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Inversion of Soil Conductivity Profiles from Electromagnetic Induction Measurements:
Theory and Experimental Verification
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ABSTRACT Presently, the EM method appears to be the method of
choice for quick characterization of the vadose zoneNoninvasive electromagnetic (EM) induction techniques are used
and shallow aquifers. The technique has been provenfor salinity monitoring of agricultural lands and contaminant detection

in soils and shallow aquifers. This study has four objectives. The first very successful for detection of lateral changes in the
objective is to summarize an earlier linear model of the response of apparent electrical conductivity (ECa ) of soils and shal-
the EM38 ground conductivity meter and to discuss a more accurate low groundwater aquifers.
nonlinear response model. The second objective is to verify experi- For the detection of vertical ECa changes in soil pro-
mentally whether the linear and nonlinear models derived for homoge- files from aboveground EM measurements, many inves-
neous media are valid in heterogeneous soil profiles. The third objec- tigators have used empirical relations (Cook and Walker,
tive is to present an inverse procedure that combines the nonlinear

1992; Corwin and Rhoades, 1982, 1984; Rhoades andmodel with Tikhonov regularization. The fourth objective is the exper-
Corwin, 1981; Rhoades et al., 1989; Wollenhaupt et al.,imental verification of inverse procedures with the linear and nonlin-
1986) and, in one case, theoretical response functionsear models for inversion of soil conductivity profiles using above-
for homogeneous profiles (Slavich, 1990). All of theseground electromagnetic induction measurements on fourteen saline

Californian soil profiles. The linear and nonlinear models derived for studies have been based on the assumption of linearity.
homogeneous media are indeed valid in heterogeneous soil profiles. Rhoades and Corwin (1981) and Slavich (1990) used
However, since the errors of the linear model are approximately multiple linear regression to correlate ground conduc-
double those of the nonlinear model, the latter is the preferred one. tivity meter EM readings with measured soil electrical
A small difference was found in the errors of the inverse procedures conductivity profiles. The resulting coefficients could be
between the linear and nonlinear models. In this study, the inverse used to predict soil electrical conductivity profiles at
procedures with the linear model and with the nonlinear model pro-

points where direct measurements were unavailable.duce equally good solutions at EM38 measurements below 100 mS
Such regression models proved to be site specific. Hencem�1, while at higher electrical conductivities the inverse procedure
these relations yield reasonable results at the locationswith the nonlinear model appears to yield slightly better results. The
for which they have been developed or at locations withinverse procedure with the linear model is preferred for all conductivi-

ties since it needs considerably less computer resources. similar characteristics, but they cannot be extrapolated
to sites with different characteristics without calibration.

McNeil (1980) presented a linear model of the re-
sponse of the ground conductivity meter. Corwin andThe noninvasive electromagnetic induction tech-
Rhoades (1982, 1984) and Cook and Walker (1992) usednique is used for salinity monitoring in agricultural
this model of the ground conductivity meter’s responselands (Boivin et al., 1988; Cameron et al., 1981; Hen-
to select linear combinations of measurements that max-drickx et al., 1992; Job et al., 1987; de Jong et al., 1979;
imized the response to conductivity within a depth rangeLesch et al., 1995a, 1995b; Rhoades, 1993; Rhoades et
of interest. Borchers et al. (1997) used this same linearal., 1990b, 1999) and nature reserves (Sheets et al., 1994),
model of McNeil (1980) with second order Tikhonovdetection of contaminants in soils and shallow aquifers
regularization, that is, an inverse procedure, to estimate(Barker, 1990; Hendrickx et al., 1994; Hoekstra et al.,
apparent electrical conductivity profiles. Contrary to the1992; Ladwig, 1982; Saunders and Cox, 1987; Valentine
other approaches, Borcher’s inverse procedure with theand Kwader, 1985), soil water content measurements
linear model is based solely on electromagnetic physics,(Kachanoski et al., 1988, 1990; Sheets and Hendrickx,
which requires no further field calibration.1995), and vadose zone characterization (Cook et al.,

An important issue is whether the physical equations1989; Scanlon et al., 1999). Ground conductivity meters
that describe the electromagnetic response for homoge-such as the Geonics EM38 (Mississauga, ON, Canada;
neous media are valid in heterogeneous field soils. Atwww.geonics.com) used in this study are relatively inex-
this moment, it is not entirely clear whether the attemptspensive and easy to use in obtaining EM measurement.
to use EM measurements for the determination of the
vertical distribution of ECa are only thwarted by the
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soil ECa and the response of the EM ground conductivity which the primary magnetic field has been attenuated
meter in heterogeneous field soils. These relationships to 1/e (i.e., 37%) of its original strength (e is the base
are expressed quantitatively by the depth response func- of the natural system of logarithm and is ≈2.71828).
tions which determine the EM response to changes of Ground conductivity meters are designed to work with
ECa with depth. McNeill (1980) presents two depth re- a skin depth that is much larger than the coil spacing.
sponse functions for the EM ground conductivity meter The induction number NB is defined as the ratio of the
in, respectively, a horizontal and vertical position. These intercoil spacing to the skin depth � (McNeil, 1980;
functions are based on a first-order approximation of Sharma, 1997; Wait, 1982). For a soil with uniform con-
the complete physical equations derived by Wait (1982) ductivity �, it can be shown that
for a homogeneous half space. McNeill (1980) states

NB � r/� � r√�0��/2, [1]without experimental proof that his response functions
also apply for heterogeneous soil profiles. where �0 � 4�10�7 H m�1 is the magnetic permeability

In this paper we summarize a simple linear model and of free space, � is the soil conductivity, and � is the
a more complicated nonlinear model of the response of angular operating frequency of the instrument. The
a ground conductivity meter to variations of soil appar- EM38 operates at a frequency ( f) of 14.6 kHz (i.e., � �
ent electrical conductivity with depth. We compare the 91.7 � 103 rad s�1 ) with a coil spacing of 1 m. The typicaleffectiveness of these models in predicting instrument skin depth for the EM38 is 10 to 50 m.readings. Both the linear and nonlinear models can be It can be shown (McNeil, 1980; Wait, 1982) that whenused within an inverse procedure to estimate soil appar-

NB � 1, and the instrument is held at the surface, theent electrical conductivity profiles from aboveground
ratio of the quadrature component of the secondaryEM measurements. We describe our inverse procedures
magnetic field HS to the primary magnetic field HP isand compare their effectiveness for solving the inverse
proportional to the soil conductivity:problem. These overall goals lead to four specific objec-

tives. The first objective is to summarize an earlier linear Im(HS/HP) � �0�r2�/4. [2]
model of the response of the EM38 ground conductivity

The EM38 measures the ratio Im(HS/HP ). An apparentmeter and to discuss a more accurate nonlinear response
conductivity reading m is given bymodel. To our knowledge, this nonlinear model, which

has been used widely in frequency domain EM work at
m �

4Im(HS/HP)
�0�r2

. [3]greater depths, has not been used with ground conduc-
tivity meters operating at the near subsurface. The sec-

Note that this apparent conductivity reading is accurateond objective is to verify experimentally whether the
linear and nonlinear models derived by McNeill (1980) only under the assumptions that the instrument is held
and Wait (1982), respectively, for homogeneous media at height 0 above the surface, the soil has a uniform
are valid for heterogeneous soil profiles. The third ob- conductivity �, and that NB � 1.
jective is to present an inverse procedure for estimating A linear model which is based on the assumption that
soil electrical conductivity profiles that combines the NB � 1 but which can be used to predict the response
nonlinear model with Tikhonov regularization. The of the instrument at a height h above a soil with depth
fourth objective is the experimental verification of the varying conductivity has been described in McNeil
inverse procedures with the linear (Borchers et al., 1997) (1980) and Borchers et al. (1997). In this linear model,
and nonlinear (this study) models for inversion of soil predictions of the apparent conductivity reading with
conductivity profiles using aboveground electromag- the coils in the horizontal orientation are given by
netic induction measurements with a ground conductiv-

mH(h) � �
∞

0
�H(z 	 h)�(z)dz. [4]ity meter.

Here the superscript H indicates the horizontal orienta-
THEORY tion of the coils, h is the height of the instrument above

the ground, �(z) gives the conductivity at depth z, andThe ground conductivity meter used in this study is
the sensitivity function �H(z) is given bythe Geonics EM38. The EM38 has two coils on a one-

meter-long bar. Alternating current is sent through the
�H(z) � 2 �

4z
(4z2 	 1)1/2

[5]transmitter coil. This generates a magnetic field, which
in turn causes current to flow in the soil. This current
flow generates a secondary magnetic field. The EM38 Similarly, predictions of the apparent conductivity read-

ing with the coils in the vertical orientation are given bymeasures the quadrature component of the ratio of the
two magnetic fields. The instrument can be held so that mV(h) � �

∞

0
�V(z 	 h)�(z)dz, [6]the two coils are oriented horizontally or vertically with

respect to the soil surface. For nonuniform electrical where
conductivity profiles, the instrument will give different
readings in these two orientations. �V(z) �

4z
(4z2 	 1)3/2

. [7]

Linear Model of the EM38 Response In Borchers et al. (1997), a version of this model for
layered soil conductivity profiles and measurements atIn analyzing the response of the EM38, the skin depth

� is of some importance. The skin depth is the depth at a fixed set of heights was presented. In this layered
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Fig. 2. Linear and nonlinear model predictions of the EM38 measure-
ments with the coils oriented vertically over a soil of uniform con-
ductivity.

m(�) � K�, [9]

where

K �

�
t1

0
�V(z 	 h1)dz ... �

∞

t1	t2	...	tM�1
�V(z 	 h1)dz

Fig. 1. Schematic of the M-layer model. Rx and Tx represent the
receiver and transmitter coil of the noninvasive electromagnetic ... ... ...
ground conductivity meter; t is the thickness of the soil layer; � is

�
t1

0
�V(z 	 hn)dz ... �

∞

t1	t2	...	tM�1
�V(z 	 hn)dzthe apparent electrical conductivity; �0 is the apparent electrical

conductivity of free space; � is the magnetic permeability; �0 is
the magnetic permeability of free space; h � height; and M is the �

t1

0
�H(z 	 h1)dz ... �

∞

t1	t2	...	tM�1
�H(z 	 h1)dz

number of layers including the semi-infinite layer at the bottom.
... ... ...

model, measurements are taken at heights h1, h2,..., hn �
t1

0
�H(z 	 hn)dz ... �

∞

t1	t2	...	tM�1
�H(z 	 hn)dzabove the soil surface. We assume that the soil has been

split into layers with specified thickness, conductivity,
and magnetic permeability. Within each layer, the con-
ductivity and magnetic permeability are assumed to be
uniform. There are M layers, with the bottom layer, M,
extending downward to infinity (Fig. 1). The magnetic
permeability of the kth layer is �k. In the linear model,
we will make the simplifying assumption that the mag-























netic permeability of the soil is equal to that of free
space (�i � �0 ) which is true for most soils. The vector
� will contain the conductivities of the layers. The con-
ductivity of the kth layer is �k. The thickness of the kth
layer is tk. We construct a vector containing the pre-

[10]

The assumption that NB �1 is critical. Although this
assumption is appropriate for soils of relatively low con-
ductivity, the assumption does not hold for soils of me-
dium to high conductivity. For example, consider the
response of the EM38 ground conductivity meter with
the coils in the vertical orientation, at ground level,
over a soil with uniform conductivity. At a true soil
conductivity of 10 mS m�1, NB � 0.02, and the response
of the instrument predicted by the linear model is 10 mS
m�1, while the response predicted by the more accurate

dicted apparent conductivity measurements with nonlinear model presented in this paper is 9.7 mS m�1.
At a soil conductivity of 100 mS m�1, NB � 0.08, and
the response of the instrument predicted by the linear
model is 100 mS m�1, while the nonlinear model predicts
a response of 91.9 mS m�1. Figure 2 shows the response
of the EM38 as predicted by the linear model and by
the nonlinear model. The nonlinearity of the response
becomes pronounced at conductivities of 
100 mS m�1.
At extremely high conductivities, the instrument canm(�) �
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[8]
even give negative readings. We have seen this happen
when we took readings over a buried iron pipe.

Nonlinear Model of the EM38 Response
A more sophisticated nonlinear model of electromag-

netic induction has been widely used in geophysicalWith the model of Eq. [4] through [7], m(�) is given by
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work (Wait, 1982; Ward and Hohmann, 1987). This uk � √�2 	 i�k�k�. [16]
model of the response of the ground conductivity meter Predicted values of the apparent conductivity measure-is appropriate where the assumption that NB � 1 breaks ments mV(h)(vertical orientation of coils) and mH(h)down. Furthermore, this model can be used to predict (horizontal orientation of coils) at height h above thethe apparent conductivity given by Eq. [2] when the soil ground are given byconductivity varies with depth. As in Borchers et al.

mV(h) � (4/�0�r2)Im(1 	 B3T0) [17](1997), we will again assume that the soil conductivity
has a layered structure with M layers as shown in Fig. 1. and

In the following discussion, we will make use of two
mH(h) � 4/�0�r2)Im(1 	 B2T2) [18]scaling factors which simplify the computations and

keep numerical values within a reasonable range. The where
first scaling factor is � � √2/�1�0�, with �1 equal to the

T0 � ��
∞

0
R0(gB/r)g2e�2gh/�J0(gB)dg [19]apparent electrical conductivity of layer 1 (see Fig. 1).

If the soil conductivity does not vary with depth, � is and
the skin depth referred to in Eq. [1]. For general conduc-

T2 � ��
∞

0
R0(gB/r)ge�2gh/�J1(gB)dg [20]tivity profiles, � has no physical significance but is still

useful as a scaling factor. A second related scaling factor
Here, J0() and J1() are Bessel functions of the first kindis B � r/�.
of order 0 and 1, respectively (Zwillinger, 1996). R0(�)Maxwell’s equations govern the behavior of the elec-
is given bytromagnetic fields generated by the ground conductivity

meter. It is easier to solve these equations in the fre-
R0(�) �

N0 � Y1

N0 	 Y1

[21]quency domain than in the time domain. If we take a
vertical axis through the center of the transmitter coil
and consider what happens as we rotate the receiver

Inverse Procedurecoil around this vertical axis, we see that the magnetic
field sensed by the receiver coil is independent of the In this section we discuss a procedure for obtaining
rotation of the instrument around this vertical axis. Be- estimates of the vector of conductivities � from a vector
cause of the cylindrical symmetry inherent in this prob- d of observations:
lem, Hankel transforms are used to transform to and
from the frequency domain. Thus, the predicted EM38
measurements are expressed in terms of Hankel trans-
forms. In the following, the variables � and g related
by � � gB/r are used as the variables of integration in
the Hankel transforms. These variables have no direct
physical significance.

The characteristic admittance of the kth layer is de-
d �
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[22]noted by Nk, and is given by

Nk �
√�2 	 i�k�k�

i�k�
[11]

As in the linear model, �k denotes the apparent electri-
cal conductivity of the kth layer, and �k denotes the
magnetic permeability of the kth layer. The surface ad- Here, mV

i and mH
i are the actual measurements obtained

mittance at the top of the kth layer is denoted by Yk. with the instrument at height hi, with the coils in the
The surface admittances are obtained by solving a set vertical and horizontal orientation, respectively.
of equations that give the surface admittance of the kth An inversion procedure based on the linear model of
layer as a function of all lower layers (tanh � hyper- Eq. [4] through [9] has been described in Borchers et
bolic tangent): al. (1997). In this section, we generalize the procedure

for use with both the linear model of Eq. [4] through
Y1 � N1

Y2 	 N1tanh(u1d1)
N1 	 Y2tanh(u1d1)

, [12] [9] and the nonlinear model of Eq. [11] through [21].
Further discussion of the basic procedure can be found
in Borchers et al. (1997).

Y2 � N2
Y3 	 N2tanh(u2d2)
N2 	 Y3tanh(u2d2)

, [13] We want to minimize the difference between the ob-
servations d and the predicted measurements m(�).
Since electrical conductivities are inherently nonnega-

YM�2 � NM�2
YM�1 	 NM�2tanh(uM�2dM�2)
NM�2 	 YM�1tanh(uM�2dM�2)

, [14] tive, it is also necessary to include nonnegativity con-
straints in our procedure. We could simply attempt to
solve the least squares problem

YM�1 � NM�1
NM 	 NM�1tanh(uM�1dM�1)
NM�1 	 NMtanh(uM�1dM�1)

, [15]
min �m(�) � d �2, [23]

subject towhere
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� � 0. [24] Step 3. Solve Eq. [25] and [26] for the selected value
of � and then plot the corresponding inverse solution �.

However, this least squares problem is extremely ill-
conditioned. That is, the least squares solution is very Implementationsensitive to small amounts of noise in d. Since in practice
the EM38 measurements are somewhat noisy, it is neces- The MATLAB implementation of the inverse proce-
sary to regularize the solution in some way. dure for the linear model is discussed in Borchers et al.

In the form of second-order Tikhonov regularization (1997). We have implemented the inverse procedure
used here (Groetsch, 1993; Hansen, 1997; Tikhonov and using the nonlinear model in a FORTRAN program.
Arsenin, 1977), we regularize the solution by solving Input to this program consists of a set of EM38 measure-
the modified least squares problem ments and a specification of the layer depths and thick-

nesses to be used. The program first solves Eq. [25]
min �m(�) � d �2 	 �2�L��2, [25] and [26] for a range of values of �. The program then

produces a plot of the corresponding L-curve. An auto-subject to
matic procedure selects an optimal value of �, and the

� � 0. [26] corresponding conductivity profile is then plotted.
The optimization problem of Eq. [25] and [26] isHere, L� is a finite difference approximation to the

solved by the Levenberg-Marquardt method (Gill et al.,second derivative of �, with
1981). In particular, we use the implementation of the
Levenberg-Marquardt method in the DBCLSF routine
of the International Mathematics and Statistics Library
(1991). In solving the optimization problem of Eq. [25]
and [26], the most time consuming portion of the pro-L �
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1 �2 1
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1 �2 1









[27]
gram is the calculation of the integrals presented in Eq.
[19] and [20]. These integrals are Hankel transforms,
which generally cannot be evaluated analytically. Be-
cause the integrand is highly oscillatory, standard nu-The �2�L��2 term biases the least squares problem to- merical quadrature approaches are extremely ineffi-ward solutions in which the conductivity profile is cient. Instead, a subroutine developed by Andersonsmooth. In the extreme case, � � 0, we are simply (1979) is used to approximate the Hankel transforms.solving the least squares problem of Eq. [23] and [24].

For larger values of �, we obtain a solution which bal-
MATERIALS AND METHODSances the smoothness of the solution with the norm of

the misfit. The parameter � must be chosen carefully Field Measurements
to achieve an appropriate balance.

Fourteen soil profiles were selected in agricultural fields inThere are a variety of methods for choosing the regu-
California. At each site, the soil surface was leveled off, andlarization parameter, including the discrepancy princi-
dry mulch, if present, was removed. This was done to ensureple (Morozov, 1984), the L-curve criterion (Hansen,
that no electrical insulating material was present at the soil1993), and generalized cross validation (Wahba, 1990). surface to affect the response function of the EM38 ground

An evaluation of these methods showed that the L-curve conductivity meter and to have an accurate reference plane
criterion worked best for this problem (Hilgendorf, for measuring depth from the soil surface. Seventy-two EM
1997). readings were taken at each site: The receiver end of the

If we plot �m(�) � d � vs. log �L��, a characteristic EM38 was aligned in the four directions of the compass (N,
NE, S, and SE) in both the horizontal (EMH ) and verticalL-shaped curve often appears (Borchers et al., 1997;
(EMV ) coil-mode configurations and at heights of 0, 10, 20,Hansen, 1992; Lawson and Hanson, 1974). For large
30, 40, 50, 75, 100, and 150 cm above the soil surface. Thevalues of � we are effectively minimizing �L��, while
ECa distributions of the soil profile beneath the area of EMfor small values of �, we are effectively minimizing
measurements was then determined to a depth of 3 m using�m(�) � d �. Intermediate values of � correspond to
a Martek SCT four-electrode probe system. Nine measure-solutions near the corner of the curve. Under the ments of ECa were made within a 60- by 60-cm square grid

L-curve criterion (Hansen, 1992), we pick a value of � at 30-cm intervals at depths of 5, 10, 15, 20, 25, 50, 75, 100,
that corresponds to the corner of the L-curve. This value 125, 150, 175,..., 275, and 300 cm. The readings of the first
can be obtained by manually examining the plot or by four depths (5, 10, 15, and 20 cm) were obtained by vertically
an automated procedure (Hansen, 1993) that finds the inserting a Martek bedding-probe through a wooden template

down into the soil to the desired depth. ECa measurementspoint on the curve where curvature is maximized.
were made in the twelve next deeper depths (25–200 cm) usingOur algorithm for obtaining estimates of the conduc-
a Martek Rhoades-probe which was horizontally inserted intotivities can be summarized as follows:
the soil to the correct location using various surveying andStep 1. Solve the optimization problem presented in
alignment techniques. In order to access these deeper depths,Eq. [25] and [26] for a range of values of �. If the linear a large trench was excavated in the E-W direction on themodel is being used, then use Eq. [4] through [9] to south side of the measurement area using a backhoe. This

evaluate m(�). If the nonlinear model is being used, permitted the sampling personnel to drill and core holes hori-
then use Eq. [11] through [21] to evaluate m(�). zontally into the soil profile for insertion of the Rhoades-

probe and to identify, measure, and describe the stratigraphyStep 2. Plot the L-curve and find the corner value of �.
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present in the profile. To sample the depths deeper than 200 2). The soil profiles vary from uniform to stratified,
cm, all of the soil from the surface down to almost 200 cm water table depths vary from 100 to 300 cm below the
beneath the sampled grid area was subsequently removed soil surface, soil horizons cover the entire textural spec-
using the backhoe. The remainder of the soil above the 200- trum from sand to clay, and apparent electrical conduc-cm depth was removed and leveled by hand with the aid of

tivities range from 0 to 2340 mS m�1. Full soil profileshovels and surveying techniques. The ECa values for the 200-
descriptions and all original measurements have beento 300-cm depths were then determined using the Rhoades-
presented in great detail by Rhoades et al. (1990a). Sinceprobe, which was inserted vertically into the soil via a hole

prepared with a Lord coring sampler and the sampling tem- the presented linear and nonlinear models are one-di-
plate described above. It was not possible in all cases to collect mensional, we will mostly deal with the geometric mean
data down to 3 m, for example, when a water table was encoun- apparent electrical conductivity at each depth and the
tered. In such cases, ECa readings were taken in saturated mean electromagnetic induction reading at each heightsoil using the bedding-probe to assign values to the deeper

above the soil surface. The reason for using the geomet-material. Approximately 126 to 144 readings were collected
ric mean is given below. Figure 3 presents, among otherat each site to a depth of at least 2.5 m. These data provide
features, the mean average apparent electrical conduc-a unique, accurate, and intensive data base of ECa-profile

conditions (ground truth) and corresponding EM readings tivity with depth and its 95% confidence interval for
with which to test the responsiveness of the EM38 ground the fourteen sites. The soil profiles cover a wide range
conductivity meter to heterogeneous soil conditions of ECa, of salinity conditions from moderate salinity (Sites 3,
and to develop and test various interpretive procedures and re- 12, and 14) to high salinity (Sites 1, 5, 6, and 7), from
lations. a decreasing salinity profile with depth (Site 2) to anSince the linear and nonlinear models and the inverse proce-

increasing one (Site 7), and from smooth salinity profilesdures with these models are one-dimensional, we use in this
(Sites 1, 2, 6, 7, and 14) to rough ones (Sites 3, 4, 5, 8,study mean ECa values for each depth in the soil profile and
9, 10, 11, 12, and 13).mean EM values at each height above the soil surface.

Table 2 summarizes all conductivity measurements
Linear and Nonlinear Models and Inverse Procedures taken above the soil surface with the ground conductiv-

ity meter EM38 and below it with the Martek Rhoades-For the implementation of the models and the inverse pro-
probe. A very significant relationship exists betweencedures with these models, the profile with mean ECa values
the mean apparent electrical conductivity (ECmean

a ) mea-at depths of 5, 10, 15, 20, 25, 50, 75, 100, 125, 150, 175,...,
275, 300 cm was used to interpolate the ECa values at 10-cm sured with the Rhoades-probe and the mean EM38 mea-
intervals down to 3 m with a semi-infinite layer beginning at surements at the soil surface in the vertical (EM38mean

v )
the 3-m mark. It is assumed that the conductivity of the semi- and horizontal mode (EM38mean

h ):
infinite layer is the conductivity of the last thin layer.

ECmean
a � 1.749 � EM38mean

vUsing the linear MATLAB code and the nonlinear FOR-
TRAN code, predictions were made for EM38 readings at (R2 � 0.97; F � 463 with P  0.0001)heights 0, 10, 20, 30, 40, 50, 75, 100, and 150 cm, and inverse
ECa predictions were made at depths 5, 15, 25,..., 275, 285,

ECmean
a � 1.487 � EM38mean

hand 295 cm.
For the evaluation of the fit between predicted values and (R2 � 0.94; F � 244 with P  0.0001). [29]

actual measurements of electromagnetic induction values
above the soil surface and belowground apparent soil electrical

Since the effective penetration depth of the EM38v andconductivities, the following error criterion is used:
EM38h measurements is ≈1.5 m and 0.75 m, respectively,

Error (%) � the following relationships have also been determined:
[� (predicted measurement � actual measurement)2]1/2

[� (actual measurement)2]1/2
. ECmean 1.5 m

a � 1.554 � EM38mean
v

[28] (R2 � 0.97; F � 467 with P  0.0001)
In order to evaluate how well our method works for the predic-
tion of the entire soil apparent electrical conductivity profile, Table 1. Characteristics of the fourteen profiles.
Eq. [28] is used with the predicted and actual measurements

Site Soil profile Water table depth Textures in profile†at depths 25, 50, 75,..., 250, 275, and 300 cm to calculate the
cmpercentage error. Correlation coefficients calculated in this

study are based on the ranks rather than the original error 1 Approximately uniform 300 SIL, S
2 Approximately uniform 225 SL, SIL, Spercentages in order to eliminate the effects of nonnormal
3 Stratified lenses 275 SL, SICL, L, SILdistributions of error percentages. The measurements of ap- 4 Substantial stratification 300 SL, S, C, SI, SIL

parent soil electrical conductivities were taken to a depth of 5 Approximately uniform 275 SI, S
3 m, while the penetration depth of the EM38 is ≈1.5 m. 6 Substantial stratification 300 SICL, S, C

7 Substantial stratification 275 SIL, S, C, SICLTherefore, error percentages for the inverse procedures with
8 Substantial stratification 275 L, S, LS, SLthe linear and nonlinear models have been evaluated to depths
9 Some stratification 275 SIL, S, CLof 1.5 and 3.0 m. 10 Some stratification 200 CL, S, CL
11 Approximately uniform 100 CL, SIL, S
12 Some stratification 150 C, CL, SRESULTS AND DISCUSSIONS
13 Uniform 275 LC
14 Approximately uniform 250 CField Measurements
† C, Clay; Cl, clay loam; L, loam; LS, loamy sand; SI, silt; SIL, silt loam;The field measurements at the fourteen sites are rep- SIC, silty clay; SICL, silty clay loam; S, sand; SC, sandy clay; SCL, sandy

clay loam; SL, sandy loam.resentative of a wide range of conditions (Tables 1 and
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ECmean 0.75 m
a � 1.350 � EM38mean

h The standard deviation of the EM38 measurements
is one to two orders of magnitude smaller than the one(R2 � 0.96; F � 329 with P  0.0001),
of the Rhoades-probe measurements (Table 2). This is[30]
most likely caused by the fact that the measurement

where ECmean 1.5 m
a and ECmean 0.75 m

a are the mean apparent volume of the EM38 ground conductivity meter is much
electrical conductivities to depths of 1.5 and 0.75 m, larger than that of the Rhoades-probe: ≈105 cm3 vs. 103

respectively. The regression equations are all highly sig- cm3. The relatively low variability and robustness of
nificant, but taking the mean apparent electrical conduc- EM38 measurements make the ground conductivity me-
tivity to the effective penetration depth tends to enhance ter a promising tool for inverse procedures.
the agreement between ECa and EM measurements.
In the vertical and horizontal modes, the regression Linear and Nonlinear Models
coefficients decrease toward unity as we move from 1.5

Applying error criterion Eq. [28] to the predictionsto 0.75 m. The high correlation between measurements
of the EM38 readings using the ECa measurements withtaken with the ground conductivity meter and those
the Martek SCT four-electrode probe in the linear andtaken with the Rhoades Probe indicate that the quality
nonlinear models yields the error percentages presentedof the field measurements is high.
in Table 2. With only one exception, the predictions withAnother important feature of the mean conductivity
the nonlinear model in horizontal and vertical modesdata is the positive correlation between the standard
are closer to the actual EM38 measurements than thedeviation and the mean for all three variables ECmean

a ,
predictions with the linear model. The only exceptionEM38v, and EM38h:
is found at Site 4, where the error of the horizontal

Std ECa � 0.453 � ECmean
a mode increases from 4% with the linear model to 7%

with the nonlinear model; both percentages are among(R2 � 0.80; F � 52 with P  0.0001)
the lowest, which indicates that both models perform

Std EM38v � 0.020 � EM38mean
v well at this site. The mean error percentage for hori-

zontal and vertical mode decreases from 38 to 18% and(R2 � 0.62; F � 21 with P  0.0001)
from 55 to 21%, respectively, when the linear model is
replaced by the nonlinear one. As an illustration, Fig.Std EM38h � 0.024 � EM38mean

h
4 presents the two worst cases (Sites 13 and 8) and two

(R2 � 0.90; F � 114 with P  0.0001). regular cases (Sites 6 and 5) of predictions with the
[31] linear and nonlinear models. At most sites the nonlinear

model yields predictions that coincide closely with theThe increase of the standard deviation with the mean
field measurements taken by the ground conductivityconductivity indicates that the original data have ap-
meter.proximately a log-normal distribution, which is a com-

Significant rank correlation coefficients of 61% (P mon occurrence for electrical conductivity measure-
0.05) and 62% (P  0.01) are found between the meanments (Hendrickx et al., 1992). For statistical testing
apparent electrical conductivity in the top 1.5 m of thethat assumes a normally distributed data set, the loga-
soil profile and the error percentages in the horizontalrithms of the original measurements should be used.
and vertical linear models, respectively. Thus, errorsSince the data are approximately log-normally distrib-
increase with increasing salinity when the assumptionuted, we use in this study the geometric means of the

apparent electrical conductivities at each depth. of linearity is no longer warranted. No such correlation

Table 2. Geometric means.

Mean electrical conductivity

Apparent electrical conductivity
measured at soil surface

measured in top 1.5 m of soil profile
using EM38

using Rhoades Probe

Error

Vertical Horizontal linear nonlinear
mode mode model model

Inverse procedure with

linear nonlinear
Shape of model model

conductivity Number of
Site profile Mean Std Mean Std measurements Mean Std Min Max H V H V 3 m 1.5 m 3 m 1.5 m

mS m�1 mS m�1 %
1 smooth 553 9 580 8 90 828 192 405 1210 34 53 15 19 39 27 71 26
2 smooth 179 6 290 11 90 373 330 45 1510 20 21 19 18 46 46 34 34
3 rough 84 2 73 3 90 99 59 19 241 27 39 14 21 25 26 25 28
4 rough 111 1 163 5 90 169 116 4 546 4 5 7 2 34 25 32 28
5 rough 641 25 833 17 90 1173 430 400 2340 61 93 23 18 67 34 25 28
6 smooth 463 3 581 15 90 574 218 206 1190 52 91 6 4 75 26 20 23
7 smooth 420 0 288 3 90 419 444 15 1340 96 124 7 3 79 31 17 23
8 rough 268 13 336 9 90 436 192 18 879 65 109 32 46 77 38 67 36
9 rough 106 4 132 5 90 177 53 40 285 18 35 14 28 39 30 43 39
10 rough 362 1 408 16 90 417 186 35 886 7 14 4 4 34 27 33 29
11 rough 375 6 441 12 81 686 202 327 1030 43 49 33 29 32 32 32 32
12 rough 91 1 62 1 90 117 117 0 320 30 32 27 28 40 40 41 41
13 rough 119 1 129 4 90 204 47 119 337 56 79 42 54 40 32 38 31
14 smooth 68 1 59 4 90 82 40 20 193 13 21 9 13 44 35 39 37

Mean error percentage 38 55 18 21 48 32 37 31
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Fig. 3. Continued on next page.
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Fig. 3. Continued on next page.
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Fig. 3. Depth profiles of mean measured apparent soil electrical conductivity EC, its range, and the predictions from the inverse procedures
with the linear and nonlinear models in fourteen soil profiles.

is found between the mean apparent electrical conduc- Table 2 and Fig. 4 present evidence that the nonlinear
tivity and the (smaller) errors for the nonlinear models, model yields in most of our fourteen soil profiles reliable
which again confirms the superiority of the nonlinear predictions of apparent electrical conductivity measure-
over the linear model as a more complete physical ments taken with the EM38 ground conductivity meter
model. in heterogeneous soil profiles. This experimental confir-

Even for the lowest mean apparent conductivities or mation of the geophysical theory derived by Wait (1982)
lowest mean EM38 measurements, the linear model may and McNeill (1980) is not only of academic interest
result in considerable errors (Table 2). For example, at but has important practical implications. First of all, it
Site 14 with a mean apparent conductivity of 82 mS justifies our exploration of inverse procedures for the
m�1, the errors of the linear horizontal and vertical mod- prediction of profiles of apparent electrical conductivity
els are 13 and 21%, which improve to 9 and 13% when with depth using only aboveground EM38 measure-
the nonlinear model is employed. A similar effect is ments. Secondly, it allows practitioners to assess the
found at the other low salinity site, Site 3. Both these sensitivity of an EM survey before going to the field
sites have maximum salinity values of 193 and 241 mS since the linear and nonlinear models can be used to
m�1, respectively. Apparently, it takes only a few layers evaluate the minimum salinity change or the minimum
in a soil profile with a conductivity higher than 100 mS concentration of contaminants in the soil water or shal-
m�1 to compromise the response of the instrument. low aquifer that can be detected using EM measure-

In Table 2 we make a (subjective) distinction between ments.
profiles with a smooth and a rough apparent electrical
conductivity profile. A t-test determined that for the Inverse Procedures with the Linear
nonlinear horizontal and vertical models, the mean er- and Nonlinear Models
ror percentage of the rough profiles is significantly

Figure 3 presents the predictions of the inverse proce-larger (P  0.05) than for the smooth profiles. The
dures with the linear and nonlinear models derived bydifference was 22 and 26% for the horizontal and verti-
Borchers et al. (1997; this study) for the fourteen electri-cal EM38 predictions in the rough profiles, respectively,
cal conductivity profiles. Visual inspection reveals thatvs. 11 and 11% in the smooth profiles. Thus, the one-
the agreement between ECa measurements and predic-dimensional nonlinear models used in this study per-
tions is generally quite good to a depth of 1.5 m. Inform less satisfactorily when confronted with an in-
most cases, the predictions are within the 95% confi-creased variability in soil apparent electrical conductiv-
dence limits. The inverse procedure detects well theity. One reason may be that the larger variability results overall level of electrical conductivity. For example,in a less reliable estimate of the mean apparent electrical compare Site 1 (high) with Sites 3 and 14 (low). In

conductivity at each depth and, consequently, leads to addition, the shape of the electrical conductivity with
a less reliable prediction of EM38 measurements. An- depth often is detected as can be seen in Sites 3, 7,
other reason may be that the one-dimensional model is and 12 (increasing with depth), Sites 2, 4, 8, and 10
not a good predictor of the three-dimensional behavior (decreasing with depth), Sites 9, 13, and 14 (little change
of electrical and magnetic fields in a variable soil. with depth), and Sites 5 and 6 (bulging profile).
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Fig. 4. Mean apparent soil electrical conductivities measured with the EM38 ground conductivity meter in vertical mode at different heights
above the soil surface and their predictions with the linear and nonlinear models for four representative profiles.

A more formal method to evaluate the inverse solu- inverse procedures based on the linear and nonlinear
models do about as well. The magnitude of the errorstions is the application of error criterion in Eq. [28],

which yields the error percentages presented in Table in the inverse solutions depends in a complicated way
on the measurement noise, errors in the linear and non-2. With few exceptions, the predictions for the 1.5-m-
linear models, and bias introduced by Tikhonov regular-deep soil profile result in less error than those for the
ization. It appears that, in practice, the effect of errors3.0-m-deep soil profile. The mean error percentages for
in the linear and nonlinear models is not as great as thethe linear and nonlinear predictions to a depth of 3.0
effect of other sources of error in the inverse solution.m are 48 and 37%, respectively, which is larger than the

Although inverse solutions cannot be used to makemean error percentages of 32 and 31% for predictions
highly accurate predictions of soil apparent electricalto a depth of 1.5 m. This result reflects the effective
conductivity profiles, Table 2 demonstrates that it ispenetration depth of the EM38 ground conductivity me-
generally possible to obtain estimates of apparent elec-ter, which is ≈1.5 m. Therefore, only the results for the
trical conductivity to a depth of 1.5 m with an accuracy1.5-m-deep soil profiles will be considered below.
of �40%. It appears also possible to determine whetherA salient feature of Table 2 is the large difference
the soil electrical conductivity profile is increasing, de-in error percentage between the linear and nonlinear

models. In the horizontal mode the difference is 38 � creasing, or more or less uniform with depth (Fig. 3).
18 � 20%, while in the vertical mode it is 55 � 21 � The inverse solutions are often within or close to the
34%. Yet, the difference in error percentage between 95% confidence limits of the measured soil apparent
the inverse procedures with the linear and nonlinear electrical conductivity. This indicates that the uncer-
inverse models using 1.5-m-depth is very small, as it tainty in the measured electrical conductivities due to
amounts to 32 � 31 � 1%. Although the nonlinear spatial variability is often of the same order of magnitude
model yields better predictions than the linear model, or larger than the inaccuracy in the inverse solutions.
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electrical conductivity. We have also described a proce-
dure that uses this nonlinear model in the inversion of
electrical conductivity depth profiles from aboveground
EM measurements.

The experimental data from fourteen representative
saline soil profiles in California obtained by Rhoades
et al. (1990a) have been used for an experimental verifi-
cation of the linear and nonlinear models and the inverse
procedures with the linear and nonlinear models. The
linear and nonlinear models derived for homogeneous
media (McNeill, 1980; Wait, 1982) are indeed valid in
heterogeneous soil profiles. However, since the errors
of the linear model are approximately double those of
the nonlinear model, the latter is the preferred one.

No such difference was found between the inverse
Fig. 5. Mean apparent soil electrical profile conductivity measured procedures with the linear and nonlinear models. At

with EM38 ground conductivity meter in vertical mode vs. the best, the inverse procedure with the nonlinear model
difference of the errors resulting from the inverse procedures with provides a small improvement at higher apparent elec-the linear and nonlinear 1.5-m-depth models.

trical conductivities. The inverse procedure with the
linear model is preferred since it needs considerablyFigure 5 presents the error differences between the
less computer resources.inverse procedures with the linear and nonlinear models

The inverse procedures with the linear and nonlinearvs. mean apparent electrical conductivities in the profile.
models presented by Borchers et al. (1997) and in thisFor sites with a relatively low mean electrical conductiv-
study are a valuable tool for noninvasive assessment ofity (100 mS m�1 using the EM38 ground conductivity
soil electrical conductivity depth profiles. Under condi-meter), the linear and nonlinear inverse solutions pro-
tions of relatively low electrical conductivity (100 mSduce essentially the same predictions. One exception is
m�1 ), the inverse procedure with the linear model worksSite 9, where the automatic procedure used to pick the
well. Under conditions of relatively high electrical con-optimal regularization parameter picked a poor value
ductivity, the inverse procedure with the linear modelof the regularization parameter for the nonlinear inverse
still produces adequate solutions, although the inversesolution. A much better solution can be obtained by
procedure with the nonlinear model may produce slight-picking the regularization parameter by hand. However,
ly better solutions.in this study we only used the automatic procedure to

exclude subjective judgements and bias in the inverse
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ode rapide et fiable. (In French.) Cah. ORSTOM, Sér. Pedol.,

time, while the inverse procedure with the nonlinear 24:1:39–48.
model takes 3 to 5 h on a Sun Ultra 1 workstation. Borchers, B., T. Uram, and J.M.H. Hendrickx. 1997. Tikhonov regular-

ization of electrical conductivity depth profiles in field soils. SoilThe case studies with low EM38 values presented by
Sci. Soc. Am. J. 61:1004–1009.Borchers et al. (1997) confirm this finding.

Cameron, D.R., E. de Jong, D.W.L. Read, and M. Oosterveld. 1981.
Mapping salinity using resistivity and electromagnetic techniques.
Can. J. Soil Sci. 61:67–78.SUMMARY

Cook, P.G., M.W. Hughes, G.R. Walker, and G.B. Allison. 1989. The
We have described a nonlinear model for the response calibration of frequency-domain electromagnetic induction meters

and their possible use in recharge studies. J. Hydrol. 107:251–265.of a ground conductivity meter to electrical conductivity
Cook, P.G., and G.R. Walker. 1992. Depth profiles of electrical con-depth profiles. Unlike a previous linear model, this non-

ductivity from linear combinations of electromagnetic inductionlinear model does not require the induction number to measurements. Soil Sci. Soc. Am. J. 56:1015–1022.
be far less than one. Thus, this model is applicable to Corwin, D.L., and J.D. Rhoades. 1982. An improved technique for

determining soil electrical conductivity—Depth relations frommeasurements of soils of relatively high soil apparent



HENDRICKX ET AL.: INVERSION OF SOIL CONDUCTIVITY PROFILES 685

above-ground electromagnetic measurements. Soil Sci. Soc. Am. Morozov, V.A. 1984. Methods for solving incorrectly posed problems.
Springer-Verlag, New York.J. 46:517–520.

Corwin, D.L., and J.D. Rhoades. 1984. Measurement of inverted elec- Rhoades, J.D. 1993. Electrical conductivity methods for measuring
and mapping soil salinity. Adv. Agron. 49:201–251.trical conductivity profiles using electromagnetic induction. Soil

Sci. Soc. Am. J. 48:288–291. Rhoades, J.D., and D.L. Corwin. 1981. Determining soil electrical
conductivity—Depth relations using an inductive electromagneticGill, P.E., W. Murray, and M.H. Wright. 1981. Practical optimization.

Academic Press, New York. soil conductivity meter. Soil Sci. Soc. Am. J. 45:255–260.
Rhoades, J.D., D.L. Corwin, and S.M. Lesch. 1990a. Effect of soilGroetsch, C.W. 1993. Inverse problems in the mathematical sciences.

Vieweg, Wiesbaden, Germany. ECa—Depth profile pattern on electromagnetic induction measure-
ments. Res. Rep. 125. USDA-ARS, U.S. Salinity Laboratory, Riv-Hansen, P.C. 1992. Analysis of discrete ill-posed problems by means

of the L-curve. SIAM Rev. 34:561–580. erside, CA.
Rhoades, J.D., D.L. Corwin, and S.M. Lesch. 1999. p. 197–216. InHansen, P.C. 1997. Rank-deficient and discrete ill-posed problems:

numerical aspects of linear Inversion. SIAM, Philadelphia. D.L. Corwin et al. (ed.) Assessment of non-point source pollution in
the vadose zone. Geophysical Monogr. 108. American GeophysicalHendrickx, J.M.H., B. Baerends, Z.I. Raza, M. Sadiq, and M. Akram

Chaudhry. 1992. Soil salinity assessment by electromagnetic induc- Union, Washington, DC.
Rhoades, J.D., S.M. Lesch, P.J. Shouse, and W.J. Alves. 1989. Newtion of irrigated land. Soil Sci. Soc. Am. J. 56:1933–1941.

Hendrickx, J.M.H., C.D. Grande, B.A. Buchanan, and R.E. Bretz. calibrations for determining soil electrical conductivity—Depth re-
lations from electromagnetic measurements. Soil Sci. Soc. Am.1994. Electromagnetic induction for restoration of saline environ-
J. 53:74–79.ments in New Mexico. p. 247–265. In R.K. Bhada et al. (ed.) Waste-

Rhoades, J.D., P.J. Shouse, W.J. Alves, N. A. Manteghi, and S.M.management: From risk to remediation. ECM Series on Environ-
Lesch. 1990b. Determining soil salinity from soil electrical conduc-mental Management & Intelligent Manufacturing. Vol. I. ECM
tivity using different models and estimates. Soil Sci. Soc. Am. J.Press, Albuquerque, NM.
54:46–54.Hilgendorf, A. 1997. Linear and nonlinear models for inversion of

Saunders, W.R., and S.A. Cox. 1987. Use of an electromagnetic induc-electrical conductivity profiles in field soils from EM38 measure-
tion technique in subsurface hydrocarbon investigations. p. 585–ments. M.S. thesis. New Mexico Inst. of Mining and Technol.,
599. In Proc. Natl. Outdoor Action Conf. on Aquifer Restoration,Socorro, NM.
Ground Water Monitoring and Geophysical Methods, 1st, Las Ve-Hoekstra, P., R., Lahti, J. Hild, C.R. Bataes, and D. Phillips. 1992. Case
gas, NV. 18–21 May 1987. Water Well Journal Publishing Co.,histories of shallow time domain electromagnetics in environmental
Dublin, OH.site assessment: Case history mapping migration of oil field brines

Scanlon, B.R., J.G. Paine, and R.S. Goldsmith. 1999. Evaluation offrom evaporation pits and ponds. Ground Water Monit. Rev. 13:
electromagnetic induction as a reconnaissance technique to charac-110–117.
terize unsaturated flow in an arid setting. Ground Water 37:296–International Mathematics and Statistics Library. 1991. FORTRAN
304.subroutines for mathematical applications. IMSL, Houston, TX.

Sharma, P.V. 1997. Environmental and engineering geophysics. Cam-Job, J.O., J.Y. Loyer, and M. Ailoul. 1987. Utilisation de la conducti-
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