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Abstract

Earth resistivity estimates from frequency domain airborne electromagnetic data can vary over more than two orders of
magnitude depending on the half-space estimation method used. Lookup tables are fast methods for estimating half-space
resistivities, and can be based on in-phase and quadrature measurements for a specified frequency, or on quadrature and
sensor height. Inverse methods are slower, but allow sensor height to be incorporated more directly. Extreme topographic
relief can affect estimates from each of the methods, particularly if the portion of the line over the topographic feature is not
at a constant height above ground level. Quadrature—sensor height lookup table estimates are generally too low over narrow
valleys. The other methods are also affected, but behave less predictably. Over very good conductors, quadrature—sensor
height tables can yield resistivity estimates that are too high. In-phase—quadrature tables and inverse methods yield
resistivity estimates that are too high when the earth has high magnetic susceptibility, whereas quadrature—sensor height
methods are unaffected. However, it is possible to incorporate magnetic susceptibility into the in-phase—quadrature lookup
table. In-phase—quadrature lookup tables can give different results according to whether the tables are ordered according to
the in-phase component or the quadrature component. The rules for handling negative in-phase measurements are
particularly critical. Although resistivity maps produced from the different methods tend to be similar, details can vary
considerably, calling into question the ability to make detailed interpretations based on half-space models. © 2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction tivity mapping (Palacky, 1986). AEM resistivity
mapping can thus serve as a major component in a
wide variety of geological, engineering, and hydro-
logical investigations. Making a resistivity map from
airborne data requires careful data collection and
painstaking data processing, but the reward is map
that can be quantitatively connected to rock proper-
ties, and that has the effect of sensor height removed,
T Fax: +47-73-904494. unlike maps showing in-phase or quadrature mea-

E-mail address: Les.Beard@ngu.no (L.P. Beard). surements. It is thus fair to ask to what degree

Numerous case studies attest to the fact that air-
borne electromagnetic (AEM) systems have reached
a level of sensitivity such that they are no longer
simply anomaly finders in the search for massive
sulfide ores, but can be reliably used for earth resis-
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resistivity estimates obtained from AEM data can be
trusted.

A variety of methods exist for estimating earth
resistivity from frequency domain AEM measure-
ments, but a commonly used subset of methods are
those based on a conductive half-space model. Typi-
caly, for a specific frequency, the in-phase (IP) and
quadrature (Q) components and the EM sensor height
are used to estimate the earth’s resistivity below the
sensor. In this paper, three different methods are
compared: two use precomputed lookup tables, the
third uses linearized, iterative inversion. Methods for
AEM interpretation based on neural networks hold
promise (Ahl et a., 1999), but are still very much
topics of active research and are not considered
further in this paper.

A lookup table that uses IP and Q component
data is smply a digitized version of a phasor dia-
gram, an example of which is shown in Fig. 1. The
success of the IP—Q phasor diagram rests on the fact
that for a given IP and Q measurement at a particu-
lar frequency and transmitter—receiver coil separa-
tion, there exists exactly one half-space resistivity
and sensor height that fits the measurement. Conver-
sion of the phasor diagram to a lookup table is not a
particularly difficult task, but some details are worth
mentioning and will be discussed in Section 3.

It is not uncommon for airborne systems to have
problems with the in-phase component. The IP com-
ponent is susceptible to aircraft-generated noise, and
over magnetically susceptible rocks the magnitude of
the IP can be substantially decreased (Ward, 1961;
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Fig. 1. Phasor diagram for a 4287-Hz HCP system with 6.5-m coil separation. The diagram is valid for half-space resistivities between 1 and

4000 ) m and for sensor heights between 10 and 120 m.
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Fraser, 1981). In situations where the réliability of IP
data is questionable, the half-space resistivity can be
estimated using lookup tables created from the Q
component and the measured sensor height (H).
However, the Q—H method for resistivity estimation
suffers from the problem of non-uniqueness. Fig. 2
shows a plot of EM response as a function of
conductivity for a horizontal coplanar system operat-
ing at 4287 Hz with a 6.5-m transmitter—receiver
coil spacing, denoted System A in further discussion.
There are two half-space conductivities that can pro-
duce a given Q response. Fortunately, for the param-
eters used by most AEM systems, the peak of the Q
curve, marked ‘ Cutoff’ in Fig. 2, occurs a a high
conductivity, in this particular case at 300 mS/m
(3.33 Q m). For resistivity mapping, the low con-
ductivity solution is usualy preferred. When con-
structing Q—H lookup tables, all conductivities to
the right of the peak are excised, forcing the solution
to be unique, but skewed to lower conductivities.

In comparison with lookup tables, linearized
least-squares inversion is much more computation-
aly intensive. Whereas earth resistivity estimates for
a moderate size survey of a few thousand line-
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kilometers can be processed in a few minutes using a
lookup table, inverse methods can take hours. Many
types of inversion schemes require an initial estimate
of ground conductivity, and solutions can sometimes
be dependent on this initial estimate. However, lin-
earized inversion possesses some advantages over
lookup tables. The IP and Q components can be
given different weightings in a Marquardt-type in-
version scheme (Menke, 1984). Low quality data can
thus be given a lower weight rather than being
discarded completely. Thisis also possible in princi-
ple with IP—Q lookup tables, but is usually not done.
Inversion schemes use sensor height data more di-
rectly than IP-Q lookup tables, and it is easy to
incorporate resistivity and sensor height bounds into
inversion algorithms, thus giving a measure of con-
trol over the range of possible solutions.

These three methods for estimating earth resistiv-
ity are different enough from one another that it
should not be surprising if they produce somewhat
different estimates. Each method has its own strong
and weak points. By better understanding these
strengths and weaknesses, the processor of AEM
data can better match the method to the circum-
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Fig. 2. In-phase and quadrature response as a function of conductivity.
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stances of a given survey, and the interpreter of the
data can better judge which anomalies are rea and
which are artifacts of a particular estimation scheme.

2. EM response of a homogeneous half-space

For a loop—loop EM system consisting of hori-
zontal coplanar coils separated by a distance r, the
mutual impedance ratio Z/Z, is given by

E =1+ BT, (1)
ZO

where B=r /8. For a system having angular fre-
quency w, the skin depth 6 of a uniform earth of
conductivity o and free-space magnetic permeability
Mo and is equal to 2/ wuyo . Z, is the impedance
of the system as measured in free-space. The integral
T, tekes the form

To= [ R(x) x?exp( — Ax) Jo( Bx)dx (2)
0

where A=2h/6. J, is the Bessel function of order
zero and h is the EM receiver height above ground
level. R(x) is a transfer function having the form
R(x)=(x—U)/(x+ U) where U = {x*+j2 with
j=v—1. The mutual impedance ratio Z/Z, is a
complex number whose real part represents the in-
phase response of the system and whose imaginary
component is the quadrature response. Eq. (1) is
used to generate lookup tables and aso in the for-
ward computations used in half-space inversion algo-
rithms. For multiple layer earth models, recursion
formulae can be found in Wait (1982). Beard and
Nyquist (1998) give formulae for one- and two-
layered magnetic earth models (> u).

3. Construction of lookup tables

Lookup tables can be constructed from phasor
diagrams for a variety of simple models—spheres,
horizontal thin sheets, or half-spaces. In this paper,
only the conductive half-space model is considered.
Lookup table parameters can also vary (Telford et
al., 1990, chapter 7), but in this paper are confined to
two commonly used combinations. quadrature and
in-phase (Q-IP) or quadrature and sensor height

(Q-H). Also note, a Q-IP table is ordered by
increasing quadrature and an 1P-Q table is ordered
by increasing in-phase response. The Q—H method
is doubly ordered, initially by increasing sensor
height, then for a given sensor height, by decreasing
quadrature response.

3.1. Q-IP lookup tables

A phasor diagram consists of a set of non-inter-
secting curves plotted as a function of in-phase and
quadrature response. As is shown in Fig. 1, each
curve corresponds to a unique half-space resistivity
and is constructed by computing the IP and Q re-
sponses as a function of system height above the
surface of the half-space. A second set of non-inter-
secting curves cross the resistivity curves and repre-
sent the sensor height. The interpreter selects a Q—IP
pair from the data set and finds the corresponding
resistivity and height by interpolating between curves.
This method is good for checking a few points, but
whole data sets require the process to be computer-
ized.

Whereas the Q—IP phasor diagram is a contin-
uum, a lookup table has necessarily to be discretized.
Rules have to be formulated so that if a particular
measured Q-IP pair is not found precisely in the
table, areasonable resistivity can still be selected. To
create the Q-IP table, responses were generated
from a single frequency over sensor heights ranging
from 10 to 400 m above ground level, and over a
resistivity range of 1-40000 )} m. Quasi-logarith-
mic sampling was used for both sensor height and
resistivity. The table was then ordered from low to
high quadrature response, retaining enough decimal
places that none of the quadrature values repeated.
This determined the order of the in-phase compo-
nent, the sensor height and the half-space resistivity.
Given a measured pair of in-phase and quadrature
values, IR, and Q,,, the program searches for Q*,
the first Q in the table greater than Q,,. Upon
finding Q*, the program searches a specified range
of IP, Q pairs centered on Q*, choosing the pair that
minimizes
(IP=1Py)*+(Q-Qu)" 3

This choice then determines the sensor height H
and the ground resistivity p*. Numerica tests
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showed that so long as negative IP responses were
handled by setting IP,, equa to zero in Eq. (4), a
more accurate resistivity estimate could usualy be
achieved by multiplying the Q—IP lookup table resis-
tivity p* by the sguare root of the ratio of the
response amplitudes. Thus,

p=y(IPE+Q2)/(IPG + Q%) p* (4)

where the subscript L implies lookup table values
and M implies measured values. Eg. (4) was used
rather than interpolation between adjacent resistivity
entries in the lookup table because in the Q-IP
lookup table adjacent resistivities may vary widely.
Adjacent entries in the table may have similar Q and
IP values, but these may be computed at very differ-
ent sensor heights, and therefore are produced by
dissimilar earth resistivities. On the other hand, this
is not a problem with the Q—H lookup table de-
scribed in Section 3.2, and interpolation can be used
successfully in this kind of lookup table.

243

The sampling interval of the lookup table is im-
portant. A table with 10 resistivity entries per decade
can be expected to give better results than a table
with only two entries per decade. Shown in Fig. 3
are resistivity and sensor height estimates for two
different half-space models, a 146-Q) m earth and a
507-Q m earth. These numbers have been chosen so
that the lookup table will not contain the exact value,
as it might in the case of a 100-Q) m earth. The
lookup tables were constructed for a 4287-Hz hori-
zontal coplanar loop system having a loop separation
of 6.5 m (System A) using 2, 3, 5, and 10 resistivi-
ties per decade. The 10 per decade table yields very
close estimates for both sensor height and resistivity
for the 146-Q) m earth, but for the 507-Q) m earth,
the two per decade table gives the closest estimate.
This happens because the 2 per decade table had a
sample point for a 30-m sensor height and a 500-(0m
earth, very near the true sensor height and resitivity.
This of course is an exception. Over a wide range of
resistivities, the 10 per decade table should be ex-
pected to give better estimates.
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Fig. 3. Effect of lookup table resistivity density (number of sample resistivities per decade) on accuracy of Q—IP lookup table solutions for

two different half-space models.
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The IP component is often the most problematic
in a survey, being more affected by the aircraft and
by magnetic susceptibility variations. Fig. 4 illus-
trates the effect of IP discrepancies on the fina
estimated resistivity and sensor height. In this case, a
997-Q2m earth was sampled at a 30.5-m sensor height
for system A. This yields an IP response of 5.7 ppm
and a Q response of 29.4 ppm. Leaving the Q
response at 29.4 ppm, the IP component was varied
from its true value and the resistivity and sensor
height was estimated for the incorrect IP and correct
Q. IP responses lower than about 4 ppm resulted in a
resistivity estimate of about 2000 {2 m, and a too
low sensor height estimate. As the IP increases, the
estimated resistivity decreases and the sensor height
estimate increases in steps. Accurate measurement of
in-phase and quadrature response and careful level-
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ing are thus essential to obtaining accurate resistivity
estimates.

The Q-IP lookup table described above is or-
dered according to ascending Q values. It is reason-
able to ask if the same results are obtained if the
table is organized according to ascending IP. As is
shown in this article, if appropriate rules for handling
negative |P measurements are developed, maps made
from either method are similar, though not exact, and
if negative IP is handled poorly, very inaccurate
IP—Q estimates can result.

3.2. Q—H lookup tables

Construction of a lookup table based on quadra-
ture and sensor height is straightforward. For a par-
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Fig. 4. Effect of incorrectly leveled in-phase response on resistivity and sensor height estimates from a Q—IP lookup table.
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ticular sensor height, the quadrature response is com-
puted for a wide range of resistivities. The table is
doubly ordered, first according to increasing sensor
height, then for a given sensor height, according to
decreasing quadrature response. Given a measured
sensor height and quadrature response, a search is
performed to find the nearest tabulated sensor height.
Then, a search is conducted over the tabulated
quadrature responses at this height to find the re-
sponses Q; and Q;, ; (and associated resistivities p,
and p;, ) that bracket the measured response Q,,.
An interpolation is then performed to get the esti-
mated resistivity p:

p=pi+(pis1—p)*(Q—Qu)/(Q —Qis1)-
(5)

The success of this method requires that low
resistivities beyond the cutoff resistivity (see Fig. 2)

have been excised from the table; otherwise the
solution would be non-unique. It is also dependent
on the accuracy of the measured sensor height. Fig. 5
illustrates what can happen to the half-space resistiv-
ity estimate if the measured sensor height is in error.
The response of System A was computed for a
sensor height of 32.6 m and half-space resistivities of
38 and 861 ) m. The diamonds show how resistiv-
ity estimates change if the measured sensor height is
inaccurate. Measured sensor heights that are lower
than the true value lead to resistivity estimates that
are too high; those higher than the true height result
in resistivity estimates that are too low. The variation
in estimate for the high resistivity model is fairly
regular. The unusua behavior in the low resistivity
model estimates beyond sensor heights of about 40
m occurs because the cutoff resistivity has been
reached for that particular height. No lower estimates
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are possible. Furthermore, the cutoff resistivity is
progressively higher for increasing sensor heights,
thus the upward stairstep pattern as sensor height
increases.

4. Marquardt—L evenburg inversion

The earth’s resistivity can be estimated from a
single frequency of AEM data by using damped,
iterative least-squares inversion. In this study, the
Marquardt—Levenburg method (Marquardt, 1963;
Press et al., 1992) is used, an approach that is
relatively fast and robust for the modest sized matri-
ces encountered in computing resistivity from a sin-
gle AEM freguency. In this case, the inverse prob-
lem is even determined, having only two data values
—the in-phase and quadrature components at a sin-
gle position and frequency—and two unknowns, the
half-space resistivity and the sensor height. Both
unknowns can be constrained to lie within specified
limits. Although the sensor height is actually a mea-
sured quantity, it can be in error in areas of rugged
terrain or in densely vegetated regions. Even in areas
where the sensor height is trusted, additional geo-
physica information, e.g. overburden thickness, can
often be obtained by leaving it as an inversion
parameter (Hogg and Boustead, 1990).

In this study a two-point data vector d, consisting
of the in-phase and quadrature measurements at a
single frequency computed from the half-space model
described above, are non-linearly related to the
model’s parameter vector m (the half-space resistiv-
ity and sensor height). The Marquardt—Levenburg
method assumes a linear relationship exists over a
small neighborhood of solution space and relates d
and m by the matrix equation

d=Am (6)

where A is a2 X 2 matrix whose elements A;; take
the form ad, /om;. Eq. (6) can be solved iteratively
by choosing an initial parameter estimate m, then
computing a change 6 m in the parameter vector that
serves to reduce the difference between the com-
puted data vector and the observed data d®* in a

|east-squares sense. §m can then be obtained from a
regularized solution of Eg. (6):

sm=(ATA + A21) TAT(d%* - d). (7)

In Eq. (7), the term A?| represents a weighting
matrix necessary for solution stability. A? is called
the damping factor and helps control how rapidly a
solution changes from one iteration to the next. For a
particular iteration i, the improved solution is m; ,
=m; + ém. The updated solution is inserted into
Eq. (6) and the iterative process continues until
d°s —d becomes sufficiently small or until a pre-
determined number of iterations has been exceeded.

5. Comparisons using real and synthetic data

In this section, the different solutions described
above are compared using both real and synthetic
data. First, layered earth synthetic models and 3-D
synthetics are examined, then estimates from real
data are considered.

5.1. Two-layer earth models

The in-phase and quadrature components are
unigque only for a homogeneous half-space. For even
a two-layer earth model, solutions are non-unique
(Frischknecht et al., 1991). The response of System
A at a sensor height of 30.5 m was computed for the
three different two-layer earth models described in
Fig. 6. The resistivity was then estimated using an
Q-IP lookup table, a Q—H lookup table, and two
variants of least-squares inversion. In the inversion
denoted as Inv1 in Fig. 6, the sensor height was held
fixed at its measured value and only the resistivity
was inverted for, and in the second method (Inv2),
both the sensor height and resistivity were allowed to
vary up to 100% of the measured sensor height. In
the case of a conductive layer overlying a more
resistive half-space, the resistivities from the differ-
ent methods are more scattered than for the case of a
resistive layer on top of a conductive half-space. If in
the latter case the top layer is somewhat magnetic as
well, the in-phase response is decreased (in this case
by 18 ppm). Resistivity estimation methods that use
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Fig. 6. Resistivity and sensor height estimates from four different methods and three different earth models. Inversion method Inv1 uses the
measured sensor height and inverts only for resistivity. Inv2 inverts for both sensor height and resistivity.

the IP component without taking into account mag-
netic susceptibility are thus likely to estimate the
earth resistivity higher than in the non-magnetic
case. As can be seen in Fig. 6, the Q—IP lookup
method and both inversion methods predicted higher
resistivities over the magnetic earth than over the
same two-layer non-magnetic earth. The Q-H
method gave the same estimate in both cases because
the Q component is unchanged by increased mag-
netic susceptibility.

5.2. Topographic effects

The effects of topography on dipole source EM
ground surveys have been documented (Mitsuhata,
2000), and it is reasonable to expect topographic
effects to show up in arborne EM surveys as well.
Flying draped surveys, where the sensor maintains a
constant height above ground level, can be expected

to reduce topographic effectsin AEM surveys, but in
rugged terrain draping can be difficult to achieve. In
particular, draping may be dangerous or impossible
over narrow valleys. To examine the effects of a
valley on resistivity estimation schemes, the response
of along narrow valley cut into an otherwise homo-
geneous 523-Q m half-space (Fig. 7a) was modeled
using EMIGMA 3-D electromagnetic modeling soft-
ware. The valey is 10-km long, 1-km wide, and
100-m deep. Outside the valley, the sensor height is
42.8 m above ground level. The sensor does not dip
down over the valley, but maintains a level flight
path, so that over the valley floor it is at a height of
142.8 m. Shown in Fig. 7b are the measured sensor
height and the in-phase and quadrature responses for
this model. A homogeneous 523-() m earth produces
an in-phase response of 10.5 ppm and a quadrature
response of 32 ppm in System A at a height of 42.8
m. At 142.8 m, the flat earth IP and Q responses
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drops to 3 and 4 ppm, respectively. Over the valley,
the IP and Q responses decrease, but do not fall to
the levels of a flat earth because the earth material
outside the valleys keeps the response somewhat
elevated.

Shown in Fig. 7c are curves representing the
estimated half-space resistivities from the three dif-
ferent methods described above. The most striking
result is that of the Q—H estimation method. The
valley appears as a conductive feature of about 80 ()

sensor path
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Fig. 7. Synthetic 3D valley model. () Valley cross-section and sensor path. (b) Measured parameters. (c) Estimated resistivities from three
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m, considerably smaller than the true 523-Q m
resistivity. This occurs because the quadrature re-
sponse remains well above the 4 ppm level of a
523-Q) m flat earth at a 142.8-m sensor height. The
measured sensor height is considered accurate and is
unchanged in the Q—H lookup method, so the ele-
vated quadrature response results in a resistivity
estimate that is too low. The Q-IP lookup method
and the inversion method yield estimates over the
valley that are somewhat higher than the 523-Q) m
level. The Q-IP lookup method as used here first
found the quadrature value in the table that was
closest to the measured value, then searched a range
of quadrature and in-phase values near that point that
gave the closest fit in a least-squares sense. No
consideration is given to sensor height in this algo-
rithm. Over the center of the valley, the resistivity
estimate is about 1000 ) m, making the valley
appear more resistive than the true value. The best
fitting solution in the table was a 1000-() m earth

with a sensor height of 30 m. Because the inverse
method also uses a least-squares criterion, it yielded
results similar, but not identical to the Q—IP lookup
method because in the inverse method the sensor
height is allowed to vary as an inversion parameter
over a limited range, and because the solution space
is continuous, rather than discrete as in a lookup
table. The estimated sensor height from the inversion
algorithm was allowed to vary no more than 100%
of the measured sensor height. The inversion results
shown in Fig. 7c have been smoothed. Three-dimen-
sional effects from the valley walls caused very high
and low spikes in the inverse solution. However,
these same points usually show high root-mean-
square (RMS) error, and so can be identified as poor
estimates. RMS error is not generally computed in
lookup table solutions, so identification of poor esti-
mates is more qualitative. Although in this instance
the inverse method produced a modest resistivity
high over the valley, this should not be generalized.
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Inversion results can vary depending on the initial
guess and on 3-D effects from local geology and
topography.

An examination of real data confirms the results
obtained from the synthetic valley model. Shown in
Fig. 8a is a topographic cross-section along a 2-km
portion of aflight line over volcanic extrusivesin the

Oslo igneous province. Near the center of the profile
is a steep-sided valley about 60-m deep and 200-m
wide. The narrowness of the valley prevented the
helicopter from draping the EM sensor over the
valley, but instead flew directly over it, as can be
seen by the increased measured sensor height over
the valley in Fig. 8b. The valley isfloor is a basaltic
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Fig. 8. Field data over valley. (a) Topographic cross-section of valey. (b) Measured parameters. (c) Resistivity estimates from three
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unit that is not expected to be greatly different in
electrical properties from the lava flows occurring on
either side, but a small stream flows along the valley
floor that could conceivably produce a decrease in
resistivity. A dlight drop in the quadrature compo-
nent takes place over the valley whereas the in-phase
is only dlightly changed. In Fig. 8c, the Q—H lookup
table estimate shows a decrease in resistivity over
the valley. The Q-IP lookup method shows no
change over the valley. Inversion results show a
small resistivity low over the valley.

To ask which of the three curvesin Figs. 7c or 8c
is correct is probably an ill-posed question. Each
method tries to fit the response due to 3-D geology
and topography to an earth model that is atogether
too simple—a homogeneous, flat earth. Each method
finds a solution according to different rules and so
we get three different curves. The good news is that
over the 2-km length of the flight line, the curves
show general agreement in terms of locations of
resistivity highs and lows. An exception occurs at

X = 800 m where the Q—IP method produces a pro-
nounced resistivity low and the other two methods
do not.

5.3. Resigtivity estimates over very good conductors

Ancther situation in which the Q—H method can
be expected to give quite different results in compar-
ison with the other methods is when a flight line
passes over avery good conductor. As can be seenin
Fig. 1, for very high conductivities the quadrature
component is small and the in-phase large. Because
the Q—H method uses only quadrature information
skewed to low conductivities, highly conductive
structures can be missed with this method. Shown in
Fig. 9a is an 8-km segment of a flight line in the
Oslo graben. It shows three strong in-phase re-
sponses from System A at about x = 1000, 2500 and
3000 m. The first two in-phase peaks show hardly
any change in the quadrature component. Five differ-
ent methods were used to estimate half-space resis-
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tivity aong the line. Least-squares inversion, the
Q-H lookup method, and three different lookup
methods based on IP and Q were compared. As was
noted in Section 3, the method labeled 1P-Q looks
first for the measured IP response in a table ordered
according to increasing IP response, then searches
the in neighborhood of that value for the closest
fitting quadrature response that in conjunction with
its corresponding in-phase response minimizes ex-
pression (3). The Q-IP lookup method finds the
measured Q response in a table ordered by increas-
ing Q, and then searches in the neighborhood of this
value for the best fitting IP response. Both the Q—IP
and IP-Q estimates were modified using Eq. (4).
The third lookup method used a commercia IP-Q
lookup table (Geosoft). The results of these five
methods are shown in Fig. 9b. The Q—-H method
falled to detect the conductors at x = 1000 m and
X = 2500 m. It detected the conductor at x = 3000 m
but estimated its resistivity at over 1000 Q m,
considerably higher than the other methods.
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5.4. Plan view maps

Given the difference in results obtained along the
single line in Section 5.3, | decided to examine
severa lines of data and make plan view conductiv-
ity maps from the different methods. Fig. 10a—c
shows maps of in-phase response, quadrature re-
sponse, and measured sensor height over lava flows
in an area of the Odo igneous province known as
Krokskogen (Larsen, 1978). The lava flows form
several nearly flat lying layers, broken by normal
faults that trend roughly NNW-SSE. Magnetite is
present in varying amounts throughout the lava flows
(Everdingen, 1960), suppressing the in-phase re-
sponse and sometimes forcing it to be negative. The
IP and Q data in Fig. 10 have had instrument drift
removed through the use of periodic high altitude
excursions of the helicopter to determine the instru-
ment’s zero level, but no filters have been used to
remove small line-to-line errors that still remain. The
data show generaly higher IP and Q responses in

sensor height - 200m
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I ' I ' I
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Fig. 9. High conductivity example. (a) Measured data along flight line. (b) Resistivity estimates from five different methods.
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Fig. 9 (continued).

the west (left side) than in the east. A zone of high
IP and Q responses occurs in the center of the area
and trends to the SW corner of the area.

Fig. 11 shows six different conductivity estimates:
two from least-squares inversion and four from vari-
ous forms of lookup tables. The color bars for each
figure are different in order to emphasize conductiv-
ity pattern similarities and differences, rather than
absolute conductivity values. Fig. 11a and b shows
estimates from inversion. The same agorithm was
used for both inversions, but in Fig. 11b the initial
damping factor was smaller and the bounds on the
permitted sensor height variation were larger, alow-
ing a wider range of possible solutions. In Fig. 11a,
the estimated sensor height was allowed to vary only
20% from the measured value, whereas in Fig. 11b
it could vary by 100%. The conductivity estimates
are quite similar in the two figures, but one small
area shows a major difference. The good conductor

marked ‘ X' in Fig. 11a appears as aresistive anomaly
in Fig. 11b. Can both these solutions fit the data
equally well? At location X, the in-phase component
measures 31 ppm, the quadrature component 21
ppm, and the sensor height is 56 m. The inverse
solution at point X in Fig. 11a is a 46-Q) m earth
with a sensor height of 46 m. The inverse solution in
Fig. 11b is a 7000-Q) m earth with a sensor height of
5.6 m. Given that the data are of good quality, there
are at least two possible causes for the extremely low
estimated sensor height of 5.6 m: a magnetic earth or
3-D effects. In this case, it is probably a combination
of both; solutions in the vicinity of X exhibit high
RMS error in both inversions.

Fig. 11c shows conductivity estimates from the
Q-IP lookup table method. The pattern is similar to
that of the inversion estimates. The main difference
is that the low conductivity zone that appears in the
center right side of the inversion figures is not



254 L.P. Beard / Journal of Applied Geophysics 45 (2000) 239-259

LA LA SO0 2NN WL Ao~
OO HWGRONWONIO W~ -=NNO =

(b) quadrature

- ﬂw ‘Y" '\mj,_: F f{} -

AA—A—L-&—L—L—A—&—L_L&NNN

NNOOOO=NWW A NMNNNOO =W
PWLSONOWOD AN DB G

RRBENREEESSIVLGLE2R

Fig. 10. AEM data over Krokskogen lava flows. Shading is at a 45° sun inclination from the northeast for this and following figures. North
is at the top of the figure. (a) In-phase component. (b) Quadrature component. (c) Measured sensor height above ground level.

apparent in the Q—IP lookup estimate. In addition,
there is a small zone of high conductivity in this
same area that does not appear in either of the
inversion estimates.

The conductivity pattern from the Q—H lookup
table, shown in Fig. 11d, more closely mimics the
quadrature response pattern than does the other
methods. The line denoted ‘E’ in Fig. 10b appears to
contain some residual level error in the quadrature
component and this error is carried over to the
conductivity estimate more than in the estimates of
the other methods.

Fig. 11e shows results from a lookup table that is
ordered according to ascending IP values (IP-Q),
but without the correction applied in Eq. (4). The
results are amost identical to the results from the
commercial 1P-Q lookup table, shown in Fig. 11f,
and are very similar to the Q—IP results. The com-
mercial algorithm is not described in the company’s
documentation, but converts the in-phase and quadra
ture responses in a more complicated manner than
my agorithm, and stores resistivities as log values
(H. Wang, personal communication). Evidently, a
straightforward approach works as well as more
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Commercia 1P-Q lookup table.
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complicated schemes, though the latter may have
advantages in terms of speed and storage. Further-
more, the commercial 1P—Q agorithm does not re-
turn estimates when either the in-phase or the
guadrature response is negative. Over rocks that are
fairly resistive or magnetic, even carefully leveled
data can have many negative values, and the inability
to return a value can mean that large swaths may
have no conductivity estimate at all. Zones with no
returned conductivity estimates were interpolated us-
ing a linear interpolator. This effect is manifest by

J@opiivkbkbpaN@awy

cOoNPOoI=mNECD

linear low conductivity stripes on the right side of
Fig. 11f. These stripes are also apparent in the IP-Q
results in Fig. 11e because the rule governing nega-
tive IP values for this algorithm requires that that the
maximum lookup table resistivity is returned.

The conductivity estimate shown in Fig. 10e did
not use the empirical correction given in Eq. (4).
With the correction applied, the conductivity pattern,
shown in Fig. 12, differs considerably with those in
Fig. 11a—f. The conductivity estimates in the east are
considerably higher than the other estimates and the

(Q) ductivity
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(b) mag
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Fig. 12. Erroneous earth conductivity estimates of Krokskogen AEM data using IP-Q lookup table with Eq. (4).

Fig. 13. Estimates of Krokskogen AEM data using a magnetic earth IP-Q lookup table. (2) Conductivity estimate. (b) Magnetic

susceptibility estimate.



L.P. Beard / Journal of Applied Geophysics 45 (2000) 239-259 257

conductive zone trending to the SW from near the
center of the area does not appear in Fig. 11f. The
high conductivity zones in the east are a result of
negative in-phase responses in this area combined
with moderate quadrature responses. The IP-Q table
finds in-phase components that yield high resistivi-
ties, but the normalization applied via Eq. (4) lowers
the estimated resistivities and yields erroneous re-
sults. The same problem does not occur if the tableis
ordered according to the Q response. If the Q-IP
table is used, asin Fig. 11c, the search first finds the
moderate (and positive) Q response, then searches a
range of values in the vicinity, arriving a an appro-
priately high resistivity even with the application of
Eqg. (4). In the more rare event of a negative Q, the
search begins with the lowest positive Q values at
the start of the table, and a high resistivity is re-
turned.

Field studies by Beard et a. (1997) and Beard and
Elvebakk (1999) on the Krokskogen lava flows show
considerable variability in magnetic susceptibility.
Susceptibilities range from nearly zero to 0.05 Sl
units with a median susceptibility of about 0.01 S|
units. A susceptibility of 0.01 Sl unitsis sufficient to
reduce the IP component of System A by about 12
ppm a a 30-m sensor height. Over a sufficiently
resistive magnetic earth, the reduced IP component
will be negative. Negative values can be seen in the
I P response on the east (right) side of the areaiin Fig.
10a. By using a forward half-space solution that
includes non-zero magnetic susceptibility, it is possi-
ble to generate a single Q—IP lookup table that
accounts for variations in magnetic susceptibility as
well as resistivity (Huang and Fraser, 2000). As with
the Q—IP lookup table for a non-magnetic earth, the
table is ordered according to increasing Q response.
However, the six different magnetic susceptibilities
will make a table six times larger than the non-mag-
netic equivalent, and therefore reduce the speed of
the lookup procedure, but even so it will only require
afew minutes or tens of minutes to process an entire
survey. When the closest fitting Q—IP pair is found
for a particular measurement, the table returns not
just resistivity and sensor height estimates, but mag-
netic susceptibility also. Shown in Fig. 13a is the
conductivity estimate based on a magnetic earth
Q-IP lookup table. The six susceptibilities used in
the table ranged from 0.0 to 0.1 S| units, covering

the observed range of values in the Krokskogen area.
The conductivity pattern is similar to that of the
non-magnetic equivalent (Fig. 11c) with some minor
but potentially important differences. The conductive
feature on the center right of Fig. 11c is absent in
Fig. 13a, and Fig. 13a has more conductive areas in
the top right quadrant than does Fig. 11a

The magnetic susceptibility estimated from the
lookup table is shown in Fig. 13b. This figure shows
a band of high magnetic susceptibility on the east
(right) side of the area trending roughly northwest to
southeast. The direction is consistent with dominant
structural features in the area, and the susceptibility
increase from west to east is consistent with both
ground susceptibility measurements and aeromag-
netic measurements (Beard and Renning, 1997).

6. Discussion and conclusions

The earth is inherently three-dimensional, full of
faults and folds, irregular boundaries, magnetic lay-
ers, and anisotropic zones. It is a little surprising
when methods that use a single frequency of AEM
data and approximate the 3-D earth as a flat, non-
magnetic, electrically homogeneous half-space work
as well as they do. Yet, as numerous case studies
have shown, resistivity and conductivity maps made
using the half-space approximation consistently im-
age good conductors, faults, fractures, and geological
boundaries, and have proved extremely valuable in
solving geological problems. However, based on the
preceding examples, it is clear that maps based on
the half-space approximation have the potentia to be
over-interpreted. Although the same general conduc-
tivity pattern is shown in the maps in Fig. 1la—e,
details vary significantly. Extreme topography has an
effect on al the methods, but the Q—H method
appears more susceptible to topographic variation
than either the Q—IP method or least-squares inver-
sion. In particular, narrow valleys may appear as
conductive zones on Q-H produced maps. Very
good conductors may produce a weak quadrature
response, making them almost undetectable on Q-H
method resistivity maps. However, the IP-Q method
appears to give reasonably high conductivity esti-
mates over high conductivity structures.
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Table 1

Characteristics of resistivity estimation methods

Statement Inv Q-IP Q-H
Method yields reasonable resistivity estimates over very good conductors. 2 3 1
Magnetic rocks or soils do not affect resistivity estimates. 1 1 3
Method is unaffected by strong topographic relief. 2 2 1
Method yields smooth resistivity estimates along a line. 1 1 3
Range of solutionsis easily constrained. 3 2 2
Method yields information helpful in identifying 3D effects. 3 2 1
Method is unaffected by negative or poorly leveled in-phase component. 2 1 3
Method allows estimate to depth of conductor beneath resistive overburden. 3 2 1
Timeto process atypical survey isafew minutes. 1 3 3

3 = usually true; 2 = sometimes true; 1 = usualy fase.

An earth having high magnetic susceptibility can
result in lookup table or inversion estimates, usually
causing resistivity estimate to be too high. However,
as was shown in Fig. 13, it is possible to incorporate
magnetic susceptibility into a lookup table and get
reasonable results.

Earth resistivity has been the principal focus of
this paper; however, the use of sensor height esti-
mates as an interpretive tool can be important in
some situations. If the geology is such that bedrock
is overlain by relatively resistive overburden, the
sensor height estimate H,, will be greater than the
measured sensor height H. Thus, the difference in
the two quantities yields an estimate of the thickness
of the resistive overburden. This can be done using
least-squares inversion or the IP—-Q lookup method,
but is not possible with the Q—H lookup method
because in this case the sensor height is considered
exact. Typicaly, H, will be larger than H; how-
ever, over an earth having moderate-to-high mag-
netic susceptibility, H., can be less than H (Beard
and Nyquist, 1998).

Table 1 summarizes the characteristics of the
hal f-space approximation methods. The statementsin
the table have been worded in such away that ‘3’ is
the desired designation and ‘1’ the poorest. If the
columns are summed, there is not much difference
between the three methods. In fact, of the three
methods described, there is not really a ‘best’ one.
For a given survey, the method that will work best
depends on the answer to a number of questions. Are
the in-phase measurements reliable? Does prior
knowledge about the survey area help to constrain
the subset of possible solutions? Is the rock or soil

magnetic? The answers to these and other questions
help to determine the best method to use.
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