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ABSTRACT
A new inductive electromagnetic device (EM) for measuring

soil electrical conductivity (EC,,) was tested. Practical and ac-
curate methods are given for measuring ECa by soil depth
intervals through soil profiles using a succession of EM read-
ings made at various heights above ground. In contrast with
other devices and methods for field salinity appraisal, read-
ings are obtained without any soil-to-instrument contact. The
device is well suited for field investigations of soil salinity.
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THE DETERMINATION OF soil salinity in the field from
measurements of soil electrical conductivity (ECa)

has gained acceptance as its utility and validity have
been demonstrated and as instrumentation has im-
proved. The theory of measurement has been devel-
oped and verified (Rhoades et al., 1976). Accurate and
simple methods for calibrating soil salinity and soil
electrical conductivity have been developed (Rhoades,
1976; Rhoades et al., 1977; Rhoades, 1980). Various
applications of the method for measuring, mapping,
and monitoring field salinity and water table depths,
and detecting encroaching saline seeps have now been
demonstrated successfully (Rhoades, 1976; Rhoades
and Halvorson, 1977; Halvorson and Rhoades, 1974,
1976). The state of the art is now sufficiently advanced
that use of soil electrical conductivity measurements
can be recommended for salinity diagnosis.

To date, most of the measurements of ECa have
been made using four-electrode techniques. The first
determinations of soil salinity from measurements of
ECa were made using standard geophysical prospect-
ing techniques and equipment (Rhoades and Ingval-
son, 1971). Subsequently, a salinity-probe was devel-
oped for more localized and exact measurements

1 Contribution from the U.S. Salinity Laboratory, USDA-AR-
SEA, Riverside, CA 92501. Received 21 July 1980. Approved
9 Dec. 1980.

2 Supervisory Soil Scientist and Soil Scientist, respectively.

(Rhoades and van Schilfgaarde, 1976); more appro-
priate circuitry for soil applications was developed
(Austin and Rhoades, 1979); in situ burial units were
developed for monitoring needs (Rhoades, 1979b); and
fixed array units were developed for mapping and
traverse needs (Rhoades, 1976).

All of these systems require contact between the
soil and electrodes. With the geophysical prospecting
equipment, four individual electrodes must be in-
serted into the soil surface and individual leads of
wire strung to them from the generator/meter to make
the measurement. With the salinity-probe, a soil-core
must be removed from the soil profile and the probe
inserted into the cored hole. Although these proce-
dures and equipment are practical, measurements of
ECa without soil contact or coring holes through the
soil profile would be faster and would eliminate poor
electrode-soil contact problems that sometimes are en-
countered in dry soils. This paper describes such a
method and equipment and presents data showing the
validity of the measurement.

PRINCIPLE OF ELECTROMAGNETIC
METHOD AND DESCRIPTION OF EQUIPMENT

AND USE FOR SALINITY APPRAISAL
Current flow is induced in a conductor that is within a

primary electromagnetic (EM) field. This induced current flow
is proportional to the electrical conductivity (EC) of the con-
ducting body. The current flow, in turn, creates a secondary
electromagnetic field, the strength of which is proportional to
the current flow and hence to the EC of the conductor. Hence,
EC of a conductor can be related to the magnitude of the in-
duced secondary EM field generated on imposition of a primary
EM field on the conductor (Keller and Frischknecht, 1966).
Hence, ECa (the conductor) can be measured without probe-soil
contact using inductive electromagnetic techniques through use
of separated transmitter and receiver EM coils and appropriate
circuitry.

At the request of the senior author, an electrodeless EC meter,
operating on the above described principle, was constructed by
Geonics Limited8 to meet the needs of soil salinity measurements.
The unit is designated EM-38 by Geonics. This request was
made because tests and evaluations made by the senior author
of the Geonics instruments available at that time (the EM-15

3 Geonics Limited, 1745 Meyerside Drive, Mississauga, On-
tario, Canada. Martek Instruments, Inc., 17302 Daimler St.,
living, Calif. The citation of particular products or com-
panies is for the convenience of the reader and does not imply
any particular endorsement, guarantee, or preferential treat-
ment by the USDA or its agents.
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Fig. 1—Geonics EM-38 prototype electromagnetic soil conduc-
tivity meter held in the vertical position.

and EM-31 instruments) showed that they were not well suited
for salinity appraisals of soil profiles. The EM-15 unit was
too responsive to magnetic susceptibility properties o£ soils to
relate well to salinity per se. The EM-31 unit was too responsive
to EC of earth material below the rootzone depth (~ 50% of
its reading is derived from the material below 2.75 m). Since
the preliminary evaluations of the EM-38 device were first re-
ported,4 De Jong et al. (1979) have shown that the EM-31 in-
strument has good potential for detecting and mapping saline
areas.

The prototype EM-38 device is a modification of the larger
EM-31 system developed by Geonics Limited for geophysical
surveying purposes. Figure 1 shows the EM-38 instrument be-
ing held in the "vertical" position (coil axis perpendicular to
soil surface). It has an intercoil spacing of 1 m, operates at a
frequency of 13.2 kHz, is powered by 9V transistor batteries, and
reads EC directly in three ranges (0-100, 0-300, and 0-1,000
mmho/m). The coil configuration and intercoil spacing were
chosen to permit measurement to effective depths of approxi-
mately 1 or 2 m when the instrument was placed at ground
level with coils parallel or perpendicular to the surface, res-
pectively. The device contains appropriate circuitry to min-
imize instrument response to the magnetic susceptibility of the
soil and to maximize response to EC.

The basic principle of operation of the EM/ECa meter is
shown schematically in Fig. 2. A transmitter coil (T) located

4 Presented orally at 1978 Annual Meetings of Am. Soc. of
Agron. 3 Dec. 1978 (Agron. Abstr. 1978, p. 183) and at Am.
Water Resources Assoc. Symp. on Establishment of Water Qual-
ity monitoring programs, June 1978, San Francisco (Rhoades,
1978), and reported in California Farmer 21 Oct. 1978 issue,
p. 5-6.

INDUCED CURRENT FLOW IN GROUND

in one end of the instrument induces circular eddy current
loops in the soil. The magnitude of these loops is directly
proportional to the EC. in the vicinity of that loop. The cur-
rent loops generate a secondary electromagnetic field that is
proportional to the value of the current flowing within the
loop. A fraction of the induced electromagnetic field from the
loops is intercepted by the receiver coil (R), and the signal
is amplified and formed into an output voltage that is also
linearly related to EC.,.

The cumulative relative contribution to the instrument read-
ings of all soil below a depth Z, R(Z) (if one assumes that EC
does not vary with depth), is shown in Fig. 3 as a function of
depth. This' relation was established by the instruments de-
veloper (Geonics). This relation shows that 75% of the de-
vice's response comes from depths of < 90 cm when the instru-
ment is placed in the horizontal position. The corresponding
depth when the device is read in the vertical position is 190
cm (data not shown). Thus measurements of ECa appropriate
to the whole root zone and even deeper may be measured in
single integrated readings.

This unit would be valuable for some salinity surveys or for
saline seep diagnosis, as described by Rhoades (1979a), much as
it has been used for geophysical survey work where relative
readings indicative of the pattern of ECa over an area are
needed. However, for agricultural salinity appraisal, one needs
to be able to determine the ECa distribution with depth in the
root zone. Otherwise one could interpret a high ECa reading
as indicating moderately high salinity near the soil surface
when very high salinity actually existed deep within or below
the root zone. Such different conditions must be distinguished
since the F.Ca-soil depth relation is used to diagnose salinity and
to assess the adequacy of leaching and di'ainage in irrigation
projects (Rhoades, 1976, 1980).

We hypothesized that the ECa-depth distribution could be
determined from a succession of readings taken with the device
held at various heights above the soil surface. This would
change the relative magnetic field with depth. The differences
in readings with height should be related to the ECa-depth
distribution and hence could be used to determine this distribu-
tion. Results of a test of this hypothesis are presented here.

PROCEDURES
To evaluate the utility of the EM-38 instrument for assessing

soil salinity (measuring ECa), determinations of ECa were made
with the EM-38 instrument and with four-electrode techniques
in field plots having salinity adjusted to different levels but
uniform with depth. The salinized field plots (4.3 by 4.3 m)
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Fig. 2—Principle of operation of the electromagnetic soil con-
ductivity meter.
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Fig. 3—Cumulative relative contribution of all soil electrical
conductivity, R(Z), below various depths to the EM-38 read-
ing when the device is held in a horizontal position.
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Table 1—Water contents, saturation percentages, and
saturation-paste extract EC's of soil samples

from "uniformly salinized" field plots.

Plot no. Depth

cm
1 15

30
75

2 15
30
75

3 15
30
75

4 15
30
75

5 15
30
75

Water
content

8.8
8.8

10.2
7.4
8.0
8.8
6.8
8.9
9.8
6.2
8.4
8.8
6.9
8.5

10.4

Saturation
percentage

% ———————
24
25
27
25
25
26
25
26
27
23
26
25
23
25
27

ECeT

dS/m
0.4
0.4
0.4
2.2
2.3
2.7
5.2
5.0
4.9
6.6
9.3
8.4

14.0
16.9
12.5

t Electrical conductivity of saturation paste extract.

of Pachappa soil (coarse-loamy, mixed, thermic Mollic Haploxe-
ralfs) had been artificially salinized by extensive leaching with
waters having a range of salt concentrations. Four-electrode
measurements of ECa were made using both a salinity probe
version (Rhoades and van Schilfgaarde, 1976) and a regular
Wenner-Array device (Rhoades and Ingvalson, 1971). A com-
mercial Martek SCT salinity probe3 was centered at depths of
15, 30, 45, 60, 75, 90, 105, and 120 cm. The Wenner-Array de-
vice was used with interelectrode spacings of 30.5, 61, 91.5,
122, and 152 cm. Soil electrical conductivity measurements were
made using the EM-38 unit , positioned both horizontally and
vertically at ground level and at distances above ground of 30,
60, 90, 120, and 150 cm.

The utility of the device for determining ECa-depth distribu-
tions was also evaluated in a variety of field situations having
different EC.-depth relations. Results obtained with the dif-
ferent methods were compared. Statistical relations were estab-
lished between the ECn-depth values and the EM readings ob-
tained at various heights above the ground.

RESULTS AND DISCUSSION
The general applicability of the EM-38 device was

evaluated in the uniformly salinized field plots of
Pachappa soil. Average water contents and satura-
tion paste extract electrical conductivities (ECe) of
soil samples taken from the plots are given in Table
1. The plots were relatively uniform in salt and water
content at the time of measurement, and the salinities
encompass the range of concern in diagnosing salinity
effects on crop production (0-20 dS/m).5 Correspond-
ing values of ECa, as determined with the EM and

' 1 dS/m = 1 mmho/cm.

Table 2—Soil electrical conductivity values of plots obtained
with EM-38 and four-electrode method.

Plot no.

1
2
3
4
5

EM-38
unitt

0.14
0.27
0.38
0.61
0.92

Wenner-Array unit.J interelectrode spacing, m

0.305

0.06
0.18
0.33
0.52
1.14

0.610 0.915

—— dS/m ————
0.08 0.10
0.23 0.26
0.35 0.39
0.63 0.65
1.10 1.06

1.22

0.12
0.29
0.40
0.62
1.02

1.52

0.14
0.30
0.38
0.57
0.94

t Measurement obtained with EM-38 unit placed on ground in horizontal
configuration.

} Surface inserted array of four electrodes.
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Fig. 4—Relation between soil electrical conductivity as mea-
sured with EM-38 unit and four-electrode equipment in
uniformly salinized plots.

four-electrode method (Wenner-Array technique), are
given in Table 2. Soil electrical conductivity (ECa)
values obtained with the EM technique and the four-
electrode technique were essentially the same (r2 =
0.996) under these approximately uniform soil condi-
tions (Fig. 4).

Since soils are seldom uniform in ECa, especially
with respect to depth, measurements of ECa were made
at a number of field sites near Lakeview, Calif., where
distributions of ECa with depth were determined with
the salinity probe. With these direct in situ determina-
tions of ECa by depth and corresponding EM measure-
ments, the response of the EM unit to variation of
ECa with depth was evaluated. Plots of the ECa-depth
variations at these test sites determined using the
salinity probe are given in Fig. 5 to illustrate the range

SOIL ELECTRICAL CONDUCTIVITY, dS/m

lao*
67 S 10

Fig. 5—Soil electrical conductivity—depth relations at sites
where field measurements were made.
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Fig. 6—Relation between soil electrical conductivity (EC,) as
measured with EM-38 unit and average EC, (0- to 120-cm
depth) as measured with four-electrode equipment in field
sites having nonuniform salinity.

of nonuniformity included in the data set. Results of
regression analysis between the ECa averaged over
different depths at these sites and the ECa values
determined with the EM unit varied considerably with
depth of averaging. The regression slope and r2 value,
respectively, by depth of averaging were as follows:
0 to 30 cm (1.50, 0.28), 0 to 60 cm (1.11, 0.85), 0 to 90
cm (0.57, 0.92), and 0 to 120 cm (0.47, 0.95). The co-
efficient of correlation increased with the depth over
which the profile was averaged and the slope decreased.
There was a considerable departure of 1:1 correspond-
ence between EM-measured ECa and average profile
(0-120 cm) ECa, even though the correlation was good
(Fig. 6; r2 = 0.945). The ECa values obtained with the
EM unit were more highly correlated with depth-
averaged ECa obtained using salinity probe measure-
ments than they were with those obtained using the
Wenner-Array technique. The regression slope and
r2 values by interelectrode spacings were as follows:
30.5 cm (1.14, 0.62), 61 cm (0.52, 0.76), 91.5 cm (0.33,
0.75), and 120 cm (0.29, 0.82). The EM unit was pri-
marily responsive to ECa to a depth of about 1.2 m.
Taking the EM measurements at various heights above
the ground surface decreased the responsiveness of the
EM-38 device to salinity at shallow depths (data not
shown).

Since the EM-38 device did not integrate ECa linear-
ly with depth, it was necessary to establish the nature
of the integration. The nature of integration was
evaluated as follows: ECa readings were taken with
the EM device held in a horizontal configuration at
ground level and at distances above ground of 0.305,
0.61, 0.915, 1.22, and 1.52 m in the uniformily salinized
plots of Pachappa soil. The Pachappa is a deep soil
without strong genetic horizon development through
> 2 m of depth. These data indicated that about 43,
63, 73, and 79% of the EM-38 reading was lost as the
instrument was raised above ground 0.305, 0.61, 0.915,
and 1.22 m, respectively. Thus, the 0- to 0.305-, 0.305-
to 0.61-, 0.61- to 0.915-, and 0.915- to 1.22-m depth

5
S 6

2

Cole E-M = (.43)(EC0.3o)*UI)(EC;>o^0)»ao)(EC6o.9oK06)(E^0)»(.l)(E<j20)

I 82 3 4 5 6 7
Calculated E-M Reading, dS/m

Fig. 7—Relation between measured and predicted EM readings.

intervals contribute 43, 21, 10, and 6%, respectively,
to the ECa reading of the EM unit. Hence, the follow-
ing equation should describe the response of the EM-
38 device when held on the ground in the horizontal
configuration:
ECEM = 0.43 ECo-o.3 + 0.21 EC0.3-o.6 + 0.10 EC0.6-o.9

+ 0.06 ECo.9-i.2 + K EC^.2 [1]

where the EC subscript represents the ECa of the desig-
nated soil interval in meters, and K is an empirical
constant. The validity of this equation was tested by
multiplying the ECa values actually determined for
the depth intervals at each of the sampled field sites
with the salinity probe by its respective factor in Eq.
[ 1 ] and comparing each sum with that actually mea-
sured with the EM unit (ECEM). Different values were
tried for K. Results are shown in Fig. 7 for K = 0.1.
The excellent 1:1 correspondence and r2 value with
K = 0.1 shows that Eq. [1] does describe reasonably
well the nature of the EM-38 device integration by
depth.

The response of the EM-38 device diminishes with
soil depth, which does not lend itself well to deter-
mination of average ECa (or salinity). However, the
weighted reading of ECa (or salinity) that it gives is
close to what some researchers regard as the manner
in which crops respond to the variation of soil salinity
with depth (Bernstein and Francois, 1973; Rhoades
and Merrill, 1976). Irrigated crops tend to remove
the water approximately in the proportions 40:30:20:
10 by successively deeper quarter fractions of their
root zone (Danielson, 1967). Water uptake weighted
salinity is thus: 0.4 (0-1) + 0.3 (1-2) + 0.2 (2-3) +
0.1 (3-4). This integrated EC is similar to that mea-
sured by the EM unit and may represent a value to
which crop response is related.

In spite of this interesting feature of the EM-38
device, the capability of determining ECa-depth dis-
tributions for measuring average soil salinity and mak-
ing management assessments is desirable (Rhoades,
1976). Since the proportional contribution of each
soil depth interval to ECa as measured by the EM
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Table 3—Comparison of measured and calculated ECa's
for Lakeview study area.

Site

1

2

3

4

5

6

7

8

Soil depth
interval

m
0-0.3

0.3-0.6
0.6-0.9
0.9-1.2

0-0.3
0.3-0.6
0.6-0.9
0.9-1.2

0-0.3
0.3-0.6
0.6-0.9
0.9-1.2

0-0.3
0.3-0.6
0.6-0.9

0.09-1.2
0-0.3

0.3-0.6
0.6-0.9
0.9-1.2

0-0.3
0.3-0.6
0.6-0.9
0.9-1.2

0-0.3
0.3-0.6
0.6-0.9
0.9-1.2

0-0.3
0.3-0.6
0.6-0.9
0.9-1.2

Measured EC,

0.47
1.43
5.11

15.52
0.47
0.71
1.65
9.38
0.70
7.07

17.3
20.9

1.2
9.2

19.5
19.6
0.33
2.68

11.26
18.7
0.16
0.27
2.3
4.3
0.18
0.18
1.7
1.9
0.06
0.10
0.17
0.37

,, Calculated ECa by

Eq. [2a-e]

—— dS/m ———
0.40
0.31
4.90

17.56
0.55
1.70
1.75
7.50
0.67
6.31

17.0
22.2

1.3
9.9

19.7
18.5
0.45
4.2

11.5
16.0
0.09

-0.49
2.6
6.3
0.12

-0.94
1.1
3.4
0.15
1.4
0.44

-1.8

Eq. [3a-d]

0.47
1.35
5.07

15.63
0.47
0.69
1.67
9.44
0.65
6.19

17.0
22.3

1.2
9.3

19.6
19.4
0.40
3.78

11.40
16.66
0.13
0.32
2.8
4.8
0.20
0.15
1.4
1.5
0.05

-0.18
0.08
0.82

unit could be varied by raising it higher and higher
above ground, one should be able to calculate the
ECa-depth relation from a succession of EM measure-
ments made at various heights. Attempts to use the
relation described in Fig. 7 and a series of simulta-
neous equations failed to give acceptable results. For
this reason, we sought statistical relationships between
the EM-38 readings at various heights above ground
and the soil profile ECa distribution using the data
obtained at different locations (areas of different soil
types). The EM-38 readings were highly correlated
with the soil profile ECa distributions for each study
area. Coefficients obtained for an area near Lakeview,
Calif, are as follows:
EM0 = 0.4418 ECi + 0.2049 EC2 + 0.1045 EC3

+ 0.0604 EC4 + 0.1940 EC5 - 0.0005; r2 = 0.999 [2a]
EMj = 0.0829 ECi + 0.2526 EC2 - 0.0507 EC3

+ 0.0736 EC4 + 0.1658 EC5 + 0.0143; r2 = 0.988 [2b]
EM2 = 0.6662 ECi - 0.0231 EC2 + 0.0412 EC3

+ 0.0307 EC4 + 0.0324 EC5 + 0.1188; r2 = 0.994 [2c]
EM3 = 0.5512 ECi - 0.0479 EC2 + 0.0339 EC3

+ 0.0195 EC4 + 0.0122 EC5 + 0.1181; r2 = 0.986 [2d]
EM4 = 0.4352 ECi - 0.0468 EC2 + 0.0287 EC3

+ 0.0093 EC4 + 0.0073 EC5 + 0.0961; r2 = 0.983 [2e]
where the subscripts 0, 1, 2, 3, 4, 5 represent 0 and 0
to 30.5 cm, 30.5 and 30.5 to 61 cm, 61 and 61 to 92
cm, etc., respectively, for the height above ground at

measured = I.OOI7(predicted)-0.0053
r =0.994

»
UJ
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Soil Electrical Conductivity from EM Readings, dS/m

Fig. 8—Relation between ECa within a soil depth interval
and that predicted from a succession of EM-38 readings.

Soil Electrical Conductivity, dS/m
0 5 10 15 20 25

Lakeview Areo

o- predicted from EM measurement!
(tite no.)

120
Fig. 9 — Agreement between predicted (from EM readings) and

measured (with salinity probe) ECa-depth distributions for
three representative profiles included in Fig. 8.

which the EM-38 unit was held and the soil depth
interval in which the ECa was measured with the
salinity probe. With these coefficients established,
values of ECj, EC2, EC3, etc. can be calculated from
the succession of EM readings by various numerical
techniques, such as LU decomposition (Gerald, 1970).
The ECa-depth distributions calculated (predicted)
in this manner, as shown in Table 3, corresponded,
in general, reasonably well with measured values.

The calculation routine used above required a 2K
byte computer, which is not presently accessible or
suited well enough for field use. Thus, a more prac-
tical approach was evaluated. The ECa values of each
soil depth interval of the set of test site data were
simply correlated with the succession of EM readings as

ECo.3-o.6 = 70EMo
74EM4; etc.

/32EM2 + /33EM3 + /?4EM4;
7iEM, + T2EM2 + 73EM3 +
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The following relations were determined in this man-
ner for the Lakeview study area:

ECo-o.3 = -0.1285 EM0 + 0.1446 EMj + 5.3878 EM2

- 17.4476 EM3 + 15.0549 EM4 - 0.1309; r2 = 0.991
[3a]

ECo.3-0.6 = -1.3259 EM0 - 4.8938 EMj + 55.8250 EM2

- 94.0405 EiM3 + 47.4196 EM4 - 0.9169; r2 = 0.975
[3b]

ECo.e-o.9 = 9.1705 EM0 - 8.4116 EMj - 18.3090 EM2

+ 50.6298 EM3 - 42.5033 EM4 - 0.1224; r2 = 0.999
[3c]

ECo.9-i.2 = 1.1090 EM0 + 0.2352 EMi - 23.3536 EM2

+ 221.0100 EM3 - 266.8789 EM4 + 3.5012; r2 = 0.986.
[3d]

The ECa-depth distributions calculated using this sim-
ple technique, as shown in Table 3 and Fig. 9, cor-
responded very well with the determined values. This
calculation procedure can be carried out in the field
with a common programmable hand-held calculator.
The method is practical, accurate, and permits the de-
termination of soil profile ECa distributions from a
succession of EM readings obtained at various heights
above ground. Different geographical areas were
found to give different coefficients. Thus appropriate
calibrations apparently must be established for dif-
ferent geographical areas. The reason for this differ-
ence in coefficients found for different geographical
areas seems to be related to soil parent material (min-
eralogy) differences. Further studies are now under-
way to determine the cause of this difference.

CONCLUSION

An inductive electromagnetic device can be used
to determine ECa-depth distribution with sufficient
accuracy that the device can be recommended for field
measurement of salinity profiles and for diagnosing
saline seeps. Appropriate calibrations are apparently
needed for different geographical areas, but such cali-
brations can be relatively easily obtained using the
salinity probe. Once the calibrations are made, the
device can be used to collect the rest of the data much
more rapidly than with four-electrode techniques. Its
use saves the time required to make the access hole
required in the use of the salinity probe, and it can
be used on dry, rocky and compact soils where it is

difficult to insert the salinity probe and to make good
electrode-soil contact.
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