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Calibration of Capacitance Probe Sensors in a Saline Silty Clay Soil

T. J. Kelleners,* R. W. O. Soppe, J. E. Ayars, and T. H. Skaggs

ABSTRACT

Capacitance probe sensors are a popular electromagnetic method
of measuring soil water content. However, there is concern about the
influence of soil salinity on the sensor readings. In this study capaci-
tance sensors are calibrated for a saline silty clay soil. An electric
circuit model is used to relate the sensor’s resonant frequency F to
the permittivity (¢) of the soil. The circuit model is able to account
for the effect of dielectric losses on the resonant frequency. Dielectric
mixing models and empirical models are used to relate the permittivity
to the soil water content (0). The results show that the electric circuit
model does not fit the F-¢(0) data if the calibrated bulk electrical
conductivity (EC) model is used. The dielectric losses are overesti-
mated. Increasing the exponent c in the tortuosity factor of the bulk
EC model and thereby lowering the bulk EC and the dielectric losses
improves the performance of the model. Measured and calculated
volumetric water contents compare reasonably well (R* = 0.884).
However, only 73 out of 88 data points can be described. The rejected
points are invariably at high water contents where the high dielectric
losses result in the sensor frequency being insensitive to £(0).

APACITANCE PROBE SENSORS are a popular electro-

magnetic method for estimating soil water content
(Gardner et al., 2000). The basic principle is to incorpo-
rate the soil into an oscillator circuit and measure the
resonant frequency. Capacitance probes are relatively
cheap, safe, easy to operate, and easily automated. Fur-
thermore, the sensor geometry is very adaptable, facili-
tating the development of a variety of configurations
(Robinson et al., 1998). However, the sensors require
a soil specific calibration. And there is concern about
the influence of soil salinity and soil temperature on the
sensor readings.

Capacitance probe calibrations have been done in the
laboratory using packed soil columns (Mead et al., 1995;
Paltineanu and Starr, 1997; Baumhardt et al., 2000) and
in the field (Bell et al., 1987; Evett and Steiner, 1995;
Morgan et al., 1999). All of these calibration studies
have directly related the sensor frequency (either scaled
or unscaled) to the soil water content. However, the
sensors actually react to the capacitance of the soil and
access tube system, which, when related to the permittiv-
ity of the soil, is a function of the soil water content.
Therefore, a more physically consistent calibration pro-
cedure involves splitting the calibration into two stages,
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one in which frequency is related to permittivity, and
one in which permittivity is related to soil water content
(Robinson et al., 1998; Robinson, 2001).

An advantage of the two-stage approach is that exist-
ing dielectric mixing models (e.g., Birchak et al., 1974;
Dobson et al., 1985; Friedman, 1998) or empirical mod-
els (e.g., Topp et al., 1980; Malicki et al., 1996) can be
used to describe the relationship between permittivity
and soil water content. The relationship between fre-
quency and permittivity, on the other hand, can be de-
scribed with electric circuit theory as shown by Dean
(1994) and Robinson et al. (1998). Electric circuit theory
also makes it possible to account for ionic conductivity
effects on the sensor frequency reading.

For the sensors used in this study (EnviroSCAN, Sen-
tek Pty Ltd., Kent Town, South Australia), the appro-
priate electric circuit model was worked out recently
(Kelleners et al., 2004). In that study, the circuit model
was calibrated successfully using media (air and fluids)
with a wide range of permittivities. The circuit model’s
ability to describe the effect of ionic conductivity on the
sensor’s frequency response was confirmed by mixing
salts in some of the fluids.

In the current study, EnviroSCAN capacitance probe
sensors are calibrated in a saline silty clay soil under
field conditions (electrical conductivity of the saturated
paste extract [EC,] ranging from about 6 to 35 dS m™).
The soil water content is related to the sensor’s fre-
quency reading by combining the electric circuit model
of Kelleners et al. (2004) with the dielectric model of
Malicki et al. (1996). More specifically, the objectives
are (i) to demonstrate the effect of bulk soil salinity on
the sensor frequency, (ii) to test the ability of existing
dielectric models to describe the water content—
permittivity relationship for the silty clay soil, and (iii)
develop a procedure to estimate the soil water content
from the sensor frequency using a priori knowledge of
the soil salinity.

THEORY
Volumetric Water Content—Permittivity Relationship

The most commonly used empirical equation to relate volu-
metric water content 6 (-) to the relative permittivity € (-) is
that of Topp et al. (1980):

e = 3.03 + 9.30 + 146.00° — 76.76° [1]

Equation [1] is supposed to hold for mineral soils. Malicki et
al. (1996) proposed an alternative empirical equation that
covers both organic and mineral soils by taking into account
the volume fraction of solid matter (py/p,) in the soil (where
py is the dry bulk density [M L7°] and p, is the solid phase

Abbreviations: CEC, cation exchange capacity; EC, electrical conduc-
tivity; EC,, electrical conductivity of the saturated paste extract; SF,
scaled frequency; SP, saturation percentage.

1885


Kailey.Harahan
Typewritten Text
1885


e
()
S
j
()]
(D]
()
pust
(2]
—

L=

2
=
>
(o8
o
(&]

<
@

O
=
()]
(S

<

N—
o
>

=

.0
o
o

w
()
(&)
c

.0
(@]

w

ke)

w
>

o]

e
[}

<

2

o)
>

o

©
c
=
>
o

)
1]

.0
pum
Q
(S

<

Y—
o
>

=

.0
(&
)

w
[0}
o
C

.0
O

w

©

w
(S
o
pust

y“—

e
[0}
(S}
=}

©

o
pust
o
()

o

KELLENERS ET AL.: CALIBRATION OF CAPACITANCE PROBE SENSORS 771

density [M L7°]). Written in terms of porosity ¢ (= 1 — py/p,)
(-), their equation reads:

£ = [3.47 — 6220 + 3.82¢" +
0(7.01 + 6.890 — 7.830) 2]

Numerous physical and semi-physical dielectric models exist
in the literature (see for example Sihvola, 1999). A simple
dielectric model that describes the soil as a mixture of solids,
water, and air is given by (e.g., Birchak et al., 1974; Roth et
al., 1990):

e =[(1 = ¢)ex + gy + (¢ — O)eg]'™ 3]

where g, €, and g, are the relative permittivities (-) for solids,
water and air, respectively. The boundaries for the exponent
a in Eq. [3] are —1 and 1, corresponding to three phases in
series (¢ = —1) and three phases in parallel (o = 1).

Dobson et al. (1985) proposed a popular model based on
the work of De Loor (1968) that appears to work well for
fine-textured soils (Dirksen and Dasberg, 1993). In this model
the soil solids are considered the host medium for randomly
distributed and oriented disk-shaped inclusions of the other
phases, giving:

_ 38+ 2(0 — On)(En — &) + 20n(Ew — &) + 2(9 — 0)(e. — &)
34(0 - ebw)(5 - 1) + ebw(gi;w - 1) + (0 - e)(i - 1)

fw

(4]

where the subscripts bw and fw refer to bound water and free
water, respectively. Note that for 6 < 6,, the second terms in
both the numerator and the denominator disappear while 6y,
in the third terms change into 6 (Miyamoto et al., 2003).

More recently, Friedman (1998) presented a three-phase
composite sphere model where the inner phase €; is sur-
rounded by the intermediate phase €,, which in turn is sur-
rounded by the outer phase €. The model reads:

3ei[(es + @)(e; — €1)(2e;, + &) —
e3(e, — €)(2¢, + €)]
2¢;3
¢+ ¢
(¢35 + @2)(&2 — €)(2e; + &) + @s(&s —

e=¢g +
(2e, + &)(2e, + &) —

(& —&)(e — &) —

€)(2e, + &)

(5]

where ¢y, ¢,, and ¢; denote the volume fractions of the outer,
intermediate, and inner phase, respectively. Note that the
outer phase represents the continuous phase in the soil with
the other phases acting as discontinuities. Friedman (1998)
suggested that a dry soil could be modeled by taking solids
as the inner phase (¢; = 1 — ¢), water as the intermediate
phase (¢, = 0) and air as the outer phase (¢; = ¢ — 6). He
also suggested that a wet soil could be modeled by taking air
as the inner phase (¢; = ¢ — 0), solids as the intermediate
phase (¢, = 1 — ¢) and water as the outer phase (¢; = 0).
The permittivity of the soil as a function of water content
according to Eq. [1] through [5] is shown in Fig. 1. Standard
average values are taken for the relative permittivities of the
soil phases (g, = 1, & = 5, and ¢, = 80). The porosity ¢ in
Eq. [2] through [5] is taken to be 0.5, while the volume fraction
of bound water in Eq. [4] is taken to be 0. Equation [3] is
plotted for the exponent « = —1 (phases in series) and a =
1 (phases in parallel). Equation [5] is plotted for the dry soil
configuration and for the wet soil configuration as suggested
by Friedman (1998). Figure 1 shows that Eq. [1], [2], and [4]
fall in between the extremes set by Eq. [3] and [5]. It is clear

45
40 phases in paralie]
_» Dobson
-~ % — Topp
> 30 —» Malicki
s
2
=25
E
g. 20 ’
3 .~ solids, water, air
® 15 |
[
10 -
5 Ms in series
0 ) . L ) .
0 0.1 0.2 0.3 04 0.5 0.6

volumetric water content (-)

Fig. 1. Relative permittivity as a function of volumetric water content
for the empirical models of Topp et al. (1980) and Malicki et al.
(1996), and the dielectric mixing models of Dobson et al. (1985),
Birchak et al. (1974) (phases in series and in parallel), and Friedman
(1998) (solids, water, air configuration and air, solids, water configu-
ration).

that the series and parallel configurations in Eq. [3] constitute
the outer boundaries for the -6 relationship.

Permittivity-Frequency Relationship

The permittivity of the soil can be determined by measuring
the soil capacitance:

C = geg [6]

where C is the capacitance (L > T* M ! I%), expressed in Farad,
g is a geometric factor (L) associated with the electric field
penetrating the measured media, and g (= 8.8542 X 107"
F m™!) is the permittivity of free space (L3 T* M™! I?).

A method of measuring the capacitance of the soil is to
incorporate it into an oscillator circuit and measure the reso-
nant frequency:

_ 1
F=omic 7]

where F is the resonant frequency (T™!) expressed in Hertz,
L the total circuit inductance (L? T~ M 17?) expressed in
Henry, and C, the total circuit capacitance.

We assume that the total circuit capacitance for the capaci-
tance probe sensors used in this study is made up of three
components, which act both in parallel and in series (Kelleners
et al., 2004):

c=c+ - GC (8]
G +C
where C (= gu€an) is the capacitance of the medium, C,
(= gy€:%0) is the capacitance of the plastic access tube sur-
rounding the sensor, and C; is the capacitance due to stray
electric fields. The subscript m denotes the medium and the
subscript p denotes the plastic access tube.
Inserting Eq. [8] into Eq. [7] results in:

F= ! 9]

2m L(CS + GC

P

q+J

Equation [9] is valid for pure dielectrics. In soil, ionic conduc-
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tivity and dielectric relaxation may result in a lossy dielectric.
The sum of these losses can be expressed as (after Kraus,
1984):

[10]

where G (L2 T* M ™! I) is the sum of the losses due to ionic
conductivity and relaxation, expressed in Siemens, o is the
bulk EC (L7° T>* M~! 1), expressed in Siemens m™!, o is the
angular frequency (T™') (= 2wF) and &, is the loss factor
(L3 T M ) due to relaxation expressed in F m™.

Equation [10] can be incorporated into an expression that
describes the resonant frequency of the capacitance probe
sensor in lossy dielectrics. The procedure is explained in Kel-
leners et al. (2004) and is not repeated here. The resulting
equation reads:

w’Ci + G? — w'C,LC} — &*C,LG?* —
W'LC,CCx — W'LC,G? = 0 [11]

where C, = C, + C. Equation [11] can be solved for the
angular frequency o or for the medium capacitance C using
the quadratic formula. Solving for angular frequency requires
that G be estimated directly. The G term cannot be calculated
analytically using G = g,0 + gnwe,” because o is not known
a priori. On the other hand, when solving for medium capaci-
tance, it should be realized that C is also included in C,.
Application of the quadratic formula to solve for C therefore
requires some additional but straightforward algebraic opera-
tions. The resulting equations are given in Kelleners et al.
(2004).

G = Em0 + gmmgrel”

Expression for Bulk Soil Electrical Conductivity

Working on clay gels, Cremers et al. (1966) used the follow-
ing relationship to relate bulk EC to the conductivity of the
liquid phase and to the surface conductance of the clay:

o= 4 gl [12]
where o, is the liquid phase conductivity (L™° M™! T° I), o
is the apparent surface conductivity (L™> M ™! T° I?) and f (-)
is the formation factor which is a measure of the tortuosity
of the porous medium.

Assuming that the bulk soil EC is made up of a liquid phase
component and a solid phase component, which act in parallel,
Rhoades et al. (1976) gave the following expression for o

[13]

where 7 is a tortuosity factor (-). Equation [13] can be used to
describe the EC in unsaturated soil. Note that under saturated
conditions Eq. [12] and [13] are equivalent with the convention
that 1/f = 67 (Shainberg et al., 1980).

In clay-water systems the solid particles are nonconductive.
Solid conductivity is due to the ions, which reside in the diffuse
double layer. Water in soil is generally situated around or
along the solids. Any separation between the ions in the diffuse
double layer and the ions in the pore water is therefore arbi-
trary. Itis therefore reasonable to assume that the same forma-

o = 0710, + o)

Table 1. Selected physical and chemical data for the studied soil.
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tion factor f applies for the liquid phase conductivity and the
surface conductivity. Thus, Eq. [12] can also be written as
(Cremers and Laudelout, 1965; Shainberg et al., 1980; Nadler
and Frenkel, 1980):

0'=ﬂ+8$

o r

where o, is the surface conductivity (L™> M~! T° I?) due to
the cations in the diffuse double layer. The empirical factor
d (-) is included in Eq. [14] to describe the reduction in o/f
with o, when o, falls below a certain threshold value (usually
between 1 and 4 dS m™'). This reduction, which is commonly
observed during laboratory experiments, could be the result
of ions in the diffuse double layer being isolated from each
other by patches of low conductivity solution (Bolt, 1979). In
a similar way, Eq. [13] can be written as (Nadler and Frenkel,
1980; Jurinak et al., 1987):

[14]

o = 0710, + 3070,

[15]

Equation [15] is better suited to describe the EC in soil over
a wide range of moisture contents than Eq. [13], which was
developed primarily to relate bulk soil EC to the EC of the
soil water for soils near field capacity. For low water contents,
o in Eq. [15] may approach 0, which is more realistic than the
lower limit of ¢ = o} in Eq. [13]. It should be noted that Eq.
[15] no longer assumes that ¢ is the sum of two phases in
parallel. Instead o, and o, now relate to the same volume
fraction 67, and a supposedly continuous distribution of con-
ductivities is replaced by two values, the reference value for
the soil water and the space average of the excess conductance
(e.g., Cremers et al., 1966).

Several forms of the tortuosity factor T were reviewed by
Amente et al. (2000). In this study two formulations are tested:

T=a0 + b [16]
which was proposed by Rhoades et al. (1976) and:
T= (0 — ) [17]

which is derived from a model that describes gas diffusion in
soil (Marshall, 1959; Amente et al., 2000). In Eq. [16] and
[17], a, b, and ¢ are empirical coefficients (-) and 6, is the
portion of the volumetric water content (-) that is close to the
solid particles where ions are considered immobile.

MATERIALS AND METHODS

The capacitance probe calibration was conducted at an
abandoned agricultural field plot about 8 km southwest of the
town of Tranquillity in California’s San Joaquin Valley. At
the time of the experiment, the plot was overgrown with natu-
ral grass. The soil is a saline silty clay (fine, smectitic, thermic,
sodic Haploxerert), which was mapped as Oxalis series in the
original soil survey in 1940. A detailed description of the soil
profile is given in Table 1. The soil was compacted between
the 20- and 40-cm depths, presumably due to past tillage traffic.
The field work was conducted between 29 Mar. and 13 June
2002. During this time the groundwater table was not observed

Horizon Depth Sand Silt Clay Class Po EC, SARY SP
cm % goem™? dSm! (mmol, L~ )¥?

Ap 0-20 6.0 43.6 50.4 silty clay 111 9.0 7.9 61.9

B1 20-75 2.6 439 53.5 silty clay 1.38 28.4 60.9 73.5

B2 75-120 4.6 27.5 67.9 clay 1.32 28.0 65.8 82.4

+ Sodium adsorption ratio defined as Na*/\/(l/;Ca“ + %Mg?*) (concentration in mmol, L™).
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within 270 cm of the soil surface. Rainfall during this period
was small (8.3 mm according to the Westlands weather station,
located 2.5 km to the west).

Three polyvinyl chloride (PVC) capacitance probe access
tubes were installed to a depth of about 120 cm below the
soil surface using a hydraulic soil-drilling machine mounted
on a rig (Giddings Machine Company, Ft. Collins, CO). One
access tube (Location B) was later disregarded because of
suspected air gaps between the tube wall and the surrounding
soil. Two EnviroSCAN capacitance probes were used. Probe
1 held 14 sensors while Probe 2 held 15 sensors (one sensor
on Probe 1 was damaged during the field work). The vertical
spacing between the sensors was 10 cm. Detailed information
about the EnviroSCAN sensor can be found in Paltineanu
and Starr (1997). On 29 Mar. and 4 June 2002, both probes
were inserted in the first access tube (designated Location A)
and the sensor frequencies were recorded. Because some of
the sensors were located above soil surface, only 23 out of 29
sensors gave a meaningful reading. Similarly, on 5 Apr. and
13 June 2002, both probes were inserted in the other access
tube (Location C) and the sensor frequencies were recorded.
For Location C, 21 sensors gave a meaningful reading.

On each of the four experimental dates a pit was dug close
to the relevant access tube and two soil samples were taken
at each sensor depth. In the first pit at each location, the
sampling was done far enough away from the access tube to
avoid impacting the sensor readings on the second experimen-
tal date. The sampling was done about 15 cm away from the
access tube wall, which is about equal to the radial sensitivity
of the EnviroSCAN sensors (Paltineanu and Starr, 1997). The
pit was carefully backfilled after the first sampling. The second
pit at each location was dug on the opposite side of the access
tube. The cylindrical soil samples (diameter 5.4 cm; height
6 cm) were analyzed in the laboratory for gravimetric water
content, saturation percentage (SP), EC., pH, ion composition,
and soil texture using standard procedures.

In addition, on 4 June 2002 (Location A) and on 13 June
2002 (Location C), bulk soil EC (= ¢) was measured at the
sensor depths using a horizontally inserted four electrode
probe connected to a combination electrical generator and
resistance meter (SCT meter, Martek Instruments, Inc., Ra-
leigh, NC). Soil temperature was measured at the same depths

1.2

“ed .

r air, solids, water 8 50 phases in parallel

o
©

°
IS

phases in series

Scaled Frequency SF (-)
o
[}

0.2

0 1 1 1 1 1
0 0.1 0.2 03 0.4 0.5 0.6
volumetric water content (-)

Fig. 2. Scaled frequency as a function of volumetric water content as
measured in the field (dots) and as calculated by combining the
circuit model for nonlossy media with five models that describe
the relative permittivity as a function of soil water content (lines).
The model of Birchak et al. (1974) is given for phases in series
and for phases in parallel. The model of Friedman (1998) is given
for the solids, water, air configuration, and the air, solids, water con-
figuration.

using a horizontally inserted thermometer. The bulk soil EC
at a 25°C reference temperature was calculated using o(25) =
o(T) — 0.020(T)(T — 25) (Jurinak and Suarez, 1990), where
T is the measured soil temperature in degrees Celsius.

RESULTS AND DISCUSSION

Volumetric Water Content versus
Scaled Frequency

The relationship between volumetric water content
and sensor frequency is visualized in Fig. 2 by plotting
the volumetric water content against the scaled fre-
quency, SF (-):

F, — F,
Fa_Fw

SF = [18]
where F, is the sensor frequency (T™!) in air, F; the
sensor frequency (T™!) in soil, and F, the sensor fre-
quency (T7!) in deionized water.

The sensor frequency values are scaled because not
all sensors behave exactly the same. The scaling proce-
dure is explained in more detail in Paltineanu and Starr
(1997). The air and water frequencies for the sensors
used in the present study were taken from Kelleners et
al. (2004).

Figure 2 shows the measured data for all eight combi-
nations of the four sampling dates and the two capaci-
tance probes. The curves in Fig. 2 are calculated by
combining the theoretical frequency response in non-
lossy media (Eq. [9]) with the five permittivity—water
content relationships presented in the theory section
(Eq. [1]-[5]). For Eq. [3] and [5] again the two extremes
are shown (phases in series and in parallel, and the
dry soil and wet soil configurations, respectively). Input
parameters for Eq. [1] to [5] are the same as for Fig. 1.
In addition the relative permittivity of the plastic access
tube is assumed to be 3 (e.g., Von Hippel, 1954). All
curves are for the tenth sensor on Probe 1. The required
sensor constants (C, = 10.41 X 1072 F, L = 9.38 X 1078
H, g» = 0.174 m and g, = 0.619 m) are taken from
Table 1 in Kelleners et al. (2004). Calculated curves
for all other sensors are very similar and are therefore
not shown.

Note that all curves in Fig. 2, except the one based
on Eq. [1], are influenced by the value of porosity. The
selected value of ¢ = 0.5 is the approximate median
value for the measured data (range 0.40 to 0.63). In
addition, the curve based on Eq. [4] is also sensitive to
the volume fraction of bound water. A value of 0, =
0 is selected to allow a fair comparison with the other
€0 relationships. As a consequence, Fig. 2 should not
be used to judge which €6 relationship performs best
for our data. Instead, the figure is intended to show how
the field data compare with existing dielectric models
under the assumption that there are no dielectric losses.

Figure 2 shows that for 6 < 0.31 the data fall in
between the extremes set by the curves that represent
the phases in series and phases in parallel. Furthermore
most data with 6 < 0.31 fall in between the extremes
set for the dry and wet soil. In contrast, for 6 > 0.31,
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many data points have SF values that exceed the ones
predicted by the phases in parallel model. Also many
data points have SF values higher than 1. If SF > 1,
than F; < F, (Eq. [18]), which would be improbable in
a nonlossy soil. The most likely explanation is that for
6 > 0.31 the dielectric losses due to ionic conductivity
and/or relaxation start to have a significant impact on
the sensor’s frequency reading in soil. The higher the
dielectric losses, the lower F;, and the higher SF. Varying
the value of porosity for the calculated curves does not
change this observation (results not shown).

Calibration of the Bulk Soil Electrical
Conductivity Model

Equation [15] is used in combination with Eq. [16]
and [17] to describe the bulk EC (o) of the soil as a
function of o, and o,. Values of o, are derived in two
different ways. First, o, is calculated from the EC, (= o.)
by o, = (pu/pw)(SP/100)(0./0), where p,, is the density
of water. This assumes that precipitation/dissolution of
salts due to changes in soil water content can be ne-
glected. Second, o, is calculated from the ion composi-
tion using the PHREEQC model (Parkhurst and Ap-
pelo, 1999), which accounts for precipitation/dissolution
processes due to variations in the water content. The
PHREEQC results show that significant amounts of
CaSO, and MgSO, precipitate/dissolve with changing
water content in this saline soil where sulfate is the
dominant anion. As a result, the o, values calculated
by the first method (varying between 28.6 and 159.0 dS
m~!) are consistently higher than the o, values calcu-
lated by the second method (varying between 21.0 and
134.0 dS m™!). In view of these results, we only use
the lower o, values calculated with PHREEQC in the
subsequent analysis.

The surface conductance (o) is calculated by (e.g.,
Nadler and Frenkel, 1980):

_ A psCEC

: [19]

where N\, is the effective equivalent ionic conductivity
of the exchangeable cations (S m? mmol. ') and CEC
is the cation exchange capacity of the soil (mol, g™!
of soil).

The value of A, depends on the type of cation on
the exchange complex. For each cation, the exact value
depends on the equivalent ionic conductivity of the cat-
ion in an aqueous solution at infinite dilution (\%,) and
a correction factor () accounting for the reduction in
ion mobility near surfaces. The mobility of cations near
solids is reduced due to electrical interaction and due
to a reduction in the fluidity of water (Shainberg and
Kemper, 1966). At this time there is not enough infor-
mation available to calculate N\, for a mixture of cations.
As a first approximation, A, is calculated by assuming
that the dominant cation in the soil solution occupies all
exchange sites. At all four soil pits, Ca’* is the dominant
cation in the topsoil (A& = (A, = 0.06 X 59.5 S cm?’

mol; ! at 0- to 20-cm depth). Below 20 cm, Na* is the
dominant cation (A% = (A, = 040 X 50.1 S cm’
mol;'). Values for \), are taken from Weast (1985).
The values for { are estimated from EC measurements
on clay gels and soils conducted by Shainberg and co-
workers (Shainberg and Kemper, 1966; Shainberg and
Levy, 1975; Shainberg et al., 1980; Shainberg et al.,
1982).

The CEC of the silty clay soil was measured pre-
viously by the USDA on samples from a similar soil
taken at a location about 2.5 km northwest of our site
(Pedon No. 85P0986, Soil Survey Staff, 2003). The CEC
between the 0- and 152-cm depth ranged between 32.5
and 38.1 mmol, per 100 g of soil. For this study we take
an average value of 36.3 mmol. per 100 g, which is
assumed to be constant with depth. For the solid phase
density p, we assume a value of 2.65 g cm . The calcu-
lated values for o, (Eq. [19]) range between 20.2 and
89.0 dS m~’. Note that o, and o, have the same order
of magnitude. Finally, because of the high values of o,
it is safe to assume that & = 1 in Eq. [15] (e.g., Nadler
and Frenkel, 1980).

The parameters in the two tortuosity models (Eq. [16]
and [17]) are obtained by fitting Eq. [15] to the measured
o values. For Eq. [16] this results in a = 1.512 and b =
—0.258 (R* = 0.920). For Eq. [17] this results in 6, =
0.245 and ¢ = 0.555 (R* = 0.934). The comparison be-
tween the measured and calculated bulk EC of the soil
at a reference temperature of 25°C is shown in Fig. 3.
The figure and the R? values show that Eq. [17] gives
slightly better results than Eq. [16]. This is an unex-
pected outcome. Previous studies have shown that Eq.
[16] is suitable for describing tortuosity in clayey soils
(e.g., Rhoades et al., 1976) while Eq. [17] is suitable for
describing tortuosity in sandy soils (e.g., Amente et al.,
2000). The 6, value in Eq. [17] indicates that for water
contents below 0.245 there is no significant EC in the
soil. For Eq. [16] a similar threshold value can be calcu-
lated by noting that * = 0 if 6 = —b/a (Rhoades et al.,
1976). The resulting threshold water content is 0.171.

20

18 $
- L]
' 16 | ]
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O
»

C (25) (dS
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0 O
@

oe

calculated bulk

o bS] + (=]
T T T

0 2 4 6 8 10 12 14 16 18 20

measured bulk EC (25) (dS m™)

Fig. 3. Measured versus calculated bulk electrical conductivity (EC)
at 25°C using the tortuosity factor of Rhoades et al. (1976) (Eq.
[16], open circles) and using the tortuosity factor derived from the
gas diffusion model of Marshall (1959) (Eq. [17], filled circles).
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Application of the Electric Circuit Model

The electric circuit model developed by Kelleners et
al. (2004) (Eq. [11] in the current paper) should be able
to describe the measured frequency response in the soil.
The model can only be applied if the dielectric losses
G in the soil are known. Unfortunately, the losses due
to relaxation are unknown at this time. Therefore, as a
first approximation, it is assumed that the dielectric
losses are solely due to ionic conductivity. Hence, it is
assumed that G = g,0.

To compare the electric circuit model with the field
data we need to select a dielectric model that describes
the €6 relationship. We opt for the model of Malicki
et al. (1996) because it is simple, does not require cali-
bration, takes into account the variations in porosity
and fits the data well (judging from the data points in
Fig. 2 that are not affected by dielectric losses). The
results are shown in Fig. 4 for both tortuosity models
(Eq. [16] and [17]). The calculated curves are again only
for the tenth sensor on Probe 1, assuming a porosity
value of 0.5. Apart from the curve that assumes no
dielectric losses, three other curves are shown for each
tortuosity model having o, values of 30, 60, and 90 dS
m~! (measured o, values are between 21.0 and 134.0
dS m™') and a o, value of 60 dS m ™! (o, values estimated
from the CEC are between 20.2 and 89.0 dS m™!). Calcu-
lated curves for all other sensors are very similar (results
not shown). It is stressed that Fig. 4 can only be used
for a general comparison between the circuit model and
the field data. Each data point has specific values for
0, oy, and oy, and is associated with one particular sensor.
Each point therefore requires a separate model calcu-
lation.

Figure 4 shows that the circuit model does not fit the
data. Note that the water content values at which the
calculated curves for o, = 30, 60, and 90 dS m™! start
to deviate from the no-losses curve coincide with the
threshold water contents of 0.171 and 0.245 in the tortu-

12

G, =90 dsm’ Se o

c,,=60dS m’

o
@

Cu=30dSm"

no dielectric losses

1=(6-0.245)05%

o
N

Scaled Frequency SF {-)
o
(=2}

1=1.5126-0.258

o
N

0 1 1 1 1
0 0.1 02 0.3 04 05
volumetric water content {-)

Fig. 4. Scaled frequency as a function of volumetric water content as
measured in the field (dots) and as calculated with a combination
of the electric circuit model for lossy media and the empirical £(0)
relationship of Malicki et al. (1996) (lines). Calculations assume
no dielectric losses and o,, = 30, 60, and 90 dS m ' combined with
o, = 60 dS m™'. The tortuosity factor of Rhoades et al. (1976)
and the tortuosity factor derived from the gas diffusion model of
Marshall (1959) are used to calculate bulk electrical conductivity.

osity models. The bad fit for both tortuosity models
seems to show that the dielectric losses G, and therefore
o are overestimated. This indicates that the capacitance
sensors experience a different value of o than that mea-
sured by the four-electrode probe. This might be due
to (i) differences in electrode configuration and mea-
surement volume, (ii) the orientation of the electromag-
netic field (horizontal for the four-electrode probe as
opposed to vertical for the capacitance sensors), or (iii)
the installation procedure (pushing for the four-elec-
trode probe [soil compaction] versus digging for the
capacitance sensors).

To demonstrate the effect of lower values of o on the
calculated curves without changing the values of o, and
o, we adjust the exponent c in the tortuosity model
as given by Eq. [17]. This adjustment in the model is
particularly relevant if the above explanation (ii) is true.
If the soil is anisotropic with the solid particles aligned
horizontally, the tortuosity in the horizontal direction
is likely to be different from the tortuosity in the vertical
direction. Figure 5 shows the calculated curves for o, =
30, 60, 90 dS m™! and o, = 60 dS m™! with ¢ = 1.25.
Clearly, the calculated curves now compare much better
with the field data. Evidence of electrical anisotropy of
clay-like materials was given by Mousseau and Trump
(1967) who observed ratios between vertical and hori-
zontal resistivity of 18.2 and 25.5 for Bentonite slurry
and 3.9 for Kaolinite slurry. It is likely that the electrical
anisotropy is not constant but a function of the soil
water content (e.g., Friedman and Jones, 2001).

In the next section the circuit model will be applied
to all data points separately, and the optimum value for
¢ will be determined.

Measured versus Calculated Soil Water Content

A FORTRAN program was written to calculate the
water content for each individual data point combining
the circuit model (Eq. [11]) and the e relationship of
Malicki et al. (1996) (Eq. [2]).

1.2
Oy = 90 dSm-! s " ..

N G,,= 60 dSm"! 3
v c,=30dSm?’ ¢
%os w
> o ¢
2
@ . .
206 no dielectric losses
bt
w
o
@ 04
©
O
5]

0.2

0

0 0.1 0.2 0.3 04 05
volumetric water content (-)

Fig. 5. Scaled frequency as a function of volumetric water content as
measured in the field (dots) and as calculated with a combination
of the electric circuit model for lossy media and the empirical £(0)
relationship of Malicki et al. (1996) (lines). Calculations assume
no dielectric losses and o, = 30, 60, and 90 dS m ! combined with
o, = 60 dS m~'. Exponent ¢ = 1.25 is used in the calculation of
the tortuosity factor derived from Marshall (1959).
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Table 2. Number of modeled points (No.) and sum of squared
differences between measured and calculated volumetric water
content (SSQ) as a function of the exponent ¢ in Eq. [17].

c No. SSQ SSQ/No. c No. SSQ SSQ/No.

0.1 78 0.662 0.0085 1.06 74 0.125 0.0017
0.2 78 0.647 0.0083 1.07 74 0.122 0.0017
0.3 76 0.629 0.0083 1.08 74 0.120 0.0016
0.4 76 0.589 0.0078 1.09 74 0.118 0.0016
0.5 76 0.522 0.0069 1.10 74 0.116 0.0016
0.6 76 0.438 0.0058 111 74 0.114 0.0015
0.7 76 0.348 0.0046 112 74 0.112 0.0015
0.8 76 0.267 0.0035 113 74 0.111 0.0015
0.9 76 0.200 0.0026 1.14 74 0.110 0.0015
1.0 75 0.148 0.0020 115 74 0.109 0.0015
11 74 0.116 0.0016 1.16 74 0.108 0.0015
1.2 73 0.100 0.0014 117 74 0.107 0.0015
1.3 73 0.109 0.0015 1.18 74 0.108 0.0015
1.4 71 0.120 0.0017 1.19 73 0.100 0.0014
15 68 0.121 0.0018 1.20 73 0.100 0.0014
1.6 65 0.121 0.0019 1.21 73 0.099 0.0014
1.7 64 0.142 0.0022 1.22 73 0.100 0.0014
1.8 64 0.179 0.0028 1.23 73 0.100 0.0014
1.9 63 0.202 0.0032 1.24 73 0.101 0.0014
2.0 63 0.245 0.0039 1.25 73 0.102 0.0014
2.1 61 0.258 0.0042 1.26 73 0.103 0.0014
2.2 59 0.257 0.0044 1.27 73 0.104 0.0014
2.3 57 0.251 0.0044 1.28 73 0.105 0.0014
24 54 0.229 0.0043 1.29 73 0.107 0.0015
2.5 52 0.204 0.0039 1.30 73 0.109 0.0015
2.6 52 0.216 0.0042 1.31 73 0.111 0.0015
2.7 49 0.170 0.0035 1.32 72 0.108 0.0015
2.8 48 0.154 0.0032 1.33 72 0.110 0.0015
2.9 48 0.156 0.0032 1.34 72 0.112 0.0016
3.0 48 0.157 0.0033 1.35 72 0.115 0.0016

Directly solving for water content would require a
numerical method because both the capacitance of the
soil C and the dielectric losses G in Eq. [11] are a func-
tion of 6. The fact that Eq. [11] may have two positive
solutions for C if the frequency F is input, further com-
plicates matters. In this work we therefore reversed the
calculation. For each data point the volumetric water
content 6 is varied between 0.0005 and the porosity
using an increment of 0.001. For each value of 6, €
(Eq. [2]), C (Eq. [6]), o (Eq. [15] and [17]), G (= guo).
F (Eq. [11]), and the difference between the calculated
and measured sensor frequency (= AF) are calculated.
There is a solution if AF = 0 or if AF changes sign
between two subsequent 6 values. In the latter case, the
calculation is repeated using the average 6 value, which
is then taken as the solution. Note that 6 = 0 cannot
be considered because of the 6 value in the denominator
of Eq. [19].

To make the approach more generally applicable,
we calculated the sensor constants in Eq. [11] with the
simplified procedure of Kelleners et al. (2004). In brief,
the simplified procedure fixes the sensor constants L at
9.38 X 1078 H and g, at 0.176 m. Subsequently, the two
remainder sensor constants g, and C, are calculated by
solving Eq. [9] using sensor readings in air and deionized
water. Previously, this procedure resulted in R* values
between 0.999 and 1.0 when measured and calculated
permittivities of eight nonconductive media were com-
pared (see Kelleners et al., 2004).

We ran the FORTRAN program for several values
of the exponent ¢ in Eq. [17]. The best value of c is
selected on the basis of two criteria: (i) the number of
data points that are successfully modeled (i.e., for which

0.5
- o
<> o
[=4
L 04
[
8 e
g °
So3t St ¢
L o * 93
. 2
L °
% 0.2 4
>
E’ L] 1:1 line
801+
3 o
8 . M
0 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5

measured volumetric water content (-)

Fig. 6. Measured versus calculated volumetric water content. Calcu-
lated values are obtained by combining the circuit model for lossy
media with the empirical £(0) relationship of Malicki et al. (1996).
Exponent ¢ = 1.21 is used in the calculation of the tortuosity factor
derived from Marshall (1959).

a solution is found with Eq. [11]), and (ii) the sum of
squared differences between the measured and calcu-
lated volumetric water contents. Table 2 shows that the
optimum value for ¢, based on the ratio between the sum
of squared differences and the number of points, lays
somewhere between 1.19 and 1.28. On the basis of these
results we selected ¢ = 1.21 (lowest sum of squares).
This value of ¢ should be interpreted as an effective
parameter for determining the total dielectric losses be-
cause of the neglect of the losses due to relaxation men-
tioned earlier (e.g., Topp et al., 1988). Note that we did
not encounter data points with two solutions for 6.

A plot of measured versus calculated volumetric wa-
ter content for ¢ = 1.21 is shown in Fig. 6. The fit is
reasonable (R? = 0.884). Only 73 data points are shown
in Fig. 6. The other 15 points did not give a solution.
Points without a solution are invariably in the high water
content range. At high water contents the dielectric
losses G are high and the resonant frequency is insensi-
tive to permittivity and hence to water content. How-
ever, even at high water contents there still appears to
be a relationship between F and 6 (see Fig. 2). This is
due to the fact that, in wet saline soils, F is influenced
by G, with G being a function of water content. So
indirectly there remains some relationship between F
and 6 at high water contents. Because the direct relation-
ship between F and ¢(6) is lost, however, the conse-
quence of using capacitance sensors in saline soil is that
F values in wet soil cannot always be converted into
reliable water content values.

The spread in the water content values around the
1:1 line in Fig. 6 is appreciable. Most of the spreading
is probably due to the use of an undisturbed field soil,
which is heterogeneous and which has a distinct soil
structure (especially in the topsoil). The relatively small
sampling volume of the capacitance probe sensors,
which is a result of the presence of the plastic access
tube, makes the sensors susceptible to these small-scale
heterogeneities. The soil heterogeneity will also be re-
flected in the soil samples (two samples for each data
point). Finally, the presence of air gaps between the
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Fig. 7. Measured versus calculated volumetric water content. Calcu-
lated values are obtained with the factory calibration for the Enviro-
SCAN sensors.

access tube and the soil, which develop when the soil
dries, may result in the underestimation of some of the
calculated water contents.

Finally, the data obtained during this study can be
used to check the performance of the factory calibration
that comes with the EnviroSCAN sensors. The calibra-
tion equation is: SF = A (1000)® + D, where A =
0.19570, B = 0.40400, and D = 0.02852. Note that in this
equation the differences in porosity between sampling
depths cannot be taken into account. Also, there is no
mechanism to account for the effect of dielectric losses
on the resonant frequency. Figure 7 shows the compari-
son between measured and calculated volumetric water
content. It is obvious that the factory calibration does
not perform well (R?> = 0.879). At low water contents,
0 is underestimated, while at high water contents, 6 is
overestimated by as much as 80%. Use of the factory
calibration therefore leads to large systematic errors for
the saline silty clay soil used in this study.

The results of this study show that the electric circuit
model of Kelleners et al. (2004) combined with an exist-
ing €(0) relationship is successful in calculating the soil
water content from capacitance sensor readings. How-
ever, the procedure for our saline silty clay soil requires
a lot of information. Calculating the dielectric losses G
requires data on tortuosity, EC,, CEC, ion composition,
and ion mobility. Inclusion of the relaxation losses in
G would increase the amount of required data even
more. It should be pointed out however, that the saline
silty clay soil used in this study constitutes a worst-
case scenario. Less saline more coarse-textured soils will
allow for a more simple procedure. For example, if
the dielectric losses can be neglected all together, only
sensor frequency readings in air and water are needed
to obtain the parameters for relating the sensor fre-
quency F to €(0).

CONCLUSIONS

Field data from the saline silty clay soil show that the
effect of dielectric losses on the capacitance sensors
becomes apparent at a volumetric water content (6) of
0.31 or higher. Below this threshold, the dielectric mod-

els of Topp et al. (1980), Dobson et al. (1985), and
Malicki et al. (1996) in combination with the circuit
model for nonlossy soil all match the data reasonably
well. Above this threshold the effect of the dielectric
losses G on the sensors’ resonant frequency needs to
be taken into account.

The bulk EC of the soil was described using two
different formulations for the tortuosity factor 7. The
tortuosity formulation derived from a gas diffusion
model of Marshall (1959) fits the data slightly better
than the tortuosity formulation of Rhoades et al. (1976)
(R? values of 0.934 and 0.920, respectively). The opti-
mized value for the threshold water content in the for-
mulation derived from Marshall’s model indicates that
below 6 = 0.245 the soil is basically nonconductive. In
other words, below 6 = (0.245, there are no significant
continuous pathways in the soil that support an electri-
cal current.

The electric circuit model for lossy materials does
not accurately describe the field data if the bulk EC is
calculated with the calibrated tortuosity parameters.
The frequency readings from the capacitance sensors
show that the bulk EC and hence the dielectric losses
are overestimated. The circuit model fits the field data
much better if the bulk soil EC is lowered by increasing
the exponent ¢ in the tortuosity model derived from
Marshall (1959). This adjustment is justifiable if the soil
is considered anisotropic with tortuosity in the hori-
zontal direction being lower (high T) than tortuosity in
the vertical direction (low 7).

The electric circuit model with an adjusted value for
the exponent ¢ of 1.21 in the tortuosity model gives
a satisfactory description of the measured F-0 data.
Measured and calculated volumetric water contents
compare reasonably well (R?> = 0.884). However, only
73 out of 88 data points can be described. The rejected
points are invariably at high water contents where the
high dielectric losses result in the sensor frequency being
insensitive to €(). Application of capacitance sensors
in saline soil might result in the loss of field data because
frequencies in wet soil cannot always be converted into
a reliable value for the water content.
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