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Depth of investigation for small broadband electromagnetic sensors

Haoping Huang1

ABSTRACT

The depth of investigation in electromagnetic (EM)
soundings is a maximum depth at which a given target in
a given host can be detected by a given sensor. It is of pri-
mary interest in EM exploration, particularly for small EM
sensors having negligible separation between the transmit-
ter and receiver coils. The depth of investigation is related
to many factors, such as sensor sensitivity, precision, op-
erating frequencies, ambient noise level, target and host
properties, and the techniques used in data processing and
interpretation. Quantitative understanding of the relation-
ships between the depth of investigation and these factors
will help users meet their geologic objectives, avoid unnec-
essary survey expenses, and display meaningful geologic
features.

Simple equations to estimate the depth of investigation
for handheld EM sensors have been derived from analyz-

ing the EM response based on layered half-space models.
The results show that the depth of investigation is approx-
imately proportional to the square root of the skin depth
in the host for a given detection threshold and conductiv-
ity contrast between the target and host. For a given skin
depth, the depth of investigation increases with the target
conductivity and conductivity contrast and decreases with
the detection threshold. Choosing a threshold mainly de-
pends on the S/N ratio of the EM data if the sensor setup,
data acquisition methods, and processing techniques are
well established. A high threshold such as 20% or 30%
is recommended for resistive targets or in areas where
environmental noise is high or where terrain conductiv-
ity is low (<50 mS/m). In contrast, a threshold as low as
5% or 10% can be used for conductive targets in quiet
areas. Field examples are presented to illustrate how to
use the depth of investigation in data interpretation and
presentation.

INTRODUCTION

Small, handheld, broadband electromagnetic (EM) sensors
have many applications in investigating landfills, trenches,
contaminant plumes, and structural foundations (Won et al.,
1996; Won et al., 1997; Won 1998; Witten and Calvert, 1999;
Huang and Won, 2000, 2003a, b; Witten et al., 2003; Smith
et al., 2004). For many applications, the depth of investiga-
tion is of primary interest, particularly for small EM sensors
having negligible separation between the transmitter and re-
ceiver coils. The term depth of investigation has evolved and
become standardized (e.g., Spies, 1989) to mean the practical
depth of investigation, defined as a maximum depth at which a
given target in a given host can be detected by a given sensor.
The skin depth has been widely used as an estimate of depth
of investigation of EM systems, which is rigorously defined in
classical EM theory as the distance in a homogeneous medium
over which the amplitude of a plane wave is attenuated by a
factor of 1/e, or to about 37% of the original amplitude. The
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skin depth δ is

δ =
√

2
σµω

, (1)

where σ is the medium conductivity, µ is magnetic permeabil-
ity, and ω is the angular frequency of the plane wave. In some
geophysical textbooks, the term depth of penetration appears
synonymously with skin depth. However, depth of investiga-
tion is clearly empirical; it is affected by the properties of the
target and host medium as well as factors related to the in-
vestigation modality, such as sensor sensitivity, accuracy, fre-
quency, coil configuration, ambient noise, and data processing
and interpretation methods. Under ideal conditions, the depth
of investigation can be greater than the skin depth. In geo-
logically complex and/or environmentally noisy areas, how-
ever, the depth of investigation can be much less than the skin
depth.
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Schlumberger and Schlumberger (1932) first introduced the
concept of depth of investigation for the nascent dc resistiv-
ity method. Evjen (1938) defines the depth of investigation
as the depth at which a thin horizontal layer contributes the
maximum amount to the total measured signal as measured
on the ground surface. Since then, many authors have dealt
with the subject for a variety of electrode arrangements and
dc resistivity structures (e.g., Roy and Apparao, 1971; Barker,

Figure 1. Factors affecting depth of investigation.

Figure 2. (a) Schematic representation of the problem. TX is
transmitter; RX is receiver. (b) An EM amplitude anomaly
over a target. (c) Apparent conductivity anomaly over a
target.

1989). A similar concept for EM induction methods was pio-
neered by Doll (1949). Since then, Paul and Roy (1970) and
Spies (1989) have studied this topic for ground EM systems,
and Lakshmanan and Bichara (1981), Huang (1991), and Pel-
toniemi (1998) have researched it for airborne EM systems.

This paper specifically considers small, handheld, broad-
band EM sensors that are popular for mapping and imag-
ing near-surface geophysical features when investigating

environmental and geoengineering prob-
lems. Most traditional EM sensors have
separate transmitter and receiver coils con-
nected by cables. They also adopt a no-
tion that the transmitter/receiver separa-
tion ultimately governs the depth of explo-
ration — the farther they are apart, the
deeper we can see. I show that a small sen-
sor can explore considerable depths by us-
ing multiple frequencies. To quantify the
depth of investigation for small sensors, I
first present the factors affecting the depth
of investigation and then analyze it using
layered half-space models. I finally show
field examples to illustrate how to use the
depth of investigation in data display and
interpretation.

FACTORS AFFECTING DEPTH OF
INVESTIGATION

Figure 1 illustrates the complexity of the problem by first
dividing the factors into two somewhat intrinsic categories:
manageable and unmanageable. Manageable factors can be
controlled or changed by the user, the sensor, and the survey
modality; unmanageable factors are natural conditions that
cannot be controlled or changed. One can always improve the
manageable factors relating to the design and operation of the
sensor as well as methods of data collection, processing, and
interpretation. By advancing and optimizing the manageable
factors, one hopes to derive the best methodologies to over-
come the difficulties imposed by the unmanageable factors at-
tributable to the target, geology, and environment.

The most important manageable factor is the instrument it-
self. In this paper, I use the GEM-2 (Won et al., 1996), a small,
handheld, broadband sensor, for the purpose of discussing the
depth of investigation. The GEM-2 is a fixed-geometry sen-
sor but allows variable multiple-frequency operations suitable
for depth sounding. A GEM-2 (Figure 2) has a transmitter-
receiver coil separation s of 1.66 m and standard survey height
h of 1 m. A third coil is used to monitor and cancel, or buck,
the transmitter field. The sensor operates in a bandwidth from
30 Hz to 48 kHz. Raw data are the in-phase and quadrature
components of the secondary magnetic field as parts per mil-
lion (ppm) against the primary field at the receiver coil. The
foremost incentive of a small, handheld sensor is its portabil-
ity, survey speed, and easy use.

A sensor with a small coil separation can be used for
depth sounding if it has (1) a method of canceling the strong
transmitter field that exists at the receiver coil, (2) suffi-
cient sensitivity and accuracy to resolve small changes in
earth conductivity, (3) a large dynamic range to accommodate
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near-surface effects, (4) a wide bandwidth to cover desired
ranges in skin depth, and (5) an ability to avoid certain fre-
quencies with high environmental noise levels caused by cul-
tural sources such as powerlines. A sensor that can meet these
requirements can be used for depth sounding in a variety of
geological settings (Won, 2003). Since the measurements of
EM sensors are usually in terms of the ratio of secondary to
primary fields, increasing the transmitter moment does not
change the receiver response. However, it does increase the
secondary voltage induced in the receiver coil and thus raises
the S/N ratio, which in turn can increase the depth of investi-
gation.

Precise sensor calibrations are essential to obtain accurate
data as indicated by Fitterman (1998), who describes several
sources of calibration errors in helicopter EM data. The static
EM zero level (instrument output when there is no target)
slowly drifts, which is harmless for anomaly hunting but se-
riously distorts the phase of the data. The zero-level calibra-
tion is very important for converting EM responses to appar-
ent conductivities or inverting to layered models (Huang and
Won, 2000, 2003a). Any calibration error will drastically af-
fect the depth image or soundings. Well-calibrated data help
to bring out weak anomalies from deep targets that may not
be obvious in raw data but often become pronounced in the
interpreted results (Huang and Fraser, 1996; Huang and Won,
2003b).

There are three considerations in selecting operating fre-
quencies: skin depth, signal level, and environmental noise. A
low frequency yields large skin depth but low signal (induced-
receiver-coil voltage) amplitude. As the frequency increases,
the signal amplitude increases and the skin depth is reduced.
In areas where the terrain conductivity is less than 50 mS/m
(large skin depths), the frequency selection should be on the
signal-level (high) side so as to obtain reliable data. The EM
signal level is high in very conductive areas (>200 mS/m),
where the main concern in choosing frequencies should be the
skin depth. The GEM-2 sensor is able to measure environ-
mental EM noise in the operating-frequency band, allowing
one to choose the frequencies in the field and avoid using fre-
quencies at which environmental noise is high.

Sensor height above the ground for a given coil separation
is related to signal intensity for both the targets at depth and
shallower surface geology. Large sensor height yields a larger
relative response of the deeper target anomaly compared to
the surface geology and so theoretically increases the depth
of investigation. However, this increase of depth of investiga-
tion is limited by the reduction of the target signal level with
the sensor height. For a handheld EM sensor like the GEM-2,
the standard sensor height corresponds to the practical car-
rying height (about 1 m) and rarely changes much in prac-
tice, although some users tow it on a (nonmetallic) sled. Using
caution in data acquisition may reduce noise related to geol-
ogy and/or varying sensor height. For instance, over magnetic
soils, in-phase components at lower frequencies may fluctuate
with varying sensor heights (Huang and Won, 2004). Keeping
the sensor at a constant height during a survey will reduce such
noise.

Natural and cultural noise sources are obviously unman-
ageable. Natural EM noise comes from thunderstorms with
lightning discharges that propagate globally through the iono-
sphere. Nearby lightning discharges produce randomly spaced

events of short duration, called sferics, which can be filtered
out to some extent. Distant discharges, however, are weaker,
less distinct in amplitude, and more frequent; thus, they consti-
tute a more-or-less steady background noise that has a strong
frequency dependence (Palacky and West, 1991). Another
natural source is from variations in the geomagnetic fields
as a result of solar activity. These EM noise sources vary
from place to place and from time to time. Cultural noise
sources include powerlines, broadcasting airwaves, buried ca-
bles, pipelines, highways and railroads, and buildings, all of
which may produce varying degrees of unwanted signals in the
data. Close to the survey area, the most unmanageable factors
are the properties of the target and the host medium. The most
favorable case, needless to say, is when a conductive target of
strong contrast is located in a resistive host medium.

Unlike the well-defined skin depth, there is no definitive
way to determine the depth of investigation. Nonetheless, I at-
tempt to formulate some simple rules based on simple models
and the assumption that the manageable factors are optimized
to an acceptable level. The analysis establishes the depth of
investigation in terms of sensor frequencies, coil separation
(manageable factors), medium and target conductivities (un-
manageable factors), and detection threshold, which is related
to the quality of the observed data.

DETECTION OF A HALF-SPACE
BELOW A SINGLE LAYER

Many authors (e.g., Ward and Hohmann, 1988) deal with
a layered half-space under a magnetic dipole source excita-
tion at a distance h above the surface. The analysis may use
the anomalous in-phase I and quadrature Q components or
the amplitude A = (I 2 + Q2)1/2 and phase ϕ = tan−1(Q/I )
of the measured secondary magnetic field. Alternatively, one
can use the apparent conductivity σa derived from I and Q
(Huang and Won, 2000).

Figure 2 demonstrates schematically a target having a con-
ductivity σ2 embedded in a medium having a conductivity
σ1. We assume that the horizontal extent of the target is
much greater than the transmitter-receiver coil separation and
depth to the target so that it can be viewed as a layer or half-
space. Let A0 be the background response in the absence of
the target; the apparent conductivity σa , computed from the
background data, will be the same as σ1. Over the target, we
observe an anomalous response Aa and an apparent conduc-
tivity σa that would be between σ1 and σ2. A target is detected
when the observed Aa/A0 or σa/σ1 is notably different from
1. To quantify this notability, let us specify a detection thresh-
old T above the background. A target is detected when the
observed Aa/A0 or σa/σ1 is greater than 1 + T or less than
1 − T. In electrical and EM explorations, the detection thresh-
old is usually 5% to 15%, depending upon data quality and
the complexity of the geologic structures of interest (i.e., the
noise envelope). A much higher threshold of 30% is used in
the following discussions for the purposes of graphic presen-
tation and to make a conservative estimate of the depth of
investigation. Therefore, to find the depth of investigation in
this case, we can increase the depth to the target and com-
pute Aa/A0 or σa/σ1 until they are equal to 1 + T or 1 − T.
The depth at which the anomaly is equal to 1 + T or 1 − T
should be the depth of investigation at a given threshold.
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I then discuss how the depth of investigation is determined
using two-layer models. As an example, Figure 3 shows a suite
of curves for (a) the amplitude anomaly Aa/A0 and (b) the
apparent-conductivity anomaly σa/σ1 as a function of depth to
the target half-space t1 for a case where the upper-layer skin
depth δ1 is 50 m. I first compute Aa and A0 from the mod-
els and then invert the EM response to obtain σa (Huang and
Won, 2000). The suite contains six graphs where the contrast
σ2/σ1 varies by a decade from 0.001 to 1000. Two dotted lines
indicate the bounds for the T = 30% detection threshold; the
points where the dotted lines intersect graphs determine the
depth of investigation. For instance, the depth of investigation
is approximately 12 m for σ2/σ1 = 100, while it is about 3 m for
σ2/σ1 = 0.1 (see the arrows). Either anomaly yields about the
same depth of investigation, but the conductivity anomaly is
somewhat more pronounced at higher contrasts.

The problem remains, however, that the depth of investiga-
tion depends on what one specifies for the detection threshold
T. To study this, note Figure 4a, an amplified version of Fig-
ure 3b for two selected conductivity contrasts: σ2/σ1 = 10 and
1000. Notice that the depth of investigation is more sensitive
to T when the conductivity contrast is smaller. Figure 4b shows
the depth of investigation normalized to that at T = 30% for

Figure 3. (a) Amplitude and (b) apparent conductivity curves as a function of depth
to the buried half-space for a set of two-layer models. The skin depth is fixed at
50 m, and the conductivity contrasts between the two layers vary from 0.001 to
1000.

Figure 4. The depth of investigation for a buried half-space as functions of (a, b)
detection threshold T and (c, d) coil separation s.

the skin depth δ1 in the upper layer equal to 50 m; this graph
may be used to determine correction coefficients to estimate
the depth of investigation for different detection thresholds.
This normalized depth of investigation has an empirical form

ϕ(T ) = a + b ln(T ), (2)

where T is in percent, a = 3.10, and b = 0.61.
Figure 4c shows a suite of apparent conductivity curves ver-

sus the layer thickness for various coil separations s. Large coil
separations produce increased depths of investigation and a
more pronounced conductivity anomaly. Figure 4d shows the
depth of investigation normalized to that for s = 1.66 m (for
the GEM-2), for which the depth of investigation takes an em-
pirical form:

ψ(s) = c + ds + es2, (3)

where c = 0.84, d = 0.10, and e = −0.0015. Note that the depth
of investigation increases only about 20% as s increases from
0.2 m to 2 m, an interesting point for small, handheld sen-
sors. Increasing coil separation or sensor height increases the

depth of investigation but decreases the sig-
nal level. Therefore, increased depth of in-
vestigation is limited by the reduction in
signal level from increasing the coil separa-
tion or sensor height.

Figure 5a shows the relation between
depth of investigation and skin depth in the
upper layer δ1 for various conductivity con-
trasts when T = 30%. This figure is formed
by merging many figures similar to Figure
3 for various skin depths. The dotted lines
are computed from the amplitude Aa/A0,
while the solid lines are from the conduc-
tivity contrast σa/σ1, both of which produce
a similar depth of investigation. When the
skin depth is small, the depth of investiga-
tion is almost independent of the contrasts.
As the skin depth increases, the depth of
investigation increases, but at a lesser rate
for a resistive half-space than for a conduc-
tive basement. The depth of investigation
is always smaller than the skin depth, as de-
picted in this graph.

Figure 5b presents the average depths of
investigation for various conductivity con-
trasts shown in Figure 5a and background
amplitudes A0. It can be used as a graphic
method to determine the depth of inves-
tigation for a given skin depth when T =
30%. As an example, for σ1 = 0.01 S/m, at
1 kHz the skin depth is 159 m, which corre-
sponds to a depth of investigation of 14 m
and A0 of 40 ppm, as shown by the dot-
ted lines in the figure. The estimate of the
depth of investigation is valid only when
the anomaly amplitude Aa is greater than
52 ppm or less than 28 ppm (T = 30%),
so that the anomalous response can be
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measured reliably. The depth of investigation in this figure
may be expressed as

DI = αδ
β

1 ≈
√

δ1, (4)

where DI is the depth of investigation, α = 0.94, and β = 0.53.
Finally, considering equations 2 and 3, we have

DI = αδ
β

1 ϕ(T )ψ(s) ≈
√

δ1ϕ(T )ψ(s). (5)

Notice that ϕ and ψ are simple multipliers as T or s varies. To
estimate the depth of investigation from equation 5, we take
four steps. First, we compute ϕ from equation 2 for a set de-
tection threshold T. Then we compute ψ from equation 3 for
a given coil separation s. Third, we determine the skin depth
from the upper-layer conductivity and the sensor frequency.
Finally, we obtain the depth of investigation from equation 5.

Setting a proper threshold T is the most imprecise part of
the procedure; it depends on data quality as related to sen-
sor construction, sensitivity, resolution, dynamic range, cali-
bration, and noise level. As indicated above, a prerequisite for
setting a detection threshold and thus estimating the depth of
investigation is that all manageable factors presented in Fig-
ure 1 are acceptably established. Then, the noise level or S/N
ratio in the survey area will be the main concern in deter-
mining the threshold. Conductive targets produce higher sig-
nal levels and more pronounced anomalies, allowing a lower
threshold. However, a resistive target underlying a conductive
overburden usually yields an ambiguous anomaly, so a higher
threshold must be used. The threshold can be 5% to 10% un-
der ideal circumstances — for example, a conductive target
(>200 mS/m) in rural (low cultural noise) areas. In noisy urban
areas, higher thresholds such as 20% or 30% are suggested to
avoid overestimating the depth of investigation.

DETECTION OF A HALF-SPACE
BELOW MULTIPLE LAYERS

The depth of investigation determined from equation 5
may be extended to a multilayered earth. Price (1949) first
proposed the concepts of cumulative conductance and ef-
fective conductivity, and Spies (1989) uses them to estimate
the depth of investigation for various EM systems. The cu-
mulative conductance S down to depth of z is written as

S(z) =
∫ z

0
σ (z)dz, (6)

where σ (z) is the conductivity as a function
of depth z. Then the effective conductivity
at depth z is given by

σe(z) = S(z)
z

. (7)

In other words, we approximate the earth
to the depth z as a single layer having a
conductivity σe for which we have already
derived the depth of investigation in equa-
tion 5.

The effective conductivity can be used to
determine whether (1) a target half-space
under a sequence of layers is detectable and
(2) an interpreted layer obtained from an

inversion (Huang and Won, 2003a) is supported by the data.
As shown in Figure 6a, let us consider three layers above a
very conductive basement. This model simulates a sequence
of soil, shale, sandstone, and shale. The shale layers contain
varying degrees of saltwater. To estimate the ability of the
GEM-2 — for instance, to detect the basement of 1 S/m at
10 m depth — first compute S and σe. The rest follows the four
steps outlined in the previous section. For Figure 6a, we have
σe (10 m) = 0.24 S/m, which yields a depth of investigation of
10.9 m at 100 Hz for a 30% threshold.

When a target is interpreted to be deep, it is uncertain if its
existence is supported by the data. We can use the same tech-
nique to estimate the depth of investigation. To illustrate the
procedure, let us assume that the layering in Figure 6a is an
interpreted result. We then calculate S(z) and σe(z) for suc-
cessive depths as shown in Figure 6b. The depth of investiga-
tion values are then calculated by letting σ1 = σe(z) in equa-
tion 5. Figure 6c shows the depth of investigation at three
frequencies. The intersections of each depth-of-investigation
curve and a straight line z = DI indicate the depth of inves-
tigation for each frequency. Notice that the depth of investi-
gation at 100 Hz is about 11 m, greater than the actual depth
of 10 m, assuring that the data support the interpretation. The
certainty of the depth of investigation thus determined can be
estimated by the angle subtended by a depth-of-investigation
curve and the straight line, which is large in a conductive
layer and small in a resistive layer. The larger the angle, the
higher the degree of certainty of the determined depth of in-
vestigation. The depth of investigation decreases rapidly in
conductive layers and increases slowly in resistive layers, as
shown in Figure 6c.

Finally, a data-quality check can be made. First, from the
model one computes the response Aa = 88 ppm at 100 Hz.
The target basement of the interpreted model is then replaced
with the third layer to compute the background response A0 =
64 ppm. This gives an anomaly of 24 ppm (37.5%); check the
noise at 100 Hz and make sure it is less than 24 ppm.

FIELD EXAMPLES

A GEM-2 survey using frequencies of 4050 and 12 270 Hz
was carried out to locate buried broken mirror pieces that
cause lead contamination in groundwater. Huang and Won
(2003a) performed an inversion to a layered model using data
from a portion of a survey line to estimate depth to the buried

Figure 5. (a) The depth of investigation for a buried half-space as functions of δ1
for various conductivity contrasts σ2/σ1 at a detection threshold of 30%. The solid
curves are from apparent conductivity σa/σ1, and the dotted curves are from the
amplitude Aa/A0. (b) The mean depth of investigation and normal amplitude of the
EM response.
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contaminants and possibly its vertical extent. Figure 7a and b
shows two- and three-layer inversion results as a resistivity-
depth section. Resistivity lows (or conductivity highs) in the
middle of the section reflect the buried materials.

The depth of investigation calculated from the resulting
models are indicated by white lines. As can be seen in Fig-
ure 7a, the depth of investigation for a detection threshold
of 30% is located inside the basement, indicating it is suc-
cessfully detected. For the three-layer model in Figure 7b,
however, neither line, at either the 10% or the 30% thresh-
old, reaches the third layer at the bottom, indicating that the
second-layer thickness cannot be ascertained from the data.
Final checks are made in measured amplitudes (Figure 7c).
The background is the upper layer with infinite depth extent,
and its response can be measured if the profile is long enough
or it can be computed from the inverted model. Figure 7c
shows the computed background (dashed lines). It is obvious
that the measured anomalies are much higher than 30% of the
background, reinforcing the validity of the two-layer model.
The S/N ratio is very high in this example, so a lower detec-
tion threshold (5% or 10%) can be used.

The U.S. Geological Survey conducted a GEM-2 survey to
characterize shallow brine contamination in Osage County,
Oklahoma (Smith et al., 2004). The EM data at five frequen-
cies from 330 to 47 010 Hz were collected using the GEM-2
sensor. Figure 8 shows the apparent-conductivity map derived
from the in-phase and quadrature components at 13 590 Hz.
The conductivity and gamma-ray logs were performed in the
drill holes shown on the map. Also, dc soundings were car-
ried out at some spots. Borehole measurements define shale
units with high gamma-ray levels and moderate conductivity
and brine with very high conductivity.

An inversion to a layered model was performed using the
EM data obtained at line 2, which passes drill holes AA02 and
AA03 (Figure 8). Figure 9 presents the inverted conductivity-
depth section as well as results from the conductivity logs in
the two drill holes and dc sounding near AA02. A very con-
ductive layer is defined at depths of 2 to 3 m, which is the chlo-
ride concentration. The conductive layer from the inversion
is slightly shallower than that from the logging and dc sound-
ing. This can be caused by either system errors of the sensor
or seasonal variation in chloride. The depths of investigation,
even computed using a high threshold (e.g., 30%) are much
greater than the depth of the chloride concentration zone. In
fact, a much lower threshold can be used since the S/N ratio

and target conductivity are high. For example, the depth of in-
vestigation at the highest frequency, 47 010 Hz, is shown on
the color section in Figure 9a for a threshold of 10%.

A GEM-2 sounding was also carried out south of drill
hole AA60 by holding the sensor and collecting the EM data
continually for about 30 s. Figure 10 shows an inversion re-
sult from the sounding data. The input data to the inversion
program utilized stacking of 280 samples, permitting use of a
lower threshold to estimate the depth of investigation. Two
chloride concentrations at depths of 4 and 13 m are indicated
by the inversion. The shallow one matches the result from the
conductivity logging, which is not available at depth. However,
the dc sounding indicates that the conductivity is increasing at
depth (Figure 10c).

Figure 7. The resistivity sections obtained from (a) two-layer
and (b) three-layer inversions. The white curves on the color
sections are the depth of investigation for specific detection
thresholds. (c) Measured EM amplitudes A (solid lines) at
4050 and 12 270 Hz and the computed amplitudes (dashed
lines) A0 of the normal background.

Figure 6. (a) A four-layer model study to determine the ability to detect the basement. (b) The associated cumulative conduc-
tance and effective conductivity. (c) The depth of investigation obtained for this model for three frequencies using a detection
threshold of 30%.
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The depths of investigation at the lowest frequency (330 Hz)
are calculated for four thresholds (30%, 20%,10% and 5%)
and are shown as crosses next to the vertical axis of Figure
10a. They increase from 11.7 m for T = 30% to 17.3 m for
T = 5%, indicating a deep chloride concentration zone. The
amplitudes at the lowest frequency are 61 ppm for the lay-
ered half-space and 38 ppm for the background (the layer se-
quences above the lower conductive layer). Thus, the lower
conductive layer produces a target-to-background anomaly of
60%. It seems that the resistive basement is detected based
on the depth of investigation for the 5% threshold (17.3 m).
As a matter of fact, the resistive basement in the interpreted
model produces an anomaly much less than 5%, so its exis-

Figure 8. Map of the apparent conductivity (250 × 160 m)
derived from the EM data at 13 590 Hz obtained in Osage
County, Okalahoma. The drill-hole locations, survey lines,
and respective numbers are also shown on the map.

Figure 9. (a) The conductivity-depth section obtained from a
layered-model inversion for line 2. (b) The results from con-
ductivity logging in drill hole AA02. (c) The dc sounding near
drill hole AA02. (d) The conductivity logging result in drill
hole AA03. The depth of investigation at 47 010 Hz is shown
on the color section for a threshold of 10%.

Figure 10. (a) The conductivity-depth section obtained from
a layered-model inversion using the EM data obtained near
borehole AA60, compared with the results from (b) the con-
ductivity log and (c) the dc sounding.

tence is not supported by the data. To present a meaning-
ful inversion result, the depth in Figure 10a should not have
exceeded 13 m.

CONCLUSIONS

Factors affecting the depth of investigation of EM sensors
are grouped as manageable and unmanageable. One can im-
prove manageable factors, including the sensor’s sensitivity,
accuracy, noise level, bandwidth, transmitter moment, and
data acquisition and processing methods, to increase the depth
of investigation. To estimate the depth of investigation for a
handheld EM sensor, the GEM-2, I first considered a half-
space buried under a single layer to derive empirical formulas.
I then extended the analysis to an arbitrarily layered earth us-
ing the concept of cumulative conductance to replace it with
an equivalent single layer, which is then applicable to the same
formulas. For a given detection threshold and conductivity
contrast between the target and host, the depth of investiga-
tion is approximately proportional to the square root of the
skin depth in the host. The depth of investigation for a given
skin depth increases with target conductivity and conductivity
contrast, and it decreases with the detection threshold. Choos-
ing a threshold is mainly dependent on the S/N ratio in the
EM data if all the manageable factors are well established. I
suggest that a high threshold, such as 20% or 30%, be used
for resistive targets or in areas where environmental noise is
high or terrain conductivity is low (<50 mS/m). In contrast,
a threshold as low as 5% or 10% can be used for conductive
targets in quiet areas.
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