k£ = 3 for pseudolayer conductivity. Because model stud-
ies were conducted using layered-earth models, only the vertical
component is considered.

We first examine two two-layer cases, one of which has a resistive
upper layer (Figure 5a) and the other a conductive upper layer (Fig-
ure 5b). In both cases, the upper layer is 100 m thick. The first model
(Figure 5a) has a surface-layer conductivity of 10 mS/m and base-
ment conductivity of 100 mS/m. The second model (Figure 5b) has
asurface-layer conductivity of 100 mS/m and basement conductivi-
ty of 10 mS/m. Apparent conductivities are computed using the ho-
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Figure 4. The effective depth computed from an empirical as a func-
tionof & and A.
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mogeneous and pseudolayer models. Analogous to findings in the
frequency-domain case, conductive targets at depth are imaged bet-
ter by using the pseudolayer method, whereas the homogeneous
half-space method tends to represent near-surface conductivity bet-
ter (Fraser, 1978, 1990). Figure 5a shows that pseudolayer conduc-
tivity is closer to the true value of the conductive basement than ho-
mogeneous conductivity is. In Figure 5b, the presence of the resis-
tive basement is indicated somewhat by pseudolayer conductivity,
whereas it is indicated very poorly by homogeneous conductivity.

‘We now examine the response to three-layer cases. Figure 6a dis-
plays a conductive thin layer (200 mS/m, 20 m thick) underlying a
moderately resistive cover (20 mS/m, 100 m thick) with a resistive
basement (2 mS/m). Figure 6b illustrates a 20-m-thick resistive lay-
er (5 mS/m) sandwiched in a conductive host (50 mS/m) at 100-m
depth. Pseudolayer conductivity, shown in Figure 6a, clearly indi-
cates a three-layer earth, whereas the homogeneous conductivity al-
gorithm fails to indicate the resistive basement. Pseudolayer con-
ductivity is not significantly superior to homogeneous conductivity
in the case of aresistive middle layer (Figure 6b), illustrating the dif-
ficulty of detecting thin resistive layers with EM.

Figure 7 depicts results from a four-layer earth with conductivities
100-2-500-2 mS/m reflecting conductive overburden on a resistive
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Figure 5. Conductivity-depth diagrams for two-layer models. First
layer thickness is 100 m. Layer conductivities are (a) 10 and 100
mS/m and (b) 100 and 10 mS/m. The straight lines are true model
conductivities, the curves with solid circles are pseudolayer conduc-
tivities, and the curves with open circles are homogeneous conduc-
tivities.
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Figure 6. Conductivity-depth diagrams for two three-layer models.
Layer conductivities from the surface to depth are (a) 20, 200, and
2 mS/m and (b) 50, 5, and 50 mS/m. The first layer is 100 m thick,
and the second layer is 20 m thick. The straight lines are true model
conductivities, the curves with solid circles are pseudolayer conduc-
tivities, and the curves with open circles are homogeneous conduc-
tivities.

host containing a conductive target layer. The thin conductive layer
(10 m) is at 100-m and 200-m depths in Figure 7a and b, respective-
ly. Curves for both the homogeneous and pseudolayer algorithms in-
dicate qualitatively that a four-layer earth exists when the thin con-
ducting layer is shallower (Figure 7a). When the depth to the thin
layer is increased to 200 m, we cannot detect the resistive basement
from homogeneous conductivity. However, the pseudolayer curve
rapidly follows sharp changes in conductivity at layer interfaces,
thereby indicating existence of resistive material below the conduc-
tor.

We now simulate an isolated conducting lens-shaped object in a
moderately resistive host. Conductivity of the lens-shaped object is
200 mS/m, and thickness at its center is 25 m. The lens is located at
the center of the profile at a 180-m depth ina 20 mS/m host. Synthet-
ic data are computed from a series of 1D models to form a data pro-
file shown in Figure 8a. Responses over the object are lower than
those of the background for early-time channels because of over-
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Figure 7. Conductivity-depth diagrams for two four-layer models.
Layer conductivities from the surface to depth are 100, 2, 500, and
2 mS/m. The first layer is 10 m thick. The thin conductive third lay-
er is 10 m thick. Depth to this layer is (a) 100 m and (b) 200 m, re-
spectively. The straight lines are true model conductivities, the
curves with solid circles are pseudolayer conductivities, and the
curves with open circles are homogeneous conductivities.

-100 -80 -60 -40 -20 O 20 40 60 80 100
x (m)

Figure 8. A conductive lenslike object (200 mS/m) in a moderate-
ly resistive host (20 mS/m). Top of lens is 180 m deep. Maximum
thickness of lens is 25 m. (a) Synthetic responses computed from a
series of 1D models. (b) Synthetic response with background re-
sponse removed. Warm colors indicate early-time channels and cool
colors late-time channels. (c) Imaged conductivity-depth section
with lens outlined.
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shoot/undershoot effects which commonly are seen in electrical
soundings. A positive anomaly is shown on later-time channels.
These can be seen clearly by removing the background response, as
presented in Figure 8b. We added 5% random noise to the synthetic
data and then computed pseudolayer conductivities and depths. The
resulting conductivity-depth image is illustrated in Figure 8c, with
the lens-shaped object outlined in black.

Finally, we consider a resistive lens-shaped object (5 mS/m) in a
moderately conductive host (20 mS/m). The depth to the top of the
lens is 50 m, and thickness at the center of the lens is 80 m. Figure 9
shows synthetic responses with and without background and the
conductivity-depth section. Responses above the lens are lower than
that of the background for all time channels because of the resistive
object at depth.

Field examples

Data for the following two field examples were collected using an
AeroTEM system. The first example is from an area where a variable
layer of conductive overburden occurs over a resistive geology. Fig-
ure 10 shows off-time data from a 23-km line and resulting CDI sec-
tion. Much of the line has a high-amplitude, rapidly decaying re-
sponse typical of a thin conductive surface layer. This response ap-
pears to be modeled correctly in CDI as a near-surface conductive
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Figure 9. A resistive lenslike object (5 mS/m) in a moderately con-
ductive host (20 mS/m). Top of lens is 50 m deep. Lens thickness is
80 m. (a) Synthetic responses computed from a series of 1D models.
(b) Synthetic response with background response removed. Warm
colors indicate early-time channels and cool colors late-time chan-
nels. (¢) Imaged conductivity-depth section with lens outlined.
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Figure 10. HTEM data obtained from a resistive area and CDI sec-
tion. Warm colors indicate early-time channels, and cool colors indi-
cate late-time channels.

layer. This data set, which comprises more than 10,000 data points,
took only a few seconds to process for apparent conductivities and
depths.

The second AeroTEM field example is from the oil sands area in
northern Alberta, Canada. The survey was flown with 250-m line
spacing in an east-west orientation. CDI sections were computed for
all lines, and a conductivity volume was constructed by interpolating
results from section to section across the survey area. Figure 11 de-
picts the CDI volume. The more conductive zones are shown in cool-
er colors, and resistive geology is shown in warmer colors.

Conductive shales of the Clearwater Formation overlie McMur-
ray Formation sandstone (reservoir rock). Both units have a shallow
easterly dip across the survey area. The top edge of the Clearwater
Formation can be seen in the far northwestern corner of the block
where the resistive McMurray Formation is at surface. Conductivity

Figure 11. CDI volume computed from AeroTEM data obtained
from an oil-sands area in Alberta, Canada.
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Figure 12. Three apparent conductivity-depth slices at (a) 40 m, (b)
80 m, and (c) 160 m based on CDI results.



F120 Huang and Rudd

imaging has identified a variably conductive near-surface layer in
the eastern half of the survey area. Resistive portions of this layer
correlate well with known aggregate accumulations. A paleochannel
can be seen clearly, based on morphology in the northern portion of
the survey block. CDI indicates that the channel is filled with rela-
tively resistive sediment.

Three depth-slice plan images at depths of 40 m, 80 m, and
160 m are shown in Figure 12. Conductivity maps, which can be
produced for any depth from CDI results, are an effective way of vi-
sualizing conductive layers and features in plan view at various
depths. The conductive shale unit shown in cooler colors dips gently
to the east. Resistive channels clearly stand out in northwestern and
northern areas (x = 2500-7000 m and y = 2900-4000 m), proba-
bly cutting entirely through the shale unit in the northwest. More
resistive areas which overlie shales are likely to reflect potential ag-
gregate sources. The resistive area in and around x = 6200 m and
y = 500 m is a known accumulation of approximately 120 m of
sandy overburden. When combined with even sparse drilling infor-
mation, HTEM data are very useful in mapping various geologic
features in this environment.

CONCLUSIONS

An algorithm has been developed for transforming HTEM data to
apparent conductivity and effective depth based on the pseudolayer
half-space model. Compared with the homogeneous half-space
model, there are two advantages of the pseudolayer technique — im-
munity to altimeter errors and better identification and resolution of
conductive layers. A table lookup procedure is issued based on the
analytic solution to the pseudolayer half-space model to speed up
processing. This makes real-time processing of conductivity-depth
images possible. Tests on synthetic data demonstrate that pseudo-
layer conductivity is sensitive to a wider range of conductivities and
does a better job of resolving good conductors. The effective depth
derived empirically from diffusion depth and apparent thickness of
the pseudolayer is close to true depth in a wide range of circumstanc-
es. Field examples show stable and geologically meaningful con-
ductivity-depth sections.
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