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Measurement of Inverted Electrical Conductivity Profiles Using Electromagnetic Induction!

D. L. CoRWIN AND J. D. RHOADES?

ABSTRACT

Due to sharp discrepancies in the relative response of the hori-
zontal and vertical coil configurations of the Geonics Limited EM-
38 electromagnetic induction soil conductivity meter for the top 15
cm of soil, the accuracy of measurement of bulk electrical conduc-
tivity for soil having a high surface electrical conductivity relative
to deeper depths (i.e., an inverted electrical conductivity profile) has
been unreliable. Two new approaches have been developed to com-
pensate for these discrepancies, either through compensations in the
vertical coil configuration response curve or the reestablishment of
EMgy adjustment curves utilizing data solely from inverted con-
ductivity profiles. Both approaches yield more consistently reliable
calculated bulk soil electrical conductivities when compared to mea-
sured electrical conductivities using the four-electrode probe. The
latter approach, however, appears to be more accurate.

Additional Index Words: soil salinity, soil resistivity, electro-mag-
netic conductivity.
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HE POTENTIAL for the use of electromagnetic in-
duction (EM) techniques as a means of perform-
ing reconnaissance surveys of soil salinity is self-evi-
dent. Williams and Baker (1982) measured apparent
soil electrical conductivities (¢,) to depths ranging from
7.5 to 60 m for an area of 10 000 km? using EM tech-
niques. From these measurements areas of apparent
high salinity were inferred. Others have demonstrated
that soil bodies of widely differing salinity can be de-
lineated by EM techniques (DeJong et al., 1979).
Since plant root activity occurs primarily within the
top 0.9 m of soil, the electrical conductivity of this
portion is extremely important in assessing soil sal-
inity from the standpoint of agricultural productivity.
Therefore, once areas of potential soil salinity hazard
are delineated, it is necessary to be able to survey these
areas more intensively within relatively shallow soil
depths (i.e., 0-0.9 m). In situ methods of measuring
soil electrical conductivity within such depths are
available (Rhoades, 1978; Rhoades, 1979), but remote
measurements would offer advantages of reduced la-
bor, time, and cost. We have previously shown that
bulk soil electrical conductivities by depth increments
through the soil profile can be determined with rea-
sonable confidence from remote EM measurments us-
ing the Geonics Limited3 EM-38 instrument (Rhoades
and Corwin, 1981; Corwin and Rhoades, 1982). Ini-
tially this required the solution to a complex system
of simultaneous equations obtained for each general
site from multiple regression analysis relating electro-
magnetic conductivity measurements to o, (Rhoades
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and Corwin, 1981). Subsequently, we developed a
simplified and more general method (Corwin and
Rhoades, 1982) in which incremental depth response
curves for the Geonic EM-38 instrument and “ad-
justments” to the readings to compensate for ine-
qualities in profile volumes of measurement between
vertical and horizontal coil configurations were used
to calculate the distribution of ¢, through the soil.

The use of this new method on a wider variety of
electrical conductivity profiles revealed, however, that
the predicted bulk soil conductivities for inverted con-
ductivity profiles (i.e., profiles where the electrical
conductivity decreases rapidly with increased depth)
consistently deviated from the corresponding “ground
truth” conductivities as measured with the four-elec-
trode probe (Rhoades and van Schilfgaarde, 1976).
This fact pointed out an obvious insufficiency in the
newly developed method. It is the purpose of this pa-
per to present an alternative approach for the mea-
surement of inverted conductivity profiles using elec-
tromagnetic induction.

METHODS AND MATERIALS
Theory

When an electromagnetic induction conductivity reading
is taken with the EM-38 meter placed on the surface of a
medium, the resultant value of o, reflects the cumulative
relative contributions of the conductivities above a selected
depth in the profile (see Fig. 1). As an example, with the
verticle dipole orientation, 0.022 of the EM 38 conductivity
reading is contributed by the top 0.1 m of soil and 0.978 is
contributed by the soil below 0.1 m. Furthermore, relative
contributions of conductivity are dependent on the orien-
tation of the receiver/transmitter coils with respect to the
soil surface (see Fig. 1 and Corwin and Rhoades, 1982 for
more detail). An analysis of the ratio of response of the ver-
tical and horizontal coil configurations for various compos-
ite depths as determined from Fig. 1 (i.e., for 0-0.15 mRyu(Z)/
R(Z) = (1.0-0.818)/(1.0-0.978) = 8.3, for 0-0.3 m Ry(Z)/
Ry(Z) = (1.0~0.670)/(1.0-0.925) = 4.4, etc.) is given in Fig.
2. The figure reveals a potential reason for the discrepancy
between the bulk soil electrical conductivities predicted from
EM readings and the “ground truth” measured o,’s of in-
verted conductivity profiles. As seen, the greatest relative
response discrepancy between measurements taken with the
coils oriented vertically and those oriented horizontally to
the soil surface is for the top 0.3 m. As a result, the influence
of a substantial portion (i.e., approximately 0.15 m) of the
top 0.3 m of soil upon the vertical measurement is quite
negligible compared to its influence on the horizontal mea-
surement. Consequently, if there is a sizeable change in con-
ductivity within the top 0 to 0.3 m of soil, especially between
the 0 to 0.15 m and 0.15 m to 0.30 m increments, such as
may occur in an inverted soil salinity profile, then the pre-
dicted conductivities from the EM reading using the sim-
plified, general method of Corwin and Rhoades (1982) will
be in error since the vertical coil configuration scarcely de-
tects the top 0.15 m of soil. In order to deal adequately with
such inverted profiles, therefore, some other method must
be developed which compensates for this inherent weakness
of the electromagnetic inductive measurement of inverted
conductivity profiles. The equations derived by Corwin and
Rhoades (1982) must be either modified to reflect the lack
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Fig. 1— Cumulative contribution of all soil electrical conductivity

R(Z) below various depths to the EM-38 reading when the device

is held in a horizontal (parallel) and vertical (perpendicular) di-
pole position,

of response of the vertical EM measurement to the top 0.3
m and/or new adjustment curves based solely on inverted
profile data must be developed to shift the emphasis on ad-
justment to the surface.

We evaluated two approaches for using the EM-38 instru-
ment for measuring o,-depth relations of inverted profiles.
The first approach (referred to subsequently as Modified-
Approach no. 1) compensates for the discrepancy in relative
response between horizontal and vertical measurements over
the 0- to 0.3-m depth by the establishment of EMyy ad-
justment curves as described in Corwin and Rhoades (1982)
but, in this case, using data only from inverted conductivity
profiles and the analogous equations presented there. The
second approach (referred to as Modified-Approach no. 2)
eliminates the influence of the top 0 to 0.3-m depth incre-
ment from the vertical measurement by the removal of the
weighted response of that layer and its addition to the ad-
jacent 0.3- to 0.6-layer in the equations used by Corwin and
Rhoades (1982) to relate the surface vertical electromagnetic
measurement, EM, v to bulk electrical conductivity, o,. This
resulted in the set of composite and successive increment
bulk electrical conductivity equations shown in Table 1,
which are analogous to and obtained following the proce-
dure previously outlined by Corwin and Rhoades (1982) for
more typical (i.e., non-inverted) soil salinity profiles.

Experimental Procedure

Eleven sites with inverted bulk soil electrical conductivity
profiles were sampled from locations scattered throughout
California. The sites were selected in order to provide a va-
riety of soil types. Since the horizontal EM conductivity
reading for an inverted conductivity profile is characteristic-
ally greater than the vertical reading, the identification and
location of an inverted conductivity profile is simplified.
Measurements were made with a Geonics Limited EM-38
meter at the soil surface of each site, with the coils in both
the vertical and horizontal configurations. Corresponding
“ground truth” electrical conductivity readings were taken
at 15-cm increments through the soil profile to a depth of
0.90 m with a four-electrode probe (Rhoades and van Schilf-
gaarde, 1976) at the exact same location. Since the mea-
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Fig. 2—Ratio of vertical and horizontal weighted responses at var-
ious composite depth increments (i.e., 0-0.15, 0-0.3, 0-0.45, 0-
0.6 m, etc.).

surement of the top 0.3 m was extremely critical for this
particular study, from 6 to 10 four-electrode probe ¢, mea-
surements were taken and averaged to obtain an accurate
value for this depth increment. Up to three four-electrode
probe readings were taken at each remaining depth incre-
ment and an average was then determined from the accu-
mulated data for each 0.3-m composite increment down to
09 m:0to0.3m,0to0.6m, and 0to 0.9 m.

Linear regression techniques were used as a means of eval-
uating the correspondence of the predicted and measured
bulk soil electrical conductivities.

RESULTS AND DISCUSSION

Table 2 summarizes the measured and calculated
bulk soil electrical conductivities for the 11 selected
inverted conductivity profiles. From a cursory anal-
ysis, all three methods appear to provide adequate re-
sults when compared to the measured “ground truth”

Table 1 -Modified-Approach no. 2 equations used to calculate
electrical conductivities for soil increments from
electromagnetic conductivity measurements.

Depth, m

Equations for electrical conductivity

Composite Depths

0-0.3 09-0.3 = 2.299 EMg yadjusted, 0-0.3m)
— 1.299 EMgy

00-0.6 = 1.717 EM{ Hadjusted, 0-0.6m)
~ 0.71TEMyy

09-0.9 = 1.671 EM pyadjusted, 0-0.9m
~ 0.671 EM,,, _

0o-1.2 = 1.684 EM 1(adjusted, 0-1.2m)
~0.684 EMyy

Successive Depths

0-0.6
0-0.9
0-1.2

0-0.3 00-0.3 = 2.299 EMy fiadjusted, 0-0.3m)
—1.299 EM,,y

00.3-0.6 = 3.434 EMg Hadjusted, 0-0.6m)
—2.229 EMg hadjusted, 0-0.3 m)
~0.135EM,y

00.6-0.9 = 5.013 EM Hadjusted, 0-0.9m)
—3.434 EM Hiadjusted, 0-0.6m)
~0.579 EM.y

00.9-1.2 = 6.736 EMo H(adjusted, 0-1.2m)
~5.013 EMg yjadjusted, 0-0.9m)
~ 0.723 EMyy

0.3-0.6

0.6-0.9

0.9-1.2
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conductivities of the four-electrode probe, at least for
the top 0 to 0.3 m and for conductivities of low mag-
nitude. The unmodified approach, however, shows
sharp discrepancies between measured and calculated
o.’s with increased composite increment depth in the
soil. This deviation becomes even more pronounced
as the magnitude of the conductivities increases as for
sites 10 and 11. A comparison of the significant linear
regression statistics (see Table 3) for the three methods
confirms that the unmodified approach is not as con-
sistently accurate as the two modified approaches in
the calculation of ¢, from EM readings; consequently,
the need for an alternative means of handling inverted
conductivity profiles aside from that proposed by Cor-
win and Rhoades (1982) is substantiated.

Table 3 shows that both modified approaches pro-
vided an excellent one-to-one correspondence be-
tween measured and calculated ¢,’s. Approach no. 1,
however, yields a slightly better correspondence with
less scatter.

A look at Table 4 provides some insight as to the
reason for the insufficiency of the unmodified ap-
proach. Since the adjustment curves correct the EMg i
readings for inequalities in volume of measurement
between vertical and horizontal coil configurations
(Corwin and Rhoades, 1982), the adjustments for in-
verted profiles would be expected to be the opposite
of those for electrical conductivity profiles which are

Table 2—Measured and calculated bulk soil electrical
conductivities for composite 0.3 m depth increments.

Calculated o,

EM readings Meas- Unmodified Modified- Modified-
—_— ured (Corwin&  approach approach
Site EMyy EMgy Depth o, Rhoades,1982) no.1l no. 2

cm dS/m
1 2.25 140 0-03 345 4.06 3.92 3.86
0-06 2.55 3.67 2.97 2.86
0-09 221 4.60 2.78 2.72
2 1.25 1.10 0-0.3 170 1.82 1.70 1.73
0-06 141 1.62 1.47 1.52
0-0.9 135 1.88 1.33 1.37
3 1.20 072 0-03 232 2.43 2.31 2.10
0-0.6 1.54 1.99 1.86 1.72
0-0.9 1.31 2.16 1.66 1.54
4 1.45 1.10 0-0.3 247 2.38 2.26 2.24
0-0.6 2.42 2.11 1.84 1.83
0-0.9 2.36 2.49 1.69 1.68
5 063 062 0-03 1.08 0.96 0.85 0.76
0-0.6 0.77 0.70 0.88 0.88
0-09 0.71 0.48 0.72 071
6 1.02 0.94 0-03 193 1.48 1.37 1.36
0-0.6 1.47 1.27 1.24 1.28
0-09 133 1.36 1.09 1.12
7 155 147 0-0.3 2.24 1.93 1.82 2.01
0-0.6 2.19 1.88 1.56 1.72
0-0.9 1.83 2.38 1.45 1.59
8 198 138 0-03 233 3.33 3.20 3.21
0-06 2.07 3.04 2.48 2.46
0-0.9 2.02 3.80 2.32 2.32
9 092 077 0-0.3 1.36 1.53 1.42 1.33
0-0.6 1.19 1.25 1.27 1.24
0-09 1.18 1.24 1.11 1.08
10 7.33 6.27 0-03 9.21 8.80 8.63 10.36
0-0.6 5.55 9.77 6.30 7.28
0-09 5.54 14.64 6.44 7.38
11 935 830 0-0.3 10.02 10.50 10.32 8.86
0-0.6 8.10 12.08 7.50 6.57

0-0.9 8.563 18.52 7.78 6.86

found to increase with depth. The difference in the
two electrical conductivity profiles manifests itself in
different slopes of the adjustment curves; conse-
quently, the slope should decrease sharply with depth
up to some point. The modified approaches show this
to be the case in Table 4.

SUMMARY AND DISCUSSION

Using previous calculation methods, the measure-
ment of inverted electrical conductivity profiles using
electromagnetic induction techniques produced un-
reliable results. Two approaches were suggested t6 im-
prove the accuracy of calculating ¢,’s by depth inter-
vals in inverted soil salinity profiles from soil surface
electromagnetic induction conductivity measure-
ments made with the coils positioned in the vertical
and horizontal configurations, EM,v and EM,y, re-
spectively. Approach no. 1, which uses the same equa-
tions relating EM conductivity and ¢, as derived by
Corwin and Rhoades (1982) but reestablishes the
EM, i adjustment curves using only inverted conduc-
tivity profile data, appears to be the more accurate
method. '

Since it is possible to determine whether or not an

. inverted conductivity profile has been encountered by

the fact that the EM, y reading is greater than the EM, v
reading, it is an easy matter to program a hand-held
programmable calculator of sufficient memory capac-
ity to convert horizontal and vertical EM readings to
an electrical conductivity profile. The increased ca-
pability of handling inverted conductivity profiles with
greater accuracy and reliability further enhances the

Table 3—Linear regression analysis statistics for various
methods used to calculate bulk electrical conductivities
of inverted conductivity profiles from EM induction
conductivity measurements.

Std. error
Method Slope Y-intercept R? of est.
Unmodified-Corwin &
Rhoades (1982) 1.51 —-0.37 0.78 2.65
Modified-approach no. 1 0.98 0.06 0.97 0.46
Modified-approach no. 2 0.96 0.12 0.92 0.73

Table 4—EM, yadjusted) equations for various methods used in
the calculation of bulk electrical conductivities from EM
induction conductivity measurements.

Method Depth,m EM; yadjusteq) EQuations R?
Unmodified- 0-0.3 EMg gadjustea) = 0-950 EMg
Corwin & +0.152 0.995
Rhoades (1982) 0-0.6 EMO,H(ad'ustedr = 1.065 EMO.H
20602 0.977
0"09 EMO,H(ﬂd'usted) = 1436 EMO,H
~0330 0.961
Modified- 0-0.3 EM ypdjusteq) = 0.948 EMg i
approach no. 1 +d.118 0.997
0-0.6 EM yjadjustes) = 0-826 EMg g
+0.259 0.992
0-0.9 EM, yadjusted) = 0-846 EMg g
+0.150 0.991
Modified- 0-0.3 EMO,H(ad'usted) = 1.100 EMO.H
approach no. 2 +d.003 0.990
0—06 EMO,Hiad'usted) = 0907 EMO,H
+0.211 0.964
0—09 EMO,Hiadjusted] = 0934 EMO,H
+ 0.096 0.959
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usefulness of the EM-38 instrument as a tool for sur-
veying large areas for soil electrical conductivity and
salinity.

At the present time, all of our work using the EM-
38 for measuring bulk soil electrical conductivity has
been done on soils of relatively low magnetic suscep-
tibility. In order to demonstrate its general reliability
in the measurement of bulk soil electrical conductiv-
ity, it is necessary to examine the effects that magnetic
materials in soils have upon the measurement. This
is an area of research presently receiving attention.

In summary, it is now possible to describe bulk soil
electrical conductivity-depth relations for both in-
creasing and inverted conductivity profiles. The ap-
proach developed in this paper and by Corwin and
Rhoades (1982) does not presume to be abie to de-
scribe all o,-depth relations, but rather calculates o,
with depth on an integrated basis so that they fall into
either an increasing or an inverted conductivity profile
type. The accuracy at each depth depends to a degree
on how closely the actual conductivity profile con-
forms to the general shape of an increasing or inverted
electrical conductivity profile. For example, g,-depth
relations that fluctuate abruptly are not as closely pre-
dicted as profiles that show a steady increase or de-
crease in electrical conductivity. This places strict lim-
itations on the accuracy and application of this
measurement technique, since any rapid fluctuations
of conductivity with depth are smoothed out.

The electromagnetic induction technique of bulk soil
electrical conductivity has its greatest utility as a sur-
vey tool. Once areas of high salinity are delineated,
alternate methods of salinity measurement can be uti-
lized to provide more detailed descriptions of o,-depth
relations (Rhoades and Corwin, 1983).
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