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The Dielectric Permittivity of Calcite and Arid Zone Soils with Carbonate Minerals

I. Lebron,* D. A. Robinson, S. Goldberg, and S. M. Lesch

ABSTRACT

Measurement of soil dielectric properties, € are widely used to
estimate water content in soils from remote sensing and from in situ
soil sensors such as time domain reflectometry (TDR). The mineral
permittivity also plays an important role in geochemical dissolution
and precipitation. Models used to estimate water content from soils
often assume a value of 5 for the mineral permittivity . However,
calcite (CaCOs), a major constituent of some arid and semi-arid soils,
has a permittivity of 8 to 9, nearly twice the permittivity of quartz
(&, = 4.6). We studied four soils, with micaceous mineralogy, but with
two soils having approximately 40% calcite. We also measured the
permittivity of Iceland Spar calcite (¢, = 9.1) and a microcrystalline
calcite (g = 8.3), and use atomistic modeling to account for differences
in permittivity based on the crystal density. We found permittivities
for our soils to be in the range of 5.8 to 6.6, higher calcite contents
resulting in increased permittivity. The estimated permittivity of the
calcite in the soils was 7.4 to 7.9, lower than the highly crystalline
samples. We estimate, for a soil with a porosity of 0.5 that assuming
a permittivity of 5 instead of 6.6 will result in an overestimation of
water content of about 1% at saturation. This demonstrates that a
large quantity of pedogenic calcite (40%) in soil is unlikely to cause
substantial error in the determination of water content using standard
calibration equations. However, the lower dielectric permittivity pre-
dicted for pedogenic calcite may have consequences for the interpreta-
tion and understanding of geochemical processes.

THE DEVELOPMENT OF electromagnetic sensor tech-
nology toward the end of the last century increased
interest in the measurement of soil properties using
electromagnetic techniques. The determination of soil
water content from the measurement of soil dielectric
permittivity has become a widely accepted method
(Topp et al., 1980; Topp and Ferre, 2002; Robinson et
al., 2003). Investigations have also explored the use of
dielectric measurement to estimate other soil properties
such as cation exchange capacity (Fernando et al., 1977),
soil aggregation (Miyamoto et al., 2003), and particle-
size analysis (Starr et al., 2000). Understanding the di-
electric properties of soils is also required for the im-
proved interpretation of data from methods such as
ground penetrating radar (Huisman et al., 2001; Davis and
Annan, 2002) and microwave remote sensing (McNairn
et al., 2002). Modeling of the dielectric properties of
granular materials such as soils cannot only improve
calibration models and techniques to monitor proper-
ties, but also lead to new methods of material character-
ization. When modeling a composite material such as
soil it is required that the dielectric permittivity of all
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phases (solid, liquid, and gas) are known, especially if
the model is to be used to predict water content or
porosity. The permittivity of air and water are well docu-
mented (Lide, 1999). However, a value of 5 reflecting
the permittivity of quartz (4.19 to 5.00; Keller, 1989) is
often used as an input parameter for the permittivity
of the solid for modeling (Friedman, 1998).

Geochemical Importance of the
Mineral Permittivity

Water is an excellent solvent, primarily because of its
high dielectric constant, approximately 80. For a contin-
uum scale analysis, the inverse square Coulomb force
between two charged atoms is reduced by a factor deter-
mined by the permittivity of the medium surrounding
them. The free energy, w(r) of the Coulomb interaction
between two charges Q; and Q, is:

w(r) — Q1Q2

4Tre e

(1]

where €, is the permittivity of the surrounding or envi-
ronment, €, is the permittivity of free space (8.854 pF
m~!) and r is the distance between the two charges.
This indicates the importance of the permittivity of the
environment in determining how the charges feel each
other. A step further takes us to the Born or solvation
energy of an ion (p'). The Born energy, a positive quan-
tity, gives the electrostatic free energy of an ion in a
medium of permittivity €.:

Q2

M, = —
' 8mega

(2]
where Q is the charge of the ion and, a is the radius of
the ion. This can now be used to calculate the change
in free energy (Ap}, joules) of moving an ion from a
medium of low dielectric constant, € to a medium of
high dielectric constant &,.

_Qz{l_l}

8me,a le. &

3]

The transfer of the ion from ¢, to g, results in negative
values and thus it is energetically favorable. For a full
derivation of the above equations see Israelachvili
(1992). This is the core to explaining why ionic solids
dissolve in polar liquids. Molecular models describing
calcite, as represented by Fisler et al. (2000), represent
predominantly ionic bonding and include refinements
for covalency and electronic polarization. These atomis-
tic models of carbonate minerals still use a modified
form of the Born model to describe atomic interaction
within the crystal (Fisler et al., 2000; Cygan et al., 2002).
Thus the contrast between the permittivity of the calcite

Abbreviations: TDR, time domain reflectometry.
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crystal and the bathing solution may have a role in de-
termining mineral solubility.

Many arid soils contain large quantities of salts, while
the more soluble ones are prone to dissolving and being
transported, more insoluble salts like calcite precipitate.
Over time this can amount to large quantities when the
water has excess in Ca and bicarbonates. Calcite in soils
does not precipitate by crystal growth but by heteroge-
neous nucleation (Lebron and Suarez, 1996). That is
the reason why in soils, well-developed pedogenic crys-
tals of calcite are not encountered. The presence of
water-soluble organic ligands and ions such as PO;? act
as precipitation inhibitors by blocking crystal growth
sites (Paquette et al., 1995; Lebron and Suarez, 1996,
1998). The presence of other cations like Mn, common
in soil environments, may cause coprecipitation or for-
mation of solid solutions with the result of mixed crystals
of variable chemical composition (Lebron and Suarez,
1999). Consequently, it is expected that the dielectric
permittivity of pedogenic calcite will differ from the per-
mittivity of perfectly crystalline calcite. Crystals formed
by crystal growth in the absence of impurities and with-
out isomorphic substitutions provide pristine crystals
where the ions are translationally symmetric and or-
dered without imperfections or abrupt interruptions.
Tabulated permittivity values for calcite generally refer
to pure crystalline samples.

Measurement of Solid Phase Permittivity

Permittivity values for other commonly occurring soil
minerals are difficult to find and are often estimated
using two-phase mixing models rather than measured.
Olhoeft (1979) pioneered much of the estimation of rock
mineral permittivity using two-phase mixing models to
provide tables of estimated mineral permittivity values
(Olhoeft, 1981; Carmichael, 1982; Nelson et al., 1989;
Nelson and You, 1990; Nelson, 1992). These tabulated
values are very useful in indicating that the permittivity
of some minerals is much greater than others. However,
the method is unreliable in terms of obtaining absolute
values. It relies on applying a two-phase (air and solid)
dielectric mixing model to calculate the permittivity of
a granular sample repacked in air, with the permittivity
extrapolated to zero porosity. This method pre-assumes
the correctness of the mixing model. Soils prove difficult
materials for accurately estimating their solid permittiv-
ity. Predicted permittivity values for the same mineral
can vary considerably depending on the choice of mixing
model. Particle shapes and sizes and the presence of
clay minerals that may be partially hydrated can influ-
ence the accuracy of the estimates. An additional com-
plexity in soil systems is the variable chemical composi-
tion of minerals. Isomorphic substitutions and solid
solutions are intrinsic to pedogenic conditions. Conse-
quently, the chemical formula for clays and minerals
are not unique.

In recent work, Robinson and Friedman (2003) pre-
sented a method, using a TDR probe, to measure the
solid dielectric permittivity of granular materials. This
method measures the effective permittivity of granular

samples when immersed in different dielectric liquids.
The liquids are chosen to obtain values of effective
permittivity lower and higher than the expected solid
permittivity. The permittivity value for the solid is ob-
tained when the fluid permittivity matches the effective
permittivity of the mixture or by interpolation to that
point. The method is very effective and produces per-
mittivity values for granular quartz in close agreement
with measurements presented in the literature for single
crystals. Recently the method was refined for clay min-
erals and fine-grained materials (Robinson, 2004a).

Our objectives for this work are: (i) to quantify the
contribution of pedogenic calcite to the solid dielectric
permittivity of soils with calcite, and draw implications
for estimating water content, and (ii) to compare the
permittivity of the pedogenic calcite with pristine calcite
specimens of different origin, and draw implications for
soil geochemical processes.

THEORY

Two-Phase Single Solid Dielectric
in Dielectric Solution

The immersion of a granular material in a dielectric fluid
gives an effective permittivity, € somewhere between the
permittivity of the background €., and the permittivity of the
granular inclusions &. The Maxwell-Garnett (1904) mixing
model based on the Lord Rayleigh (1892) formula is com-
monly used for describing a two-phase mixture (Sihvola, 1999)
and best suited to the present discussion:

e — &
S (] 4
g + 2e, — f(& — €) [4]

where, fis the fraction of the solid, f = (1 — 0¢), ¢ is porosity.
The model does not account for the effects of particle close
packing but this is minimal when the contrast (g./g,) between
the two phases is <3 (Robinson and Friedman, 2002). The
model assumes that the solid spherical inclusions ‘see’ only
the permittivity of the background. In practice in a densely
packed granular material the background seen by the solid is
some combination of solid and fluid and its respective per-
mittivity. The Maxwell-Garnett model provides an upper
bound where the background has a higher permittivity than
the inclusion and a lower bound when this is reversed.
Figure 1 shows the relationship between the effective per-
mittivity, €., and the fluid permittivity, €., for a granular sam-
ple with g = 5, packed to three different porosities. The 1:1
line is plotted on the diagram and it can be seen that all the
lines converge at the value of 5 when the solid and fluid
have the same permittivity. Below this point the effective
permittivity of the mixture is higher than the solution and
above this point the effective permittivity is lower than the
permittivity of the immersion fluid. The main point demon-
strated by the modeling is that for a fixed porosity the effective
permittivity and the solution permittivity have the same value
at a unique point equivalent to the permittivity of the solid.

€qr = € T 3fe,

Two-Phase Binary Solid Dielectrics
in Dielectric Solution

Another aspect to consider when dealing with soils is how
to account for the effective permittivity of a material with
inclusions of different volume fractions and different permit-
tivities. Sihvola (1999) presented a simple Maxwell-Garnett
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based model for spherical inclusions for this problem. He
demonstrated that the permittivity of the solid was not simply
the arithmetic average of the solid permittivities and their
respective volume fractions:

€ — & & — &
(eme) e
{ £+2s> (e +2£ﬂ

| € —68 : € —CE [5]
i) el

181+2£e fzez+2£e
where, f; is the fraction of solid with permittivity €, and f, is
the volume fraction of solid with a permittivity &,. Robinson
and Friedman (2002) presented work on the dielectric proper-
ties of mixtures of glass beads and quartz sand. They demon-
strated that in the case of low contrasts (g,/¢; < 3) between the
inclusion permittivity values, as is the case with soil minerals,
negligible error was obtained by referring to a single €;, which

is the arithmetic average of the permittivity of the minerals
and their volume fractions.

Eepf = & + 380

MATERIALS AND METHODS
Soils

Four micaceous/illitic soils were chosen for this study:
Ramona and Clarence, from the USA, and two soils from the
Ebro Basin (Spain). Classification and dominant mineralogy
are shown in Table 1, particle-size distribution, Fe and Al
oxide, organic matter, and calcite content are shown in Table 2.
Granulometric determinations were made in a Sedigraph
5000ET (Micromeritics, Norcross, GA'), Fe and Al oxides
were extracted by the method of Jackson et al. (1986). Inor-
ganic and organic C was analyzed by a CO, coulometer (UIC
Corp., Joliet, IL). Mineralogical identification was performed
by x-ray powder diffraction. We removed the calcite from a
portion of the two soils from the Ebro Basin according to the
method described in Kunze and Dixon (1986). Mineralogical
identification was performed by x-ray powder diffraction to
ensure total calcite removal (Fig. 2).

Calcite Minerals

The properties of the calcite minerals used in this study are
shown in Table 3. Particle densities were determined using
the excluded volume method described in Flint and Flint
(2002). The calcite powder was obtained from Pfizer (Multiflex
MM from Pfizer, Los Angeles, CA), the Iceland Spar was
from Ward’s (Ward’s Natural Science Establishment Inc., New
York). Characterization of the morphology, size, and crys-
tallinity was done using microscopic and x-ray techniques.
Figure 3a shows a micrograph of the Iceland Spar using a
scanning electron microscope (AMRAY, 3200, AMRAY Inc.,
Bedford, MA). Crystallinity was analyzed by selected area
electron diffraction for Iceland Spar (Fig. 3b) (SAED, Philips
Analytical, Eindhoven, the Netherlands). Figure 3c shows the
micrograph of the microcrystalline calcite using a transmission
electron microscope, and the x-ray diffraction pattern using

'"Trade names are provided for the benefit of the reader and do not
imply any endorsement by the USDA.
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Fig. 1. Modeled effective permittivity (Eq. [1]) of a two-phase mixture
plotted vs. the permittivity of the background solution at different
porosities. The unique crossing point occurs when the permittivity
of the fluid matches the permittivity of the solid.

energy dispersive X-ray (EDX) (Fig. 3d) (Philips CM 300,
Philips Analyitical, Eindhoven, the Netherlands).

Dielectric Immersion Fluids

We used the method described in Robinson (2004a) to
measure the dielectric permittivity of fine-grained granular
materials. The critical aspect in applying this method is finding
fluids whose permittivities lie in a range between 1 and 15 to
provide the dielectric background. Furthermore, the charac-
teristics of the background fluids are important, they must not
exhibit strong relaxation at the frequency of measurement
(0.1-1 GHz). Robinson and Friedman (2003) used air, € = 1;
penetrating oil (WD-40, WD-40 Company, San Diego, CA),
€ = 2.3; methylene chloride, ¢ = 8.8; and acetone, € = 20.8.
They also found that the alcohols were unsuitable because of
relaxation in the frequency bandwidth of the TDR. In this
work mixtures of fluids were used to obtain the low permittiv-
ity background dielectric solutions. The main fluids used were:
air, € = 1; corn oil, ¢ = 2.4’ dicholoromethane, € = 9.1; and
acetone, £ = 20.8, at 25°C. The acetone and corn oil are
miscible, which allowed us to prepare dielectric background
solutions with a permittivity between 2.4 and 20.8.

Measurement of the Effective Permittivity
and TDR Probe Construction

A Tektronix (1502C) TDR cable tester and a custom made
coaxial TDR probe were used throughout the experiments to
measure the effective permittivity of soil and clay suspensions.
The TDR was connected to a personal computer, which was
used to collect and analyze waveforms using software devel-
oped by Heimovaara and de Water (1993). Cable tester and

Table 1. Classification and dominant mineralogy of the four soils studied, Ramona and Clarence soils according to U.S. Taxonomy.

Soil Origin Classification Mineralogy
Ramona California fine-loamy, mixed, thermic Typic Haploxeralf Mica di- and trioctahedral
Clarence llinois fine, illitic, mesic Aquic Argiuoll Mica dioctahedral

Ebro Basin soils EB1 and EB2 Spain

fine, illitic, xeric, alkaline

Mica dioctahedral
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Table 2. Particle-size distribution and other components of the soils in this study.

Clay Silt Sand
(<2 pm) (2-50 pm) (>50 pm) Fe,0; ALO; Organic C CaCoO;
%
Ramona 8.8 214 69.8 0.49 0.70 0.87 none
Clarence 79.6 18.7 1.7 1.38 0.25 0.34 none
Ebro Basin 1 25.7 69.2 5.1 1.94 0.38 0.13 41
Ebro Basin 2 30.8 64.7 44 2.06 0.43 0.39 35

probe were connected via a 0.75 m, (50-ohm RG 58) coaxial
cable. The probe had an internal stainless steel electrode (A
in Fig. 4), 0.003175 m in diameter and 0.16 m in total length
with 0.152 m projecting above the chemical resistant delrin
probe head (Dupont, Wilmington, DE). The outer part of the
TDR probe was a brass cylinder (B in Fig. 4) 0.156 m long
with an internal diameter of 0.085 m. This cylinder had a brass
collar soldered onto it at one end so that a screw fitting (C
in Fig. 4) could tighten the coaxial cell onto the microwave
electrical connector (E in Fig. 4). The central electrode had
a male shaped end that fitted into the female microwave con-
nector (E in Fig. 4). The microwave electrical connector was
high quality and rated to pass frequencies of up to 11 GHz.
The coaxial TDR probe was designed with a screw and push
fit to allow separation and cleaning. A small probe was devel-
oped to minimize the amount of clay mineral required for the
measurement. The volume of the cell was 8.0134 cm®. The
TDR probe was calibrated for effective length (0.154 m) using
air and deionized water (Heimovaara, 1993; Robinson et al.,
2003).

Measurement Procedure

The measurement procedure relies on making a suspension
of the mineral in the background dielectric fluid. In the first

step, soils and mineral samples were oven dried at 150°C
overnight to remove any hygroscopic water. The samples were
removed from the oven and allowed to cool in a desiccator.
A 10-g subsample from the dessicator was removed and accu-
rately weighed in a plastic weighing boat on a four-point bal-
ance. The sample was then gently poured into the coaxial
TDR probe until it was flush with the top, thus forming a
loose packing, measurements were then made. The weighing
boat was then reweighed with the remaining material to deter-
mine the mass of sample poured into the probe. The solid
was then removed from the coaxial probe and the probe was
dismantled and cleaned.

The second set of measurements was then made, initially
by measuring the permittivity of the liquid. The solid-liquid
suspension was then made by removing the fluid from the
probe using a large syringe with a 0.16-m tube attached. The
suspension was made using this fluid, maintained at the same
temperature in a 10-mL syringe (Fig. 4, G). The nozzle of the
syringe was blocked with a stopper and 4 mL of liquid was
placed in the 10-mL syringe. The weighed mineral sample
was poured into the syringe and mixed using a stainless steel
stirring rod (Fig. 4, H). The suspension sample was now made
up to a mark on the syringe representing 8.0 cm®. The stopper
was removed from the nozzle and another syringe attached

[ — EBH after calcite removal l Calcite peak gone after treatment with HCI
2000 — EB1
» 1000F
c [
- N
o [
@) .
200
100F
i . |
[ EB2 after calcite removal l Calcite peak gone after treatment with HCI
2000 — EB2
© 1000F
c :
3 L
o [
O i
200 : 1 1
! |
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g . ", AL b, ‘ i “. | n ! LA, 2
0 10 20 30 40 50 60 70
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Fig. 2. X-ray diffraction patterns for the Ebro Basin soils EB1 and EB2 before and after the removal of calcite. Observe the disappearance of

the calcite peak after treatment.
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Table 3. Physical and chemical properties of Iceland Spar and
microcrystalline calcite (CaCO;).

Surface Particle Particle
Mineral area density size

m>g! goem? pm
Microcrystalline calcite 22 2.66 0.1
Iceland Spar 1.0 2.71 991-1168

to the syringe with the suspension via a tygon tube. A small
tension was applied using this syringe to draw out any re-
maining air. As bubbles formed, the syringe with the suspen-
sion was gently tapped to remove these bubbles. This sus-
pension was then injected into the coaxial TDR probe; the
suspension had the same solid fraction as the sample measured
with air as the background. If the sample was slightly short
of reaching the top of the coaxial probe a little more back-
ground fluid was added until flush with the top of the probe.
Measurements were again made with the TDR and after this
the coaxial probe was dismantled and cleaned thoroughly.
This procedure was then performed several more times with
different background dielectric fluids. Statistical analysis was
performed on the grouped data set to determine the 95%

Pt

confidence interval for each estimate of permittivity. The
methodology for this is described in the appendix.

RESULTS
Dielectric Permittivity of Calcite Minerals

The measured permittivity values for Iceland Spar
and microcrystalline calcite in the different fluids are
presented in Fig. 5. We used an empirical model of the
form aef (where o and B are constants) to interpolate
between the measured values to determine the per-
mittivity for the Iceland Spar calcite (¢, = 9.1), and for
the microcrystalline calcite powder (g, = 8.3). Figure 5
shows also the uncertainty around the fitted model with
the 95% confidence interval. The appendix presents
detailed information about the quantification of the un-
certainty. The error bars on the microcrystalline calcite
show a large uncertainty, however, one of the measure-
ments is located directly underneath the estimate (not
seen in Fig. 5) and a fifth measurement was made at a

Fig. 3. (a) Scanning electron micrograph of Iceland Spar. (b) Diffraction pattern for Iceland Spar. (¢) Transmission micrograph for microcrystalline

calcite. (d) Diffraction pattern for microcrystalline calcite.
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Fig. 4. Photograph of the equipment specifically made for soil dielectric measurements. Internal stainless steel electrode 0.003175 m in diameter
and 0.16 m in total length with 0.152 m projecting above the chemical resistant delrin probe head at the base (A); outer brass tube, 0.156 m
long with an internal diameter of 0.085 m (B); retaining nut fixing B to E (C); male connector (D); microwave electrical connector (E);
coaxial cable (F); syringe assembly for mixing suspension(G); mixing rod (H); syringe used to draw fluid out of the coaxial cell, a similar
syringe was used with a piece of tygon tube to connect to G, to apply tension to de-air the suspension (I).

slightly higher permittivity (seen in Fig. 5 underneath
the estimate for the Iceland Spar) giving a good corre-
spondence between the measurements and the model.
We will also demonstrate that we would expect the solid
permittivity value for the micro-crystalline calcite to be
lower than for the Iceland Spar as the crystals are less
dense. The obtained values are compared with a range
of values from the literature in Table 4. The value for
Iceland Spar was in good agreement with values ob-
tained from atomistic modeling (Fisler et al., 2000) but
was a little higher than values measured using the im-
mersion method for a single calcite crystal (Schmidt,
1902) or values reported in Keller (1989). The values
for both the permittivity and particle density quoted
from Olhoeft (1981) are in poor agreement with a per-
mittivity value of 8 to 9 and the more generally accepted
value of 2.71 g cm ™ for the density of crystalline calcite.
This may reflect the method of repacking to estimate the
permittivity and also the quality of the samples, which

were probably natural and may have contained many
impurities. The values for the particle density would
certainly indicate this. We are confident of our measured
Iceland Spar value since the calcite grains were 1 mm
in diameter ensuring no air entrapment, which could have
biased results. The value for the microcrystalline calcite
falls within previously documented permittivity ranges
for calcite.

Dielectric Permittivity of Soils

We measured the permittivities of the soil suspensions
and used an empirical power function to interpolate
between the data points. The obtained curve was then
used to calculate the interception of the fitting function
with the line y = x, this value provides the dielectric
permittivity of the soil mineral phase (Robinson and
Friedman, 2003). We obtained & = 6.0 for the Ramona
soil and g = 5.8 for the Clarence soil, values in close



=
(0]
>
S
(0]
(7]
(0]
S
(2]
%
<
=
S
>
o
o
(&)
=
-
o
-
(0]
=
<
-
o
>
2
°
(&)
o
0p]
(0]
(8}
C
o
(&)
wn
5
0p]
>
o]
©
()
<
@
S
>
o
=
C
p—
>
o
3
(4}
kS
p -
(0]
€
<
-
o
>
=
o
(&)
o
(9]
(0]
(&)
C
o
(&)
(9]
5
()]
=
o
-
=
©
(0]
()
>
©
o
S
o
(0]
o

LEBRON ET AL.: WATER CONTENT DETERMINATION AND GEOCHEMICAL PROCESSES 1555

10

— 1:1line
L — Fitted curve, Iceland spar
----- Fitted curve, calcite powder
8" O Data lceland spar
5, | O Data calcite powder
=
z 6
g8 P
24T
s o
v g
o/ .~
Jo)
0 7 ] . | A ] A ] .
0 2 4 6 8 10

Solution permittivity €,

Fig. 5. Effective permittivity of coarse-grained (500 pm) natural
calcite sample (Iceland Spar) obtained from a single calcite crystal
that was crushed. The calcite powder was a synthetically made
sample that was very fine-grained (0.1 pm). The solid symbols
represent the estimated permittivity with 95% confidence esti-
mates, Iceland Spar €, = 9.1; Micro-crystalline calcite ¢, = 8.3. The
forth point for the micro-crystalline calcite lies directly under the
estimate, giving perhaps greater confidence in the value of 8.3 than
the confidence estimate might suggest.

agreement with their mineralogy (Fig. 6) and values
previously measured for illite (Robinson, 2004a).
Figures 7a and 7b present the results for the two Ebro
Basin soils. The graphs show the permittivity measured
for the unaltered soil mineralogy (g, = 6.6 for EB1, g, =
6.3 for EB2) and for the soil after treatment to remove
the calcite. The permittivity of the soil mineral phase
after the removal of the calcite was & = 5.7 for EB1
and 5.8 for EB2, in good agreement with their micaceous
mineralogy. However, the permittivity of the soil min-
eral phase with calcite was not as high as we would
expect considering that they have 35 and 41% calcite.
In Table 5 we present results where we predicted the
permittivity that we would expect for the whole soil
using a simple arithmetic averaging, & = ¢gf; + &f
where g is the permittivity of the whole soil, f; is the
fraction of solid with permittivity €, (micaceous clay),
and f; is the volume fraction of solid with a permittivity
€, (calcite). This assumed that the calcite in the soil had
(i) the permittivity of the Iceland Spar, and (ii) the per-
mittivity of the microcrystalline calcite. Finally, for (iii)

—— Fitted curve for soil CI
gl Fitted curve for soil Ra
— 1:1line
L [0 Soil Cl measurements @
:)5, O Soil Ra measurements
>6
=
B
£
o
Q4
o
=
©
0}
i
2
| L . ]
0
0 2 4 6 8

Solution permittivity €,
Fig. 6. Effective permittivity of Clarence (Cl) and Ramona (Ra) soils
immersed in different dielectric fluids. The solid symbols represent

the estimated permittivity with 95% confidence estimates, Cl ¢, =
5.8; Ra g, = 6.0.

we calculated the permittivity that the soil calcite must
have had to give the permittivity value measured for
the whole soil. These calculated values for the pedoge-
nic calcite were both less than 8 and much lower than
expected.

DISCUSSION
Differences Between Calcite Permittivity Values

In the introduction (Eq. [1]-[3]) we proposed that
the permittivity plays a role in determining the solubility
of a crystal in a background fluid. As the permittivity
contrast between the crystal and in our case water be-
comes greater so the change in free energy becomes
more negative, and so the crystal is likely to become
more soluble. Particle size has been shown to play an
important role in the solubility of calcite. Chave and
Schmalz (1966) demonstrated that as size decreased so
the apparent surface energy increased. Their work indi-
cated that calcite particles under 0.1 pm would be un-
stable in aqueous systems, tending to be more soluble.
They suggested that as particles became smaller the edges

Table 4. Measured and modeled values for the permittivity of calcite obtained from the literature.

Method of determination e €33 e-average Density
goem™?
Iceland Spar TDR-immersion 9.1 2.71
Micro-crystalline calcite TDR-immersion 8.4 2.66
Fisler et al. (2000) model prediction 9.28 8.3
Schmidt (1902) immersion 8.5 8.0
Keller (1989) 7.8-8.5
Olhoeft (1981) repacked granular sample 6.35 (1IMHz) 2931
repacked granular sample 8.8 (1IMHz) 2.555
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Fig. 7. Effective permittivity of the Ebro Basin soils before (EB1C and EB2C) and after (EBINC and EB2NC) treatment with acid to remove
the calcite. The solid symbols represent the estimated permittivity with 95% confidence estimates, EB1C &, = 6.6; EB2C ¢, = 6.3; EBINC

g, = 5.7; EB2NC ¢, = 5.8.

and corners play a greater role in the surface energy.

They also considered that grinding of calcite could cause
a phase transition. It has been shown that calcite can
be inverted to aragonite by grinding with a pestle and
mortar (Jamieson and Goldsmith, 1960).

Our samples were carefully chosen to provide two
extremes of calcite particle size (approximately 1000 and
0.1 pm) without grinding. However, our measurements
indicated that although both samples were calcite, the
0.1-pm particles had a lower density. We use this to
provide an explanation as to the difference in measured
permittivity for each calcite sample. The confidence in-
terval on the microcrystalline calcite measurements over-
lapped with the Iceland Spar measurements. However,
we believe the measurements accurately reflect the
calcite properties, and to explain the differences be-
tween the measured values of calcite permittivity we use
atomistic modeling. This allows us to understand how
changes in the crystal density impact the permittivity.
Highly sophisticated atomistic models are being contin-
ually updated to predict the physical properties of min-

Table 5. Dielectric permittivity of the Ebro Basin soils. Calcula-
tions of the soil dielectric permittivity (¢;) were made based
on: g = g f; + & f, where g is the permittivity of the whole
soil, f; is the fraction of solid with permittivity €, (soil without
the calcite), and f; is the volume fraction of solid with a per-
mittivity ¢, (calcite).}

Soil sample Measured-¢, Predicted-g

S SM A B C
EB1 6.6 5.7 7.1 6.8 7.9
EB2 6.3 5.8 6.9 6.7 7.4

7S = Whole soil; SM = Soil mineral phase after calcite removed; A =
Esm fSM + Exceland Spmﬁceland Spar > B = &gy fSM + Emicrocrystalline calcite fmiuocryslallinc calcite 5

C = [es — (eswfsw) fos soi catcites

erals including the permittivity (Gale and Rohl, 2003).
However, a good understanding of the important mech-
anisms can be gained using a more simplistic, semi-
physical modeling approach. Polarization mechanisms
in solids can be divided into three major categories,
electronic, ionic, and orientational; it is the first two of
these that are of interest in calcite. The link between
the mineral dielectric polarizability, ap and the mea-
sured real part of the dielectric permittivity of the solid,
& i1s given by the Clausius—Mosotti equation:

AR

Qp

where V,, is the molar volume in cubic angstroms {in
many reference texts molar volume is given in cm® and
can be converted to a molar volume in cubic angstroms
by: [mole mass/x-ray density (g cm~?)]/Avogadro’s num-
ber| X10%}, b is defined as 4m/3, and &, is the real part
of the complex dielectric permittivity of the solid (Shan-
non, 1993; Robinson, 2004b). This simplistic model makes
several assumptions; an isotropic distribution of spherical
ions in space and all the calculated values of permittivity
are average values, taking no account of crystal orienta-
tion. The molar volume V,, (cubic Angstroms) is a func-
tion of the crystal density indicating the importance of
this in determining the polarizability of the crystal. Mo-
lar volumes for many minerals can be found in Weast
(1984) for example. Shannon (1993) presented a list of
ion polarizability values derived from measurements us-
ing single crystals of oxide minerals. No measurements
were made for the carbonate ion, however, O, domi-
nates the polarizability so we can assume that the cal-
cite crystal polarizability is dominated by the Ca ion
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and three oxygen ions summed using the oxide additiv-
ity rule (Shannon, 1993). The values of ion polarizabili-
ties used were, 3.16 cubic angstroms for Ca and 2.01
cubic angstroms for O, giving a total polarizability of
9.19 cubic angstroms. These values were used in the
Clausius—Mosotti equation to predict mineral permittiv-
ity values according to:

_ @V + 8mayp)
3V — 4map)

The model is sensitive to the crystal density, through
V. By adjusting the density value from 2.71 (Iceland
Spar) to 2.66 g cm* (microcrystalline calcite) the esti-
mated permittivity using Eq. [7] drops from 8.5 to 8.0.
The solid permittivity estimate of 8.5 is exceptionally
good considering the simplifications in the modeling
approach. The half unit, permittivity difference between
the two values, caused by altering the molar volume can
account fully for the difference in permittivity observed
between the Iceland Spar and microcrystalline calcite
sample. Thus we suggest that differences in crystal den-
sity can account for the observed differences in the crys-
tal permittivity.

By using two confirmed calcite samples we can rule
out phase transition as being the mechanism leading to
increased permittivity. We would also suggest that based
on the arguments presented in Eq. [1] through [3] that
our observations are in keeping with measurements of
calcite solubility in natural waters in arid environments.
In Eq. [3] we demonstrated the importance of the con-
trast between the permittivity of the crystal €. and the
background solution €, the greater the contrast the more
energetically favorable the transfer is. Thus calcite with
alower permittivity may be part of the solubility mecha-
nism that makes it more soluble in the natural environ-
ment. Suarez (1977) and Suarez and Rhoades (1982)
found supersaturation of soil solutions to be common in
semiarid environments, explaining this by the simultane-
ous dissolution of silicate minerals and subsequent pre-
cipitation of heterogeneously nucleated calcite. Suarez
(1983) also found this to be the case for water from areas
of the lower Colorado River. Further work might ex-
plore in more detail the role of particle size and mineral
permittivity on calcite solubility.

We know that soils are not an ideal environment for
crystal growth and although micrographs of pedogenic
calcite show the classic rhombohedral structure it is
likely that the crystal may contain many internal disloca-
tions and defects and these could also reduce the per-
mittivity of the crystal. Accurate dielectric measurement
of minerals might be a way of determining their crys-
tallinity, this may help in our understanding of geochem-
ical processes since precipitation and dissolution pro-
cesses are affected by the permittivity of both the
mineral and liquid phase (Israelachvili, 1992).

[7]

S

Implications for Water Content Determination

Equation [4] can be used to estimate the effective
permittivity of a two-phase mixture of water and min-
eral. We found that calculating the effective permittivity

of a saturated soil with a porosity of 0.5, using a value
of 5.0 for the mineral permittivity then a value of 6.6,
representing the soil with 41 % calcite, altered the deter-
mined effective permittivity from 35.0 to 36.1. Assuming
that this would be the maximum difference between
permittivity, and applying a refractive index style mixing
formula a difference in determined water content of
about 0.01 m* m 3 results. This indicates that even large
quantities of pedogenic calcite (40%) are unlikely to
substantially affect the determination of water content
using a standard calibration.

CONCLUSIONS

Measurements of the dielectric permittivity of calcite
samples and arid zone soils with pedogenic calcite are
presented. Iceland Spar calcite had a measured per-
mittivity of 9.1 and a microcrystalline calcite had a mea-
sured value of 8.3. We explain this difference using an
atomistic model based on the difference between the
measured density of the two samples. The presence of
pedogenic calcite in soils was found to increase the per-
mittivity from 5.7 and 5.8 without calcite to 6.3 and
6.6 for two soils with 35 and 41% calcite, respectively.
Modeling calculations suggested that the permittivity of
the pedogenic calcite was between 7.4 and 7.9, lower
than either of the pure samples. Imperfections in the
pedogenic calcite crystal, distortions due to isomorphic
substitutions, lower crystal density and/or solid solutions
within the crystal might explain these lower permittivity
values. We speculate that the lower permittivity ob-
served might be a mechanism that makes pedogenic
calcite more soluble and perhaps in part accounts for
observed supersaturation of natural waters with respect
to calcite.

We also examine the implications of determining water
content from dielectric mixing models assuming a per-
mittivity of 5 for the permittivity of the solid. Our calcu-
lations suggest that assuming a solid permittivity of 5
instead of 6.6 for a soil with a porosity of 0.5 would
only lead to an overestimate of water content of about
0.01 m* m~* at saturation.

APPENDIX

Approximate 95% Confidence
Interval Estimates

For this study, we assumed that the following multi-
parameter nonlinear model could adequately describe
the laboratory response data:

Eeity = OLiEeBi}'(l + ny) [A1]

where €, represents the j™ solution permittivity mea-
surement in the /" experiment, &.y; represents the corre-
sponding effective permittivity measurement, o; and f;
represent the model parameters, and n; represents the
random noise component (i.e., the error), which was
assumed to be independent and proportional to the
measured response. We then log transformed both sides
of [A1] to yield:
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ln(seﬂl]-) = Bu + Buln(esy) + g (A2]

which is identical to a standard analysis of covariance
(ANOCOVA) model. (A residual assessment performed
on this model indicated that the transformed errors sat-
isfied the usual normality assumptions). We then solved
[A2] for €, = &, to produce the crossover point for each
experiment; that is,

B [A3]
1 - By

An approximate 95% confidence interval for each
crossover point was then constructed using a first-order
Delta Method calculation (Casella and Berger, 1990).
Specifically, the approximate variance of each crossover
point estimate was calculated as

Var(e.,) = (1) Var(Bo) + [

ln(i—:c p.i) =

-
1 —=Bw’

1- Bii
Var(By) + [(1382%1)3} Cov(BusBr) [A4]

and *2 times the square root of this variance estimate
was used to create the log confidence intervals. Note
that the B parameter variance and covariance estimates
used in [A4] were derived from [A2]; that is, the fitted
ANOCOVA model. Back-transformed point and inter-
val estimates were then calculated from the variance
estimates produced by [A4].
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