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The dielectric constant of sandstones, 60 kHz to 4 MHz 

Rosemary J. Knight* and Amos Nur* 

ABSTRACT 

Complex impedance data were collected for eight 
sandstones at various levels of water saturation (S,) in 
the frequency range of 5 Hz to 4 MHz. The measure- 
ments were made using a two-electrode technique with 
platinum electrodes sputtered onto the flat faces of disk- 
shaped samples. Presentation of the data in the complex 
impedance plane shows clear separation of the response 
due to polarization at the sample-electrode interface 
from the bulk sample response. Electrode polarization 
effects were limited to frequencies of less than 60 kHz, 
allowing us to study the dielectric constant K’ of the 
sandstones in the frequency range crf6O~kwrtrr4 Mii2; 

K’ of all samples at all levels of saturation shows a 
clear power-law dependence upon frequency. Com- 
paring the data from the eight sandstones at S, = 0.36, 
the magnitude of the frequency dependence was found 

to be proportional to the surface area-to-volume ratio 
of the pore space of the sandstones. The surface area-to- 
volume ratio of the pore space of each sandstone was 
determined using a nitrogen gas adsorption technique 
and helium porosimetry. 

K’ also exhibits a strong dependence on S,. K’ in- 
creases rapidly with S, at low saturations, up to some 
critical saturation above which K’ increases more grad- 
ually and linearly with S,. Using the surface area-to- 
volume ratios of the sandstones, the critical saturation 
in the dielectric response was found to correspond to 
water coverage of approximately 2 nm on the surface of 
the pore space. Our interpretation of the observed de- 
pendence of K’ on both frequency and S, is that it is the 
ratio of surface water to bulk water in the pore space of 
a sandstone that controls the dielectric response 
through a Maxwell-Wagner type of mechanism. 

INTRODUCTION 

The dielectric constant, or relative permittivity, of a materi- 
al is the permittivity of the material normalized with respect 
to the permittivity of a vacuum. The complex dielectric con- 
stant K* can be written as K* = K’ - in”, where K’ is the real 
part and K” is the imaginary part of the complex dielectric 
constant. While the measured values of both K’ and K” are 
related to material properties, the use of K’ as a diagnostic 
parameter in well logging has become a subject of great in- 
terest over the past ten years. We present the results of a 
laboratory study of K’ of eight sandstones in the frequency 
range of 60 kHz to 4 MHz whose principal aim was the 
dependence of K’ on frequency and the level of water satu- 
ration in the pore space. 

The quantity K’ is a measure of the amount of polarization 
in a material. There can be a number of different polarizing 
species or mechanisms present, each having a characteristic 
relaxation frequency and an associated dielectric dispersion 
centered around this relaxation frequency. Figure 1 (modified 
after Poley et al.. 1978) illustrates the dispersions of K’ that 

theoretically are found in a material in the frequency range of 
lo3 to 1015 Hz. At the highest frequencies, the polarizing 
species in a material are the electrons. At frequencies below 
about 1013 Hz, there is also a contribution from atomic polar- 
ization. Dipolar polarization, the orientation of polar mole- 
cules, occurs at frequencies below about IO” Hz. At fre- 
quencies below about lo5 Hz, various types of charge polar- 
izations occur, all of which are collectively referred to in this 
study as Maxwell-Wagner mechanisms (Maxwell, 1891; 
Wagner, 1914). 

The values of the dipolar dielectric constant initially 
sparked interest in using the dielectric constant as a well- 
logging tool for formation evaluation. Table 1 illustrates the 
potential usefulness of the dipolar dielectric constant as a 
means of measuring the level of water saturation (Poley et al., 
1978). The dipolar dielectric constant of water is 80, signifi- 
cantly different from that of the rock matrix (approximately 6) 
or that of oil (2.2) or gas (1). It was hoped that by using a 
simple mixing law, the level of water saturation could be de- 
termined from the measurement of K’. 
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Dielectric Constant af Sandstones 

In the study reported here we have determined K’ for eight 
sandstones at various levels of water saturation in the fre- 
quency range of 60 kHz to 4 MHz. We found c’ of saturated 
sandstones to be strongly dependent upon frequency, a result 
previously reported by others, such as Keller and Licastro 
(1959), Scott et al. (1967). Poley et al. (1978), and Lockner and 
Byerlee (1985). In addition to this frequency dependence, we 
found two distinct regions in the dependence of K’ on satu- 
ration. We consider both the frequency dependence and the 
saturation dependence in terms of the microgeometry of the 
pore space and its effect on the contained water. 
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lion isotherms by using the Btunauer-Emmett-Teller (BET) 
equation (Brunauer et al., 1938). Although it was necessary to 
break the samples into pieces that could fit through a funnel 4 
mm in diameter, care was taken to avoid totally crushing the 
sample, so that the geometry of the pore space could be pre- 
served. 

The total adsorption isotherm of one of the samples (CH66- 
79) is shown in Figure 2. This isotherm is an example of a 
Type II adsorption isotherm which is characteristic of adsorp- 
tion in microporous solids (Brunauer et al., 1940). The surface 
area was calculated from data in the linear portion of the plot, 
0.05 < P,/P, < 0.3, where P, is the equilibration pressure and 
P,v is the saturation vapor pressure of nitrogen. 

SAMPLE DESCRIPTION 

The eight sandstones used in this study are described in 
Table 2. The porosities, permeabilities, and petrographic de- 
scriptions are taken from the Stanford Rock Physics Rock 
Catalogue. Porosities were determined using a helium porosi- 
meter; the permeability values were determined using steady- 
state brine flow tests; the petrographic description of each 
sandstone is based on a 400 point count analysis of the thin 
section. The samples range in porosity from 0.065 to 0.275, 
with permeability ranging from 2 CID to 950 mD, and volume 
fraction of clay ranging from 0.00 to 0.18. The three samples of 
Berea sandstone all have porosities of approximately 0.2 and 
differ mainly in permeability and clay content. Samples CH58- 
79, CH61-79, and CH66-79 are tight gas sandstones from the 
Spirit River formation in the Alberta basin. These samples 
have very low porosity and permeability with a considerable 
amount of carbonate cement and a high clay content, in the 
form of argillaceous lithics and as a clay cement. St. Peter’s 
sandstone is an orthoquartzite, with essentially no clay and a 
porosity of 0.173. Indiana Dark is a high-porosity sandstone 
with a cement dominated by iron oxides. 

As a means of characterizing the microgeometry of the pore 
space of the sandstanes~ in thie study, we determined surface 
area-to-volume ratios of the internal pore space of the sam- 
ples. The surface areas were obtained from nitrogen adsorp- 

The surface area of a sandstone is a measure of the total 
area of the interface between the minerals and the pore space. 
In a sandstone composed entirely of quartz grains, the surface 
area depends upon the shape of the individual pores. A simple 
calculation will show, however, that a small amount of materi- 
al with a large surface area added to such a sandstone will 
significantly increase the surface area; so while pore geometry 
is a contributing factor to surface area, the most important 
factor in sandstones is the percentage of material with high 
surface area. The following are examples of such materials 
commonly found in sandstones and their surface areas. 
Kaolinite has a measured surface area of 10.6 to 70 m*/g 
(Ormsby and Shartsis, 1960); illite has a measured surface area 
of 52 to 82 m2:‘g (Johansen and Dunning, 1959); montmoril- 
lonite has a measured surface area of 282 to 491 m’/g (Or- 
chisrtron, 1955); geothite has a surface area of 32 rn’jg (Cast 
et al., 1974); and amorphous iron oxide has a surface area of 
320 m’/g (Gast et al., 1974). 

The values for surface area determined for the sandstone 
samples are given in Table 3. Values range from 0.124 m’/g 
!‘or St. Peter’s (a clean orthoquartzite) to 5.00 m’/g for Indiana 
Dark (which has 22 percent iron oxides and hydroxides). The 
value of 1.23 m’/g determined for Berea 100 is in excellent 
agrrcment with the value of i 25 m’ig determined by H8wkes 
and Mellor (1970) from nitrogen adsorption. 

Surface area per unit volume of pore space was calculated 

Maxwell-Wagner 

K’ 
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Frc. 1. Dielectric dispersion of various types of polarization (modified after Poley et al., 1978). 
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as sured, 

surface area 
(cm-‘) = 

surface area mz 

volume mass (-1 g 
and 

x 2.64(-&) x (7) x lO‘f$)> 
where 4 is porosity and the density of the solid componeht of 
the sandstone is assumed to be 2.64. These surface area-to- 
volume ratios are also listed in Table 3. Samples CH58-79, 
CH61-79, and Ch66-79 are tight gas sandstones; their rela- 
tively high surface areas and low porosities result in their 
having the highest ratios of surface area to volume of the 
sandstones in this study. 

EXPERIMENTAL PROCEDURE 

Measurement of the electrical properties of a material can 
be made in either the series or parallel mode. In the series 
mode, the complex impedance Z* is measured, 

Z*=R,-ix,. 

where R, is the series resistance and X, is the reactance. The 
complex resistivity p* can be calculated from Z*, 

p* = z* 4, 

where A is the cross-sectional area of the sample and t is its 
thickness. 

In the parallel mode, the complex admittance Yi is mea- 

Table 1. K’ of materials commonly encountered in formation 
evaluation. 

Substance 

Quartz 
Calcite 
Shale 
Gas 
Oil 
Water 

ICI 

45-47 
7-8 

13-15 

:.2 
X0 

Y* = (z*)- 1 

Y* = G, + iB,, 

where G, is the conductance and B, is the susceptance. The 
complex conductivity o* and the complex dielectric constant 
K* can be calculated from Y*, 

o* = yf 1. 
A 

and 

Y* t k*=_- 
iOEO .d 

where o is angular frequency and Ed is the permittivity of a 
vacuum, F+ = 8.85 x lO_” F/m. 

Complex impedance data were collected with an HP4192A 
impedance analyzer over the frequency range of 5 Hz to 4 
MHz. Disk-shaped samples were used with a diameter of 5.1 
cm and a diameter-to-thickness ratio of greater than 10: 1; 
this geometry ensures that errors due to stray capacitance are 
negligible (Scott and Curtis, 1939). Electrodes were applied by 
sputtering 100 nm of platinum onto the opposite flat faces of 
the disk-shaped samples (sputtering is an excellent way of en- 
suring good contact with a sample regardless of the degree of 

Table 3. Surface area, surface area-to-volume ratio, and the 
power-law exponent K for the eight sandstones in this study. 

Sample 

Surface 
area 

(m’/g) 
S,iV 

(cm-‘) 

St. Peter’s 0.124 1.57 x lo4 
Berea 200 0.840 R40 x LO4 
Berea 400 0.968 8.90 x 104 
Berea 100 1.234 1.33 x lo5 
Indiana Dark 5.00 3.48 x 10’ 
CH58-79 2.07 7.38 x lo5 
CH66-79 2.65 1.01 x lo6 
CH61-79 2.97 1.04 x lo6 

Table 2. Sample description. 

a 

0.080 
0.140 
0.172 
0.158 
0.150 
0.245 
0.266 
0.251 

Petrographic description (as % total) 

Framework grains Cements 

feld- iron catbon- 
Sample 4 k quartz chert spar lithics quartz clay oxide ates 

~- ____~ 

Berea 100 ,197 84 mD 53 2 3 
Berea 200 .209 372 mD 58 1 7 : 

11 7(c) - 7 
10 3 - 1 

Berea 400 .219 397 mD 61 8 l(c) - 1 
CH58-79 .069 10.30 nD(a) 30 

1: j : 
18 

CH61-79 ,070 7.18 uD(a) 38 16 
CH66-79 .065 2.38 pD(a) 30 12 

k 2:; ‘! 1; :; 
24 

St. Peter’s .173 944 mD 77 8 - 
Indiana Dark .275 30.2 mD 57 7 5 22 

@ = porosity; k = permeability. (a) in-situ conditions, (b) argillaceous, (c) clay percentage includes minor chlorite and/or sericite. 
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water saturation of the sample). The sample holder was con- 
structed of Plexiglas and was connected to the impedance 
analyzer through an HP 16047A test fixture. The HP 4192A 
has a zero-offset option which can be used to correct for im- 
pedance contributions from the sample holder, test fixture, 
and measurement circuit. This correction was made by first 
measuring the impedance of the measurement system short 
circuited across the sample and then measuring the impedance 
with the circuit open. As a test of the accuracy of the experi- 
mental setup, we prepared a sample from a material of known 
dielectric constant. The material is STYCAST HiK, manufac- 
tured by Emerson and Cuming (technical bulletin 5-2-2) which 
has a dielectric constant of 15 across- the frequency range used 
here. The dielectric constant of this control sample was mea- 
sured prior to any series of measurements. From this pro- 
cedure the accuracy of the measurement was determined to be 
within 2 percent 

L 
NITROGEN ADSORPTION 

ISOTHERM I 

.2 .4 .6 .B 1.0 1. 

pe lP, 

FIG. 2. Nitrogen adsorption isotherm for sample CH66-79. ra 
is the volume of adsorbed gas, W, is the sample weight, P, IS 
the equilibration pressure, P, is the saturation vapor pressure 
of nitrogen. 

The use of a two-electrode technique with blocking metallic 
electrodes resulted in polarization at the sample-electrode 
interface at low frequencies. A complex impedance plot clearly 
shows, however, the various components in the frequency re- 
sponse and allows separation of polarization at the sample- 
electrode interface from the bulk sample response (Knight, 
1983). Figure 3 shows the Z* plot of data from a partially 
saturated sample of Berea 100 sandstone where the negative 
reactance (- XJ is plotted against the series resistance (R,). As 
shown, frequency increases down the line and counterclock- 
wise across the semicircle; we define the frequency separating 
the low-frequency linear response from the high-frequency 
semicircular response as_&. This form of Z* plot, composed of 
a depressed semicircular arc and an inclined straight line, is 
typical of the Z* plots we obtained for all fully saturated and 
partially saturated samples and has been found in many stud- 
ies of ionic conductors with blocking electrodes (Armstrong et 
al., 1972: Raistrick et al.. 1976; Raistrick et al., 1977; De Bruin 
and Badwal. 1978). The low-frequency linear portion has been 
identified as the response of the sample-electrode interface, the 
high-frequency portion has been identified as the bulk sample 
response, and the value of R, at f, has been identified as the 
bulk sample resistance (Raistrick et al., 1976; Raistrick et al., 
1977). We have applied this interpretation to the complex 
impedance data of sandstones using only those data abovef, 
as a measure of the bulk sample properties. We have found& 
to be inversely proportional to the resistivity of the sample; 
because of this dependence of f, on resistivity, the low- 
frequency portion of the complex impedance plot which corre- 
sponds to polarization at the sample-electrode interface is not 
seen for dry samples. f, for saturated sandstones usually lies 
between 1 and 50 kHz. 

The effect of water saturation on K’ was a major part of this 
study. A sample was fully saturated by initially evacuating it 
in a pressure vessel, then allowing degassed, deionized water 

1600 

5 1200 

x 

’ 800 

0 1 S-SO 

RS @I 

FIG. 3. Complex impedance plot of data from a partially saturated sample of Berea 100. 
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FIG. 4. K’ versus log frequency and CT’ versus log frequency for the eight sandstones; S, = 0.36 with deionized water. 
(a) Berea 100, (b) Berea 200, (c) Berea 400, (d) CH58-79. 
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FIGS. 4e-4h. (e) CH61-79, (f) CH66-79, (g) St. Peter’s, (h) Indiana Dark. 
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to flow into the vessel, thus saturating the sample under a 
confining pressure of 1 600 psi for at least 12 hours. Measure- 
ments on the fully saturated sample were made immediately 
after it was removed from the pressure vessel. Subsequent 
measurements were made as the sample dried, and its weight 
was being monitored to determine the level of water satu- 
ration. To obtain a partially saturated sample, the sample was 
soaked in a beaker containing water until the desired level of 
water saturation was reached. 

Because the samples had been saturated previously in their 
natural environment with a pore fluid of some salinity, there 
could have been residual salts in the pores of the rock. These 
salts were removed by soaking the sample in deionized water, 
usually several weeks, until the sample was “salt-free.” Because 
both o’ and K’ are sensitive to the salinity of the pore fluid, the 
samples were repeatedly dried. partially saturated with deion- 
ized water, and o’ and K’ were measured until the measured 
values of o’ and K’ at a set frequency were constant. At this 
point the sample was classified as salt-free; it was assumed 
that all residual salts had been removed so that deionized 
water could be put into the rock with confidence. 

FREQUENCY DEPENDENCE 

The Debye response (Debye, 1929) has frequently been used 
to describe dielectric dispersion in a system with a single relax- 
ation time However, many materials, including rocks, deviate 
from Debye behavior, suggesting the presence of a distribution 
of relaxation times, Examples of studies showing the non- 
Debye behavior of rocks are Saint-Amant and Strangway 
(1970), Alvarez (1973), Olhoeft (1974), Pelton (1978), Knight 
(1983) and Lockner and Byerlee (1985). The observed devi- 
ation from Debye behavior has led to modifications of the 
Debye equation, including the Cole-Cole expression and the 
corresponding Cole-Cole equivalent circuit (Cole and Cole, 
1941). The significant feature of the Cole-Cole circuit is the 
inclusion of a constant-phase circuit element to model a distri- 
bution of relaxation times. The Cole-Cole expression has been 
found useful in fitting data from vacuum-dry lunar soil sam- 
ples (Olhoeft, 1974), and an expression for Z*, containing a 
term analogous to the constant-phase element in Cole and 
Cole (1941), has been used in modeling the impedance of min- 
eralized rocks (Madden and Cantwell, 1967; Pelton, 1978). 

In addition to the Cole-Cole expression, there are three 
other empirical expressions commonly used to describe a non- 
Debye response : the Cole-Davidson expression (Davidson and 
Cole, 1951), the combined Cole-Cole and Cole-Davidson ex- 
pression (Davidson and Cole, 1951), and the Williams- 
Watkins expression (Williams and Watts, 1970). An interesting 
feature of all four empirical relations is that, at frequencies 
away from the relaxation frequency, they reduce to ex- 
pressions showing a power-law dependence upon frequency of 
both K’ and K”, which led Jonscher (1975) to define this power- 
law dependence of K’ and K” as the “universal dielectric re- 
sponse. ” Since K’ is the parameter of interest in this study, we 
now discuss the power-law dependence of K’ upon frequency. 

Figure 4 shows K’ and corresponding o’ for the eight sand- 
stones in this study, 36 percent saturated with deionized water. 
The frequency range in each case extends from 60 kHz to 4 
MHz, 60 kHz being greater than the determined value off0 for 

all the samples. In this frequency range, K’ exhibits, in all the 
sandstones and at all levels of saturation, a power-law depen- 
dence upon frequency 

K’ = Am-“, 

where A and a are constants that depend upon the sample and 
the level of saturation. The question is how the frequency 
dependence is related to rock properties. We are particularly 
interested in the relationship between a and the sample 
properties. 

Figure 5 shows K’ as a function of frequency for five of the 
sandstones, all ofwh~ch are 36 percent saturated with deion- 
ized water. The power-law dependence can be seen in this 
plot, with a different value of a for each sample. A power-law 
dependence in capacitance (from which 1~’ is calculated) has 
been observed in studies of a wide range of materials (Gra- 
hame, 1952; Scheider, 1975), and the microgeometry of the 
material was proposed in a number of cases to be the source 
of the frequency dependence (Grahame, 1952; Sarmousakis 
and Prager, 1957; de Levie, 1965; Scheider, 1975). We have 
found a relationship between the power-law exponent a 
(values listed in Table 3) and the microgeometry of a sand- 
stone as characterized by the surface area-to-volume ratio of 
the pore space. Figure 6 gives a plot of the power-law ex- 
ponent a for all the sandstones saturated to S, = 0.36 with 
deionized water versus the surface area-to-volume ratio of the 
sample. These results suggest that in a partially saturated 
sandstone, the higher the surface area-to-volume ratio of the 
pore space, the greater the frequency dependence of K’. In- 
diana Dark is one sandstone that deviates from this trend, 
possibly due to the high percentage of iron oxides and hy- 
droxides in the sample and the effect of the magnetic suscepti- 
bility of these minerals on the dielectric response. In a review 
of dielectric data from a wide variety of materials, Jonscher 
(1979) defines limits for the power-law exponent in the fre- 
quency region of this study such that 0.4 < a < 0. It can be 
seen in Figure 6 that a falls within this range, asymptotically 
approaching 0.3 at high values of surface area-to-volume ratio. 

Given that K’ is strongly dependent upon frequency in the 
range studied here and given the observed relationship be- 
tween frequency dependence and surface area-to-volume ratio, 
we would expect K’ measured at any frequency between 60 
kHz and 4 MHz to be proportional to the surface area-to- 
volume ratio. This is shown in Figure 7 where K’ of the eight 
sandstones, S, = 0.36, measured at 140 kHz, is plotted as a 
function of the surface area-to-volume ratio. K’ increases as the 
surface area-to-volume ratio increases. 

EFFECT OF THE LEVEL OF WATER SATURATION 

We have shown that for a number of sandstones at the 
same level of water saturation, a is proportional to the surface 
area-to-volume ratio of the sample. When the level of water 
saturation in any one sample is varied, we find that a is also 
dependent upon S,. Figure 8 shows the change in a with 
change in S, for the tight gas sandstone sample, CH61-79. As 
the level of saturation in a sample decreases from fully satu- 
rated, a increases until some critical saturation point at low 
saturations below which a drops rapidly to near 0. 

The presence of a critical saturation at low saturation in the 
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FIG. 5. Log K’ versus log frequency for five sandstones; S, = 
0.36 with deionized water. (1) CH66-79, (2) CH58-79, 
(3) Indiana Dark, (4) Berea 100, and (5) St. Peter’s, The 
power-law exponent a for each sandstone is given on the plot. 
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FIG. 8. The power-law exponent a versus S, for sample 
CH61-79. 
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FIG. 6. a versus surface area-to-volume ratio for the eight 
sandstones; S, = 0.36. Values of a with corresponding sample 
names are given in Table 3. 

FIG. 9. K’ versus S, for sample CH61-79 at four frequencies: 
60 kHz, 105 kHz, 472 kHz, and 1.2 MHz. 
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FIG. 7. K’ versus surface area-to-volume ratio for the eight FIG. IO. K’ versus S, for sample Berea 100 at four frequencies: 
sandstones; S, = 0.36. 60 kHz, 105 kHz, 472 kHz, and 1.2 MHz. 
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FIG. 11. K’ versus S, at a frequency of 105 kHz for five sand- 
stones: CH61-79, Indiana Dark, Berea 100, Berea 200, and St. 
Peter’s 
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FIG. 12. St, calculated from the surface area-to-volume ratio of 
a sample. versus Sz as seen in the dependence of K’ on S,. 

dielectric response of sandstones is obvious when we consider 
a plot of K’ as a function of S,. Figure 9 shows K’ for CH61-79 
versus S, at various frequencies from 60 kHz to 4 MHz, and 
Figure 10 shows K’ for Berea 100 versus S,. The observed 
dependence of K’ on S,. at these frequencies is linked to the 
strong frequency dependence. K’ increases rapidly up to some 
critical saturation Sz, then increases more gradually and lin- 
early with increasing saturation. 

Figure 11 shows K’ versus S, at 105 kHz for five sandstones. 
There is a critical saturation point in the data for all the 
sandstones with a different value of Sz for each sample. Con- 
sider the water in the pores of a rock as consisting of two 
phases, bulk pore water and a layer of water adjacent to the 
surface, several monolayers in thickness, that we will refer to 
as “surface water.” We propose that the saturation level Si at 
which the dielectric constant becomes less sensitive to satu- 
ration is indicative of the amount of surface water in the rock. 
We interpret the variation of S”, between samples as being due 
to differing amounts of surface water in different rocks. In 
other words, we anticipate that the internal surface area-to- 
volume ratio of the pore space, which determines the percent 
of surface water in a rock, should control the position of the 
break in K’ versus S, 

Because of the low density of data, it is impossible to deter- 
mine St accurately. However, referring to Figure 11, some 
observations can be made. The tight gas sandstone, with rela- 
tively high surface area and low porosity, has a surface area- 
to-volume ratio of 9.45 x lo5 per cm. Sz for CH61-79 appears 
to be around 0.15. St. Peter’s sandstone, by comparison, with 
very low surface area and high porosity, has a surface area-to- 
volume ratio of 1.57 x 10T4 per cm, and accordingly St: falls 
between 0.005 and 0.04. The data for the two Berea samples 
with surface area-to-volume ratios of 8.40 x lo4 and 1.33 
x 10” per cm suggest SE’s between 0.01 and 0.04. Indiana 

Dark. while being the sample with the highest surface area, 
also has the highest porosity, resulting in a surface area-to- 
volume ratio less than that of the tight gas sandstone, 3.48 
x IO” per cm. Sz for Indiana Dark falls in the range of 0.05 

to 0.1. While more data in the region of So, are needed, the 
available data do suggest that the samples with high surface 
area-to-volume ratios contain a larger Percentage of surface 
water in the pores and that this is reflected in the position of 
S” 

8” . 
We have calculated the amount of surface water expected in 
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these samples from the measured surface area-to-volume ratio 
using a thickness of 2 nm for the surface layer. The results 
shown in Figure 12 show fairly good correlation between Sz 
predicted from this calculation and 5’0, taken as the critical 
saturation point in the dependence of K’ on S,. 

DISCUSSION 

We have found a power-law dependence of K’ upon fre- 
quency, with the power-law exponent proportional to the sur- 
face area-to-volume ratio of the pore space of a sandstone and 
the level of water saturation. The correlation we observed 
between a and the surface area-to-volume ratio of a sample 
can be extended to the observed changes with S, if, instead of 
considering the surface area-to-volume ratio of the total pore 
space, we consider the ratio between the amount of surface 
water and the amount of bulk water in the volume of the pore 
space. In comparing different sandstones, the sample with the 
larger surface area-to-volume ratio of the pore space will have 
the larger amount of surface water relative to bulk water in 
the pore space, assuming that the thicknesses of the surface 
layers are the same in the different sandstones. a for the sand- 
stones can thus be considered proportional to the ratio be- 
tween the amounts of surface water and bulk water in the pore 
spaces of the different sandstones; those sandstones with a 
proportionately greater amount of surface water show a great- 
er frequency dependence. In studying one sandstone at various 
levels of water saturation and considering the dependence of a 
on S,, we suggest that the critical parameter is still the ratio 
between the amounts of surface and bulk water. As a rock 
dries, it is reasonable to assume that the surface water, being 
physically adsorbed to the pore surface, will remain, while the 
water in the central volume of the pore space is removed. This 
results in an increase in the ratio of the amount of surface 
water to the volume of bulk water in the pore space as the 
rock dries. We suggest that the maximum a occurs at a critical 
saturation where there is a maximum in the ratio of surface to 
bulk water; the drop in a below this saturation is due to 
removal of the surface water from the pore space. We con- 
clude that there is a dielectric dispersion associated with the 
2 nm of water adjacent to the surface of the pore space. 

A number of examples in the literature focus on the role of 
surface water in the dielectric behavior of solid materials con- 
taining relatively small amounts of water (McIntosh et al., 
1951; Kamiyoshi and Odake, 1953; Kurosaki, 1954; Thorp, 
1959; Nair and Thorp, 1965a, 1965b; McCafferty and Zettle- 
moyer, 1971). The dielectric mechanism in each of these stud- 
ies is interpreted either in terms of the rotational molecular 
mobility of individual water molecules or in terms of the 
larger scale conductivity heterogeneities in the water-solid 
s-ystem. 

Water adjacent to a solid surface has a dielectric response 
significantly different from that of bulk water, most likely due 
to the reduction of molecular mobility of the water molecules 
through physical bonding to the surface (Kurosaki, 1954; 
Bockris et al., 1966; McCafferty and Zettlemoyer, 1971). Much 
evidence suggests that the restricted mobility reduces the static 
dielectric constant of water adsorbed to a surface from 80 for 
bulk water to close to 6 (Bockris et al., 1966). In addition to a 
reduced X’ ,“LLa,ti Antnm --viewed by Hasted jl96l) indicate that sur- 
face bound water exhibits a relaxation in the region of 10 kHz, 
seven orders of magnitude lower that the relaxation frequency 

of bulk water. This has led to the suggestion that dielectric 
dispersion, at frequencies around 10 kHz in systems composed 
of a solid and adsorbed water, is due to the relaxation of the 
adsorbed water (McCafferty and Zettlemoyer, 1971). 

An alternate form of interpretation is in terms of a 
Maxwell-Wagner type of mechanism (Maxwell, 1891; Wagner, 
1914) in which the conductivity heterogeneities in a system 
are responsible for dielectric dispersion. With such a mecha- 
nism, it is not the rotational mobility of the water molecules in 
the surface water that is important, but the translational mo- 
bility, or the conductivity of the surface layer. A conductive 
mechanism has been proposed by Kamiyoshi and Odake 
(1953) and Nair and Thorp (1965a, 1965b), for dielectric dis- 
persion in systems in which water coated the surfaces of a 
solid. Sen (1980) and Kenyon (1984) use a Maxwell-Wagner 
effect, modified by the shape of the grains, to explain the 
dielectric response of water-saturated sedimentary rocks. 

In considering our data from sandstones at various levels of 
water saturation, we favor the interpretation that a conductive 
type of mechanism is responsible for the observed dielectric 
response. While both adsorbed water relaxation and a 
Maxwell-Wagner type of mechanism can explain the fre- 
quency dependence, the change in K’ with S, suggests that a 
polarization other than the rotational molecular polarization 
of the water molecules is contributing to K’. The dielectric 
constant of a dry sandstone is approximately 6; if the 2 nm of 
surface water is to be treated as bound water with a restricted 
molecular mobility and a dielectric constant of 6, then the 
addition of the surface water to the dry sandstone should have 
little effect on K’. We observe, however, a rapid increase in K’ 

with the presence of the 2 nm of surface water. We attribute 
this apparently enhanced dielectric constant of the surface 
water to the role of the conductivity of the surface water in the 
dielectric response. 

As a very simple physical model, we can think of the con- 
ductive coating of water on the surface of the grains in a 
sandstone as producing numerous water-grain capacitors, 
causing the sample to act effectively as a network of grain-size 
capacitors which contribute to the total measured K’. A rapid 
increase in K’ with increasing S, is observed as the conducting 
liquid film coats the pore space and the number of water-grain 
capacitors increases. At Sz, the pore surface is completely 
coated with a conducting film, and the maximum value in K’ 
due to the contribution from the water-grain capacitors has 
been achieved. The conclusion by Sen (1980) and Kenyon 
(1984) that it is the accumulation of charge on opposite sides 
of platy grains that produces an increase in K’ in a fully satu- 
rated sedimentary rocks supports this type of physical model. 
However, we emphasize that the value of K’ for a fully satu- 
rated sandstone is essentially attained with only 2 nm of water 
on the pore surf&e; at saturations above Sz, there is a much 
more gradual and linear increase in IC’ due to the addition of 
more bulk water in the pore space that adds relatively little to 
K’. 

CONCLUSIONS 

The dielectric response of fully and partially saturated sand- 
stones in the frequency range of 60 kHz to 4 MHz is deter- 
mined predominantly by the presence of2 nm of-water coat- 
ing the surface of the pore space. The frequency and satu- 
ration dependence of K’ suggest a conductive or Maxwell- 
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Wagner type of mechanism. The amount of surface water in a 
sandstone has been found to determine the magnitude of the 
frequency dependence and hence, in this frequency range, the 
value of K’. The surface area-to-volume ratio of the pore space 
determines the amount of surface water, making this parame- 
ter (which describes the microgeometry of the pore space) the 
essential material property governing the dielectric response of 
a sandstone. 
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