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Breaks in lithology: Interpretation problems when
handling 2D structures with a 1D approximation

Alan Yusen Ley-Cooper’

. James Macnae?, and Andrea Viezzoli®

ABSTRACT

Most airborne electromagnetic (AEM) data are processed us-
ing successive 1D approximations to produce stitched conduc-
tivity-depth sections. Because the current induced in the near sur-
face by an AEM system preferentially circulates at some radial
distance from a horizontal loop transmitter (sometimes called the
footprint), the section plotted directly below a concentric trans-
mitter-receiver system actually arises from currents induced in
the vicinity rather than directly underneath. Detection of pale-
ochannels as conduits for groundwater flow is a common geo-
physical exploration goal, where locally 2D approximations may
be valid for an extinct riverbed or filled valley. Separate from ef-
fects of salinity, these paleochannels may be conductive if clay
filled or resistive if sand filled and incised into a clay host. Be-
cause of the wide system footprint, using stitched 1D approxima-
tions or inversions may lead to misleading conductivity-depth
images or sections. Near abrupt edges of an extensive conductive
layer, the lateral falloff in AEM amplitudes tends to produce a
drooping tail in a conductivity section, sometimes coupled with a

local peak where the AEM system is maximally coupled to cur-
rents constrained to flow near the conductor edge. Once the width
of a conductive ribbon model is less than the system footprint,
small amplitudes result, and the source is imaged too deeply in
the stitched 1D section. On the other hand, a narrow resistive gap
in a conductive layer is incorrectly imaged as a drooping region
within the layered conductor; below, the image falsely contains a
blocklike poor conductor extending to depth. Additionally, edge-
effect responses often are imaged as deep conductors with an in-
verted horseshoe shape. Incorporating lateral constraints in 1D
AEM inversion (LCI) software, designed to improve resolution
of continuous layers, more accurately recovers the depth to ex-
tensive conductors. The LCI, however, as with any AEM model-
ing methodology based on 1D forward responses, has limitations
in detecting and imaging in the presence of strong 3D lateral dis-
continuities of dimensions smaller than the annulus of resolution.
The isotropic, horizontally slowly varying layered-earth as-
sumption devalues and limits AEM’s 3D detection capabilities.
The need for smart, fast algorithms that account for 3D varying
electrical properties remains.

INTRODUCTION — AIRBORNE
ELECTROMAGNETICS IN HYDROGEOLOGY

Some of the first quantitative applications of airborne electromag-
netics (AEM) in mapping fresh ground- and saline waters and in sub-
surface geomorphological regolith delineation were put forward by
Fitterman and Deszcz-Pan (1998) and Worrall et al. (1998, 1999).
More recently, one-fourth of Denmark (> 10,000 km?) was mapped
geophysically, targeting groundwater. AEM performed most of this
mapping, and the method has repeatedly proven to scientifically sup-
port the management and understanding of groundwater (Danielsen
et al., 2003). Baldridge et al. (2007) discuss applications of AEM in

New Mekxico. A study of an AEM groundwater survey flown in Afri-
ca is presented by Sattel and Kgotlhang (2004). As part of a tender
process, the Australian government has analyzed different AEM sys-
tems according to their suitability to detect predefined targets (Law-
rie, 2009). The studies mentioned here are only a few of those avail-
able on AEM in hydrogeology applications.

Commonly, fast 1D conductivity and depth transforms from AEM
point data collected along survey lines are stitched together to form
approximate depth sections, sometimes known as conductivity-
depth images. Various approximations and transforms have been
presented in different modalities and variations, e.g., by Macnae et
al. (1998), Christensen (2002), and Sattel (2005). The main advan-
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tage of these conductivity-depth images over apparent resistivities
such as those defined for frequency-domain data (Siemon, 2001) is
the estimated depth information they provide. In the AEM commu-
nity, there has been some discussion as to when/whether these fast
transforms should be replaced with constrained inversion processes.
Brodie and Sambridge (2006) and recently Christensen et al. (2010)
discuss the trade-off in time and computational restrictions that
comes with inversion versus more accurate quantitative and better-
resolved models of the subsurface geoelectrical structures. A key
question is whether full, nonlinear 1D inversions are significantly
better than the fast approximations when 2D or 3D structures are en-
countered.

Most of the available literature shows that interpretation of isotro-
pic and slowly varying geoelectrical data is possible, using full in-
version methods with constraints and fast conductivity transforms
(Newman etal., 1987; Goldman et al., 1994; Hordt and Scholl, 2004;
Auken et al., 2008; Viezzoli et al., 2008; Christensen et al., 2010).
Because of the volume of data, AEM surveys usually are interpreted
using stitched 1D models, although most interpreters are aware that
geologic structures have a 3D spatial distribution. Despite success-
ful 2D/3D EM modeling and inversion (Haber et al., 2004; Wilson et
al., 2006), these multidimensional algorithms are very computation-
ally demanding, which limits their applications on large data sets
such as those acquired for AEM surveys, typically sampled every
3—10 m and resulting in millions of soundings per survey. Full
2D/3D inversion may take hours or even days of computer time per
line-kilometer of data. Faster computers have cut costs and process-
ing time, but data acquisition has ballooned for greater survey cover-
age, resulting in more data being collected in larger surveys.

This paper shows the correlation between resolution of penetra-
tion depth and sensitivity for AEM systems, and it highlights the
risks of interpreting anisotropic horizontal variations, assuming a
vertically varying layered solution using 1D forward responses or a
fast conductivity transform. Macnae and Xiong (1998) note inter-
pretation errors derived from stitching conductivity-depth sections
where lateral variations (2D structures) are treated as a 1D problem.
Farquharson et al. (2003) show the misleading effects of inverting
frequency-domain data with susceptibility contaminated data. Air-
borne systems detect layer breaks and sharp edge boundaries before
the system actually is above these layer discontinuities, but the sig-
nal and its associated 1D inversion are plotted directly below the
AEM system (Wolfgram et al., 2003). Interpreting conductivities
that are based on a 1D solution can generate deceptive depths and
conductivity artifacts because the isotropic assumption no longer
holds.

Any AEM response is defined by a geometric variation (system
geometry) and a time or frequency response (West and Macnae,
1991). Here, we use examples of time- and frequency-domain AEM
data. The EM response at the inductive limit (early step-delay times
or high frequencies) is exactly equivalent and has the highest possi-
ble spatial resolution of any target in a resistive background (Macnae
et al., 1998). The spatial implications as to lateral sensitivity in this
paper should apply to time- and frequency-domain data for the same
system geometry/altitude.

DEPTH OF PENETRATION, ANNULUS OF
RESOLUTION, AND FOOTPRINT

The depth of penetration D of an AEM system is not trivial to de-
fine. For atarget in aresistive host, it depends on transmitter moment
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and waveform, sensor, and electronic and turbulence system noise.
A simple approximation is given by Macnae (2007), who predicts D
as being on the order of several hundred meters for most AEM sys-
tems. As a result, many if not most hydrogeophysical targets easily
fall within this depth of penetration. However, AEM systems have
considerable lateral as well as depth sensitivity, and lateral sensitivi-
ty increases with increasing depth. There are several methods
through which this lateral sensitivity can be defined. For the case of a
thin-sheet conductor, typical of a thin saline layer in stratified geolo-
gy, the contribution of induced currents to the received signal is easy
to define through the receding-image (Grant and West, 1965) and ad-
joint-sensitivity methods (Ellis, 1999).

The thin-sheet adjoint sensitivity in its usual definition is the sur-
face integral of the product of the electric fields of the transmitter and
the virtual electric field of the receiver in the target (Ellis, 1999). If
the vector product is used as defined in equation 10 of Ellis (1999),
then the adjoint sensitivity measures the contribution, including sign
of the actual induced currents in the uniform layer. If the scalar prod-
uct is used, a scalar adjoint sensitivity is a measure of the maximum
absolute sensitivity of the system to inhomogeneity in each area dA.
For concentric loop systems, the scalar and vector adjoint sensitivi-
ties are identical. Because the actual electric field (current) in the thin
sheet with step magnetic excitation can be estimated trivially at any
delay time by Maxwell’s receding-image solution (e.g., Macnae et
al., 1991), the contribution of each area dA within the thin sheet to
the overall sensitivity is trivial to compute. The induced currents in
the sheet expand outward with delay time; however, the receiver
(electric) sensitivity falls off as 1/r? and leads to a response arising
from currents close to the receiver.

For a typical helicopter time-domain electromagnetic system
(TEM) at a height of 50 m above the thin conductor, Figure 1 shows
plots of the relative contributions of the induced currents at the in-
ductive limit (the early time-step response) and at the limiting re-
sponse at late delay times. The maximum contribution arises from an
annular zone concentric with the TEM system.

With a horizontal loop transmitter of radius » flying at height &, the
maximum currents initially induced in any layered conductor at
depth d are centered on a circle of radius R at vertical offset (h + d)
below the transmitter halo. We call the diffuse, doughnut-shaped
ring of current around this maximum induced current (see Figure 1,
top row) the initial annulus of resolution and quantify it with radius R
(Figure 2). A first-order approximation at the inductive limit is that
R=~h + d + r, or that the maximum initial current flow in a superfi-
cial conductive layer has an approximate radius equal to the sum of
transmitter height and loop radius. More detailed analyses by
Beamish (2003) and Reid et al. (2006) define footprints of EM sys-
tems, which, alas, vary with several factors and are not fixed in size
or shape. Our annulus of resolution is very similar in principle but
conceptually is a function that can change with circumstances (un-
like footprints, which to us sound as if they should be of fixed shape
and size).

The term annulus also implies the lack of current flow directly be-
low the transmitter. After excitation, induced currents invariably ex-
pand outward and, if possible, downward in extended conductors; so
the annulus of resolution will expand with delay time or for layers at
greater depths. If the receiver is concentric with the transmitter, the
EM system has an inherent annulus of resolution diameter of 2(h
+ d + r) or greater. If the receiver is at a different altitude from the
transmitter, reciprocity and heuristic arguments suggest that /2 in the
above equation should be approximately the geometric mean height
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of the transmitter-receiver pair. Fixed-wing AEM systems with 120-
m-altitude transmitters and 90-m-high receivers would have an
initial annulus of resolution two to three times the size of a heli-
copter system with a 25-m-diameter loop at an altitude of 30 m.

For fixed-wing geometries, the adjoint sensitivity for a vertical
component receiver has a more complex shape (Beamish, 2003),
which approximates an annulus for the z-component at the inductive
limit. This sensitivity can be computed easily using adjoint fields and
is, of course, receiver-component dependent (Figure 3). The inline
x-component receiver has a more compact sensitivity function than
the z-component. Figure 4 plots the sensitivities as a function of de-
lay time along a central profile directly beneath the airborne system.
Although the concentric-loop EM systems have an annular-sensitiv-
ity function where contributions are positive, the annular-current
system beneath the fixed-wing transmitter z-component leads to sen-
sitivities of either sign.

Because the response of a thin sheet of conductance S is given by
the field of an image of the source at a depth of z = a + vt where a is
the transmitter altitude, v is the receding velocity given by wueS/2,
where in turn u, is the magnetic permeability of free space. Defining
a dimensionless depth as d = z/z,, where z, is the image depth at
time zero, we can define a dimensionless time as identical to the di-
mensionless depth and give it the symbol d. Image depth is related
linearly to time, so the EM response at dimensionless time d is also
independent of thin-sheet conductance. When the depth of the reced-
ing image is double its starting value, we have d = 1. At this dimen-
sional time, the concentric-loop AEM response amplitude will have
dropped by about a factor of eight, assuming an inverse cube falloff
in amplitude with distance.

WA181

METHODS

We look at data from three different AEM systems: the fixed-wing
TEMPEST system (Lane et al., 2000), a concentric-loop (Sattel,
2009) RepTEM system, and a six-frequency helicopter system.
Commercially available helicopter-borne concentric loop systems
include AeroTEM, RepTEM, SkyTEM, and VTEM. The systems
differ in precise details of the transmitter waveform, base frequency,
dipole moment, receiver-noise levels, and sampling. However, with
similar geometries and waveforms, our conclusions regarding spa-
tial resolution can be applied to any of these systems.

Separated transmitter-receiver AEM systems show more varia-
tion in geometry than the concentric-loop systems; HeliGEOTEM
has a vertically offset receiver, and the fixed-wing systems such as
TEMPEST, GeoTEM, and MEGATEM have receivers behind and
below the aircraft-mounted transmitter. These systems have less lat-
eral resolution than concentric-loop systems.

Frequency-domain systems vary in the number of frequencies,
separation between coils, and actual transmitting frequencies used.
Although more flexible than time-domain systems on the desired
configuration, each transmitter-receiver pair is an individual instru-
ment that requires calibration and drift monitoring.

Heterogenous material and heavy weathering of existing rocks is
to be expected in many parts of Australia; in some cases, this cover
can be several hundred meters thick. In parts of the regolith below
the cover, paleochannels once may have been incised into the land-
scape, causing breaks in pre-existing layers and creating lateral vari-
ations (Worrall et al., 1998). AEM often is applied to help map such
targets. Paleochannel structures can have high-resistivity contrasts
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Figure 1. (Top row) Current density maps (normalized to peak value) at normalized delay times d, showing the outward expansion of induced
currents. (Bottom row) Contribution of induced currents to observed AEM step response, showing the limited expansion of the annulus of reso-

lution with delay time.
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with their surroundings, we present cases where the 1D assumption
on AEM data cannot reliably resolve lithology boundaries and
depths.

The use of 2D/3D inversions to deal with sharp boundaries and
edge effects has been suggested (Haber et al., 2004); but even with
the rapid increase in computing speed, execution times are unrealis-
tically long for extensive AEM data sets. We have used several mod-
eling codes in this analysis: Arjuna Air, EMFlow, and Aarhus Work-
bench laterally constrained inversion (LCI).

Forward-modeling data for paleochannel environments were cal-
culated using Arjuna Air (Wilson et al., 2006), which models the air-
borne system as a magnetic dipole transmitter with one magnetic di-
pole receiver. Solutions for the frequency domain are obtained by
transformation into a mixed spatial-Fourier domain, whereas time-
domain responses are obtained from six-frequency responses and a
Hankel transform convolved with the transmitter-system waveform.

EMFlow (Macnae et al., 1998) is an industry-standard, fast meth-
od for transforming AEM data to a conductivity-depth image (CDI).
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Figure 2. Different positions of AEM receivers. An EM sensor of ra-
dius r detects and registers the target before the instrument’s trans-
mitter is fully above the conductive layer, at radius R, imaging a dip-
ping conductor (an edge effect) with a vertical exaggeration of 10:1.
The black discontinuous conductor at 50 m depth is used as a model
for disrupted layering.
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Figure 3. Scalar adjoint sensitivity map to show relative maximum
contribution of currents induced in a thin sheet to a fixed-wing AEM
receiver measuring (a, b) the vertical z-component and (c, d) the in-
line or x-component, with (c) the response at the inductive limit and
(d) as at late delay times.
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It first deconvolves the data to the time-constant domain and then
uses the analytic receding-image solution of Maxwell to derive inde-
pendent CDI values for each transient decay. The results are stitched
together to form maps and sections.

The Aarhus Workbench LCI (Auken et al., 2005) is a full, nonlin-
ear, least-squares damped inversion with lateral constraints. The for-
ward responses are exact layered-earth responses, based on Ward
and Hohmann (1988), and contain the description of the full system
transfer function. The lateral constraints included in the inversion
limit the variability of model parameters of adjacent soundings to the
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Figure 4. Thin-sheet vector adjoint sensitivity as a function of sys-
tem and delay time, plotted in the flight direction as a function of the
horizontal distance of induced currents from the transmitter. These
profiles correspond in location to the horizontal lines in Figures 1
and 3. Curves have dimensionless time units of 0.06, 0.2, 0.6, 2, 6,
20, and 60. The largest amplitudes are at the inductive limit, and the
smallest are at late delay times. These plots show that thin-sheet cur-
rents contribute positively and negatively to the overall fixed-wing
system response. (a) Concentric loop height of 50 m. (b) Fixed-wing
x. (c) Fixed-wing z.
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degree of geoelectrical variability expected in the area. In this way,
the output models balance the information contained within every
sounding with the information from the constraints, reducing the pa-
rameter variance. Further prior information from, say, conductivity
logs also can be added to the inversion and can migrate to neighbor-
ing soundings via the constraints. In the spatially constrained inver-
sion (Viezzoli et al., 2008), not applied in this manuscript, the con-
straints are set not just along flight lines but also across them, ex-
ploiting fully the spatial geologic coherence.

RESULTS

Paleochannel mapping is important in several scenarios. These
may be related to mineral exploration (e.g., placer diamond or gold
deposits, uranium) or water resource mapping. In cases such as in
northeastern Victoria, Australia, paleochannels contain conductive
clays and magnetic minerals. Figure 5 shows the combination of a
TEMPEST survey, processed to produce an AEM conductivity map
derived from stitched CDIs, superimposed with magnetic shading.
The result is a detailed image of a paleodrainage system. Dendritic
features can be detected migrating to the center and northeast on the
map. Imaged conductivity that increases down these paleochannels
can be interpreted as higher salinity concentrations in the environ-
ment. Figure 6 presents a typical conductivity-depth section over
what has been interpreted as four adjacent paleochannels, linked to
the location on the map. All of the conductive features mapped by
these TEMPEST data are considerably wider than the annulus of res-
olution, which has a radius of approximately 150 m at shallow
depths.

The CDI sections derived from 1D approximation seem spatially
coherent despite the wide sensitivity and asymmetry of the fixed-
wing AEM system. Paleochannels are not, however, always as wide
or as conductive as the ones mapped in this example. West of Broken
Hill in New South Wales, Australia, paleochannels cutting through
older saline clay layers show up as relatively resistive features in
map form. The fastest methods of AEM modeling over extensive ar-
easinvolve stitching together 1D solutions to make 2D and eventual-
ly 3D models. Figure 7 is an example of two lines of RepTEM AEM
data, each about 3 km long, transformed to CDI sections with the
EMFlow program. In this area west of Broken Hill, a moderately
conductive layer, about 80 m thick, lies beneath a near-surface,
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mostly resistive layer. Shallow, intermittent conductors are present
within the resistive layer.

Evident within the conductive cover in both sections shown in
Figure 7 is a thin, very conductive layer at a depth of about 50 m.
This layer underlies transported cover and is interpreted from nearby
drilling to map the location at depth of saline, clay-rich materials
from a former lake bed. The conductivity-depth section of line 1090,
with slight undulations in the saline conductive layer, has one obvi-
ous gap marked as A. This response is spatially correlated with simi-
lar responses on adjacent lines, with the corresponding location on
line 1070 marked by dashed lines. There are several additional dis-
continuities on line 1070, such as an apparent bulge/thinning of the
saline layer at B and saline-layer depth undulations with near-sur-
face expressions at C. A key interpretation question to be answered is
whether the apparent gaps in the thin, conductive layer indicate com-
plete absence of the clays caused by a paleochannel that was incised
through the buried clays in later years or whether resistive gaps are
depositional variations, thinning the layer. A simple approach might
be to use 2D or 3D inversion methods to address this, but current 2D
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Figure 5. The Honeysuckle Creek survey in Australia was flown
with a TEMPEST fixed-wing towed-bird time-domain system. This
image shows a conductivity map at a depth of 10 m draped over
first-derivative magnetics. Note the dendritic paleochannel mapping
to the center and northeast of the survey.
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Figure 6. EMFlow conductivity-depth section (CDI) of TEMPEST data from the Honeysuckle Creek survey in Figure 5. Close-up shows high-
conductivity structures coincident with the existing paleochannels, also mapped by the magnetics.
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and 3D inversion for AEM data is very slow and quite dependent on
choice of initial model and lateral/smoothing constraints.

We therefore decided to test the horizontal resolution and accura-
cy of stitched 1D sections of some 2D cases representative of the two
hydrogeologic problems described above. We start with the analysis
of a 133-m-wide gap in a conductive layer. We modeled the AEM re-
sponse with the Arjuna Air program (Wilson et al., 2006) for a gener-
ic helicopter time-domain system with a 25-m-diameter transmitter
and a dipolar concentric diameter receiver, flying ata height of 35 m.
Such a system can be expected to have an annulus of resolution, or
footprint, of 100-200 m (Figure 1), within which annulus most
(say, 90%) of the observed response is generated. EM systems that
can detect targets to depths of many hundreds of meters also detect
conductors at lateral distances of this order.

Forward responses calculated from the synthetic models (Figure
8) were converted to conductivity-depth sections (Figure 9), with
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EMFlow. The extended layer (in synthetic model 1) is correctly im-
aged close to its true vertical extent from 51 to 64 m deep, with rea-
sonably accurate estimates of its true conductivity of 1000 mS/m.
Because of smoothing inherent in the EM induction process, the im-
ages show a moderately conductive halo above and below the thin,
very conductive layer. Because of edge effects, rather than an abrupt
termination of the conductor at the left and right boundaries (true lo-
cation, in white), the resistive gap appears on the stitched image as a
blocky, moderate conductor about 50 mS/m extending to depth,
with a drooping edge and deep horseshoe-shaped response of about
200-mS/m anomalies at depth. The drooping edge response is the
effect of the AEM system “seeing” the layer ahead or behind as it
flies down the line but plots directly below the system. The deep, up-
side-down horseshoe responses come from edge effects where cur-
rent induced in the layer concentrates near its edge and causes a
small high in the EM response.

This synthetic gap response is very different

1000.0 from the interpreted paleochannel response at A
100.0 in Figure 7. The response at A has no obvious
drooping tail; rather, the conductor at depth
trends under the layer rather than away from it, as
seen in Figure 9b. The conclusion would need to
be that the incised paleochannel at A in Figure 7 is
not an electrical resistor but has an internal con-
ductivity structure. Alternatively, the response at
depth may droop away from the near-surface rib-

mS/m

495,994

200 m

1000 m bon conductor above the main layer.

Figure 9a shows a slightly more complex 2D
model we tested. It consists of a discontinuous
conductor (conceptually representing a discon-

Figure 7. EMFlow conductivity-depth sections from a Reptem AEM system flown in the
Broken Hill area show several discontinuities and gaps (marked as A) on lines 1090 and
1070, an apparent bulge/thinning of the saline layer at B (approximately 50 m deep), and
saline-layer depth undulations with near-surface expressions at position C.

tinuous saline clay layer) at a depth of 50 m. The
layer extends off the profile to the left, and two
separate segments of 133 and 33 m width, with
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Figure 8. Synthetic forward models calculated using Arjuna Air, for
a six-frequency towed-bird system, a coincident loop, and a fixed-
wing platform with towed receiver. (a, b) A conductive 1000-mS/m
broken layer in a resistive 1-mS/m host (models 1 and 2). (c) An in-
termediate filling conductor of 333.33 mS/m shown in model 3.

gaps of 133 and 167 m between them, respective-
ly. We call these conductor segments (from left to right) the layer, the
wide ribbon conductor, and the narrow ribbon conductor.

Quite clearly, the 1000-mS/m left uniform layer in Figure 8a has
been properly identified in Figure 9 (with some limitations in verti-
cal resolution). The wide ribbon has been detected at the proper
place but is imaged as a weaker conductor located on the deep side; a
simplistic visual interpretation would probably underestimate its
true width.

Because of its small amplitude, the narrow ribbon appears as an
upside-down horseshoe of about 200-mS/m response in the CDI at a
depth of about 250 m rather than as a horizontal ribbon at the true 50-
m depth. In the gaps between the layer and the ribbons, we again
see a blocklike artifact of about 50-mS/m conductivity.

The final synthetic data (Figure 9¢), for a concentric-loop AEM
system, consists of a single thin layer of 1000-mS/m conductivity;
the central 267-m portion of the profile has a lower conductivity of
333.33 mS/m. In this case, the CDI image is visually correct, in that
the layered conductor is imaged at the right depth and with the right
conductivity-thickness product. No drooping-tail edge effects are
seen, but there is a 50-mS/m block artifact underneath the less con-
ductive zone.

Because TEMPEST is a fixed-wing, towed-bird AEM system, we
would expect that edge effects and resulting artifacts in a CDI would
be quite different from the concentric-loop system we modeled earli-
er. The TEMPEST AEM system measures two components, along
line x and vertical z, which in EMFlow are processed separately.
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Then the conductivity-depth image can be derived from each of the
x- and z-components or from both data components. Separate re-
sponses from each component are shown in Figure 10b and c. Differ-
ences between the CDIs derived from the x- and z-component data
are an indication of departure from lateral homogeneity; the
x-component is more prone to detect conductive horizontal disconti-
nuities (Figure 10b). We should note that a 3-s (roughly 30-m) co-
sine stacking filter has not been applied to the modeling to exactly
simulate actual TEMPEST data (as described in Sattel and Reid,
2006).

In Figure 11, the conductivity image produced from synthetic
TEMPEST data detects the wide and the narrow ribbons; however
the ribbons are at an apparent depth much greater than the true depth
of 50 m from the synthetic model. Generally, the CDI section ap-
pears less well resolved than the CDIs from the concentric-loop sys-
tems. This is to be expected because of the greater (120-m) flight
height of a towed-bird system with fewer recorded time-delay chan-
nels affecting vertical resolution.

We now can compare results (Figure 11) from the TEMPEST
CDIs of the synthetic models in Figure 8 with the three thin-layer
cases shown in Figure 9 using a concentric AEM system. In Figure
11c, the relatively resistive center of the 2D layer is not nearly as well
resolved as with the concentric AEM system. This is the effect of the
much wider annulus of resolution of a fixed-wing system at higher
altitude. If we compare this synthetic response with the TEMPEST
field data (Figure 5), it is reasonable to interpret that the whole near-
surface layer is conductive, with the paleochannels more conductive
than their surroundings. In Figure 6, the inductive features (pale-

) 4 0F " 1000.0
100.0
10.0
L L 1.0
600 800 1000 1400
S/
b) 35.0¢ M 10000
0.0F
3 100.0
8 =
e 5’"°°pf'f“9t False 50-mS/m
& Celge G conductive "block" 10.0
o 200-mS/m
horseshoe response
—050.0Fr i L honllnnnnananallnnnnnnall|
400 600 800 1000 1200 1400 '
<) " 1000.0
3 100.0
(9]
o
C
S
w 10.0
[a) -— False 50-mS/m
conductive "block"
1.0

400 600 800 l 1000 1200 1400
Distance (m)

Figure 9. Conductivity-depth images calculated using EMFlow on
synthetic concentric loop forward models calculated with Arjuna Air
shown in Figure 8 for synthetic models (a) 1, (b) 2, and (c) 3.
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ochannels) appear to have gently sloping rather than steep sides (in
contrast to the incised structure of Figure 7).

Inversions can and should give more precise results over a 1D
earth than fast conductivity transforms. However, we could not find
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Figure 10. (a) Conductivity-depth image calculated using EMFlow
on synthetic forward-modeled data from Arjuna Air model in Figure
8a, derived from both (b) x- and (c) z-components of TEMPEST
data.
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Figure 11. Conductivity-depth images calculated using EMFlow on
synthetic (TEMPEST configuration) forward-modeled data calcu-
lated with Arjuna Air, for models (a) 1, (b) 2, and (c) 3 from Figure 8.
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convincing evidence in the literature that stitching together a section
made of independent or constrained 1D full inversions should have
fewer artifacts than stitching together fast approximate transforms.
Therefore, we tried to objectively analyze the limitations of laterally
constrained inversions and fast transforms in the presence of hori-
zontal inhomogeneities. To do so, we processed an identical six-fre-
quency system forward model using a fast conductivity transform
and a full laterally constrained inversion. Conductivity and depth re-
sults are shown in Figures 12 and 13, respectively.

Aarhus University in Denmark has commercialized a layered-
earth inversion package called Aarhus Workbench (Viezzoli et al.,
2008), optimized for use with AEM systems. We inverted our syn-
thetic Arjuna Air frequency-domain forward-modeled data through
Workbench. Several inversions with varying numbers of layers,
depths, and lateral constraints were produced.

Figure 13 shows the LClI results of inversions of forward data cor-
responding to Figure 8a, with a smooth (19-layer) and blocky (5-lay-
er) model. For the smooth case, the model space is discretized using
19 layers with layer thicknesses increasing with depth. The inver-
sion only solves for layer resistivities. In the blocky case, the model
space is discretized using five layers, and the inversion solves for
layer resistivities and thicknesses. Both inversions were started from
a homogeneous half-space of 10 ohm-m, so no prior information
was input. The smooth and blocky models are consistent to produce
similar results. As expected, the fewer-layers model (Figure 13b) re-
covers the absolute resistivity and thicknesses of the different layers
better. Because this model has discontinuities in a simple layered en-
vironment, we focus on the fewer-layer results. The depth, thick-
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Figure 12. CDI of HEM system (six frequencies from 400 Hz to
130 kHz) from forward-modeled data calculated with Arjuna Air
shown in Figure 8 for models (a) 1, (b) 2, and (c) 3.
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ness, and resistivity of the extended-layer conductor on the left is
well resolved. The wide-ribbon conductor is imaged as thicker and
more resistive than its true values, and its depth is well resolved. The
narrow-ribbon conductor produces a conductivity anomaly much
deeper than its real location. The resistive gap between the left layer
and the middle wide-ribbon conductor has about the right lateral
size, butits resistivity value is underestimated (about 25 mS/m).

To establish some of the differences between the LCI and the
CDIs, we focus on Figures 12a and 13b, the fewer-layers model. The
results show how the LCI recovered the depth and extension of the
extended layer and the wide-ribbon conductors satisfactorily. The
break between them is visible, yet their resistivity is underestimated.
The resistivity underneath the left extended conductive layer is over-
estimated; this is from lack of sensitivity of the specifically modeled
frequency-domain system below that conductive layer. In Figure
12a, the depths to top and bottom of the left extended conductive lay-
er are overestimated by about 10 m, whereas in the wide-ribbon
depths are overestimated by more. The conductivity for both ribbons
also is overestimated. The LCI and CDIs fail to recover the narrow
ribbon, flagged by the high residual shown by the red curve superim-
posed on the models in Figure 13 (read against right axis, values
greater than three are considered to be poor data fits). Regarding the
resistive gap between left and center conductors, the LCI shows a
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Figure 13. Inversion showing (a) smooth multi- (19-) layer and (b)
fewer- (5-) layer inverted models for three different (critical) points
flagged in Figure 8a. From left to right, (1) all layers are continuous,
(2) the conductive layer is disrupted, and (3) the layer width is equal
to the annulus of resolution. Inversion resolves the wide conductive
ribbon’s depth but at the expense of a large residual (red line super-
imposed on the models and read from the right axis). The narrow-
ribbon conductor cannot be resolved and appears as a deep shadow
in the section.
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width of about 140 m, very close to the true one. The EMFlow re-
sults show the apparent gap to be quite wider, close to 200 m. Both
image a false conductive block below the resistive gap.

Results show the LCI, just as EMFlow’s CDIs and any other in-
version based on exact or approximate 1D forward response, cannot
fit the data at the edges of the conductors, where pronounced 2D ef-
fects are present. The lateral constraints in the LCI to a degree limit
the vertical distortions of the models; however, very tight con-
strained inversions may incorrectly predict a thinning continuous
layer to lateral distances away from its true source.

Overall, the two methodologies clearly produce results of similar
lateral character. As expected, though, the LCI quantifies how well
each model decay (taken in isolation) matches each individual data
decay, at times indicating that a 1D decay cannot fit the data locally.
The 1D approximate solutions such as EMFlow also produce such
an error of fit; the LCI produces a model parameter sensitivity analy-
sis and better recovers absolute values of resistivity, depth and thick-
ness of extensive conductors, and lateral extent and resistivity value
of the resistive gap between them.

CONCLUSIONS

Regardless of the accuracy of the inversion algorithms, inversion
is not an automated procedure. The results depend on correct param-
eterization and often on a good starting model. In particular, stitched
1D inversions of 2D/3D structures with sharp conductivity bound-
aries must be queried, even though the surroundings may be well
modeled.

In electrically conductive environments, including weathered or
sedimentary cover or where shallow saline water is present, any ex-
tensive subhorizontal conductor arising from saline water or clays
will be detected by AEM. Such extensive structures are well imaged
by approximate transforms and full nonlinear 1D inversions. Incised
paleochannel structures or subvertical geologic boundaries within
such environments may lead to lateral discontinuities in these more
extensive conductive layers. When 2D/3D effects of these disconti-
nuities are present, 1D CDI approximations and inversions may in-
correctly predict a weaker conductor at depth within a resistive hole
in the layer. Towed-bird systems will also produce edge effects and
artifacts when processed with a 1D layered-earth assumption, but
their different geometric responses in x- and z-components allow for
easy detection of misleading 1D interpretations. Despite the fixed-
wing systems’ clear advantage to discern, having to fly at much high-
er altitude will impinge on their resolubility in the near surface be-
cause of their much wider annulus of resolution. In general, lateral
constraints, as applied in the LCI, help produce models with lower
degrees of vertical and lateral distortion if discontinuities are smaller
than the annulus of resolution.

Within a conductive layer where conductivity changes with facies
or geometric thickness, 1D approximations and LCI inversions can
resolve the model well. Full inversions take more CPU time, and a
high error of fit between a 1D model and data indicates lateral inho-
mogeneity in inversion and CDI approximate methods. As expected,
few-layer LCI also recovers the absolute values of the geoelectrical
layers better than smooth-model inversions. In the presence of con-
ductivity anomalies of widths comparable to the annulus of resolu-
tion, 2D data modeling is needed to avoid misinterpretations of the
subsurface, and methodologies to speed up existing inversion meth-
ods are very desirable for processing AEM data. This lateral limiting
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width is on the order of 100 m for HEM systems and 250 m for
fixed-wing systems.
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