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ABSTRACT

The objective of this project is to develop the scientific basis for characterizing contami-
nant plumes in the earth’s subsurface using field measurements of induced polarization (IP)
effects. Our first-year accomplishments are (1) laboratory experiments on fluid-saturated
sandstones quantifying the dependence of spectral IP responses on solution chemistry and
rock micro-geometry; (2) library research on the current understanding of electromagnetic
coupling effects on IP data acquired in the field: and (3) development of prototype forward

modeling and inversion algorithms for interpreting IP data in terms of 3-D models of complex
resistivity.
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OBJECTIVES

The overall objective of this project is to develop the scientific basis for characterizing con-
taminant plumes in the earth’s subsurface using field measurements of induced polarization
(IP) effects. Three specific objectives towards this end are

1. Understanding IP at the laboratory level through measurements of complex resistivity
as a function of frequency in rock and soil samples with varying pore geometries,. pore
fluid conductivities and saturations, and contaminant chemistries and concentrations.

2. Developing effective data acquisition techniques for measuring the critical 1P responses
(time domain or frequency domain) in the field.

3. Developing modeling and inversion algorithms that permit the interpretation of field
IP data in terms of subsurface geology and contaminant plume properties.

ACCOMPLISHMENTS

Laboratory Studies

Our laboratory experiments to date are described in Appendices A and B, which consist of
two papers submitted to the annual SAGEEP conference (Frye et a., 1997; Sturrock et al.,
1997). Our experiments involved measurements of complex resistivity vs. frequency on a
suite of brine saturated sandstone samples. In one set of experiments. the fluid chemistry
(pH, ionic strength, and cation type) was varied. In a second set of experiments, the micro-
geometry of the rock matrix was varied. The experiments showed that spectral IP responses
are sensitive to subtle variations in both the solution chemistry and rock microgeometry.
The results demonstrate that spectral IP responses have the potential of being sensitive in-
dicators of in situ chemistry and microgeometry, the latter of which may be related to the
hydraulic properties.

Data Acquisition

We have been looking in some detail at the effects of electromagnetic coupling and how to
practicaly deal with it. Currently, we do not have conclusive results.



Modeling and Inversion

Our progress in the development of modeling and inversion algorithms for IP is described
in Appendix C, a paper submitted to the annual SAGEEP conference (Shi et al., 1997).
We have developed algorithms for forward modeling and inversion of spectral IP data in
3-D media. The agorithms accommodate. a general earth model with a complex electrical
conductivity as a function of frequency and 3-D spatial position. Using regularization and
optimization techniques. the inversion algorithm obtains a 3-D image of resistivity amplitude,
and phase for each frequency contained in the data set. We have begun testing our algorithms
on synthetic data generated from a simple model of a contaminant plume. The complex
resistivity parameters of the background medium and plume are based on the laboratory
results described above.
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ABSTRACT

To improve containment detection and monitoring. it is important to understand the role
of the bulk pore fluid chemistry on the induced polarization (1P) response of rocks and soils. IP
methods can be more effective than traditional resistivity surveys because they are more
sensitive to changes in electrochemistry at the mineral gram-pore fluid interface caused by small
amounts of dissolved contaminant. Clean and contaminated materials have been shown to have
comparatively different IP responses in both laboratory and field experiments. However.
electrochemical surface properties are also dependent on the bulk pore fluid chemistry and grain
microgeometry. The effect of contaminants on the IP response is superimposed upon these other
bulk fluid and microgeometry effects.

To document the influence of pore fluid chemistry on the IP response of earth materials.
experiments were performed to measure the complex conductivity and time domain IP of Berea
sandstone cores as a function of pore fluid pH, ionic strength, and cation type. A minimum in
surface conductivity and IP response is observed at pH 3. the approximate point of zero net
surface charge for quartz. While surface conductivity increases with ionic strength. the net IP
response, or phase angle, decreases with ionic strength. A suite of cores saturated with different
salt solutions of equal conductivity demonstrates significant variability in the IP response as a
function of cation type. These experiments are applicable to other quartz-dominated systems and

help to link field IP measurements to geochemical parameters. thus improving the IP
characterization of geochemical environments.

INTRODUCTION

Groundwater contaminants often occur in small concentrations that do not significantly
change the bulk conductivity of an earth material. IP methods are more sensitive to surface
electrochemical processes than resistivity surveys and can detect the presence of some
groundwater contaminants. Therefore. recent work has attempted to quantify the effect of both
inorganic and organic contaminants on the induced polarization response of soils (Sadowski,
1988; Borner et a.. 1993). However. the IP response of a material is also dependent upon the
properties of the bulk pore solution and grain microgeometry. To investigate the relationship
between |IP response of earth materials and pore fluid chemistry, core samples were taken from

one block of Berea sandstone. The cores were saturated with various pore solutions and their
response to an applied electric field was measured.
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The conduction current density J and the displacement current density D are related to
the applied electric field E by the constitutive equations:

J=cE (1)
and
D=xeoE., @
where or is the permittivity of free space, k is relative permittivity, or dielectric constant, and is
electrical conductivity. The system remains in the linear regime as long as the current density is
less than 10°A/m’(Sumner, 1976). Electrica conductivity and dielectric constant can be
expressed as complex numbers in the following manner:

O*= 0'+ i0"'=0'+iwK & (3)
where o'isthe complex conductivity, and o’ and 0" denote the real and imaginary components
of conductivity, respectively, and K' is the real component of complex relative permittivity, ¢ is
the angular frequency of the applied electric field, and iisfi. Complex resistivity is another
common parameter used in electrical surveys and is the inverse of complex conductivity:

!
pr=—7 (4)
Generally. the complex resistivity, complex conductivity. and complex permittivity of an earth
material are frequency dependent.
Freguency-domain IP methods measure electrical properties of a rock-pore fluid system
at two or more frequencies. Some field measurements performed at only a few frequencies

express |IP phenomena as percent frequency effect (PFE) where the resistivity frequency
dependence is expressed as follows:

PFE = 100+ 28 = 2(@) (5)
p(a,)
p(wp) and p(uy) are resistivity magnitudes measured at two different angular frequencies,
Time-Domain surveys measure the response of a sample to an applied electric field that is
switched on and off. When an electric field is applied to a material, polarization occurs and a
decay voltage is observed when the €electric field is removed. The voltage decay curve is used to
quantify polarization as integral chargeability, M:

I
M= v L Vd: . | (6)

V is the potentia difference across the sample. V , is the maximum potentia difference during
current transmission. and t,and t,define the time window over which potential difference is
measured. We sampled the decay curve from 160 to 1740 milliseconds after the electric field
was switched off.

In quartz dominated earth materials lacking metallic minerals, low frequency polarization
occurs along the charged grain boundaries as counter-ions migrate around the grain. The counter-
ions tend to arrange themselves into two layers, a fixed layer physically adsorbed to the grain
surface. and a diffuse layer that extends into the pore space. When an electric field is applied to
a material consisting of minerals, fluid, and their interface, movement of counter-ions tangential
to the grain surfaces contributes to the real component of the formation conductivity. Depending
on the frequency of the electric field, mobilitv of the ions, temperature, and grain

microgeometry, the charges may polarize the grain to contribute to the imaginary component of
conductivity.



The distribution of charged sites on the surface of quartz grains, SIOH, and SO, is
dependent upon the concentration of Hydrogen in the saturating solution. The pH at which an
equal number of positive and negative sites exists (zero net surface charge) have been obtained
theoretically for quartz (Glover et al., 1994) and experimentally for Berea sandstone (Li and De
Bruyn, 1966, Sharma et a., 1987). All investigations have found that the net surface charge and
the electrostatic potential at the fixed layer-diffuse layer interface (zeta potential, L), are zero in
guartz and quartz dominated systems at pore fluid pH of approximately 3 (between 2 and 5).

2. EXPERIMENTAL PROCEDURE

Berea sandstone cores were cut and saturated with prepared brines in accordance with
SCA guidelines (Lerner et al., 1990. Mageretat et al., 1990, Worthington et al., 1990). Three inch
cores were placed in a four-electrode measurement system. Time-domain measurements of
apparent resistivity and chargeability were performed. Chargeability was calculated from two
voltage decay curves resulting from positive and negative current pulses. Impedance and phase
measurements were performed In the frequency range of 10°Hzto 10°Hz. Higher frequency
Impedance and phase measurements must be made with a two-electrode sample holder (Olhoeft
1985). Open and closed circuit compensations were performed with the sample holder
connected to an HP 4284A LCR meter, and three lengths of core were measured. Real and
imaginary components of Impedance were plotted versus sample length divided by sample cross-

sectional area. The slopes of the curves are equivalent to the real and imaginary components of
resistivity (Lesmes, 1993).

3. EXPERIMENTAL RESULTS

3.1 Complex Conductivity as a Function of Frequency

In 1942, Archie proposed a model for conductivity in earth materials that was based on
the assumption that nearly all conduction of electrical current in rocks and soils is electrolytic in
nature, and therefore is a function of only pore fluid conductivity, porosity, saturation, and
pore/grain geometry. From Archie's work comes the Formation Factor (FF) which is the ratio of
solution conductivity to formation conductivity:

g.

| o, ()
If Archie’s supposition holds, the Formation Factor should be a constant value for a given
lithology. However, if other conduction mechanisms are present, the Formation Factor may vary
with pore fluid chemistry. Because Formation Factor nomalizes for pore fluid conductivity, its
variation represents pore fluid chemistry effects on the real component of surface conductivity in
a straightforward manner. At low pore fluid conductivity, the contribution of surface
conductivity lowers Formation Factor. With increasing pore fluid conductivity, Formation
Factor approaches a constant value as electrolytic conduction in the pore fluid becomes
dominant.

Low frequency dielectric dispersion is so large that it is difficult to demonstrate the subtle
differences that occur as a function of pore fluid chemistry. The imaginary component of
conductivity is graphed for low frequencies to demonstrate the dependence of polarization
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phenomena on pore fluid chemistrv. The imaginary component of conductivity demonstrates a
frequency dependence. With a local maximum between 10°and 10°Hz that is similar for all
samples. The local maximum is also present in other impedance spectroscopy studies of Berea
sandstone (Lockner and Byerlee, 1985, and Lesmes, 1993). The variance in imaginary
conductivity versus frequency plots may be due to the grain size distribution of Berea sandstone.
The dielectric congtant is plotted againgt frequency to show its high and low frequency limits.
The first data set presented shows the influence of pH on the complex conductivity of
Berea sandstone cores saturated with a 10°M NaCl solutions with pH values of approximately
3,5, 8 and 10 (FIG. 1). The Formation Factor varies from 8.6 to 14.6. The Formation Factor

maximum at pH 3 indicates that there iIsa mmrmum in surface conductivity when cores are
saturated with pH 3 solutions. Minima aso occur in the imaginary component of conductivity
and dielectric constant at pH 3.

The dielectric constant undergoes large low frequency dispersion. There are two critical
changes in the slope of the dielectric constant versus frequency curves. At approximately 10”
Hz the slope of the dielectric constant versus frequency plot changes, and the dielectric constant
approaches its low frequency limit. Frequencies higher than 10°Hz approach a constant
dielectric constant. E,, which obeys simple dielectric mixing laws for quartz and brine. The
dispersion between the low frequency and high frequency dielectric constants are evidence of
multiple polarization processes for al grain sizes present (Lesmes, 1993, Sturrock et. al., 1998).

By plotting the data with fixed pH 8. the dependence of complex conductivity on ionic
strength can be observed. The plots represent the complex conductivity response of Berea
sandstone cores saturated with solutions of 10°M, 10°M, 10'M, and 1 M NaCl (FIG. 2).
Formation Factor is observed to have variability at pH 8: a dependence on ionic strength is
observed as an increase in Formation Factor with NaCl molarity. At ionic strength above 10" M
NaCl. Formation Factor nears a constant value and Archie’s Law applies for Berea sandstone.

Dielectric constant 1spresented for all frequencies measured. The range of dielectric
dispersion at low frequencies masks the effect of pore fluid chemistry, but an increase with ionic
strength is discernible in the imaginary component of conductivity plot. This effect is masked by
the large increase in bulk conductivity, and the phase angles measured decrease with ionic
strength. 1 M NaCl data is not included in these plots because the small phase angles measured
approached the bit resolution of our low-frequency measurement system.

Cores were aso saturated with different salt brines. The brines were prepared so that
pore fluid conductivity was approximately the same for all cation type experiments, and pH was
determined to be approximately 8 for al saturating solutions. These experiments are intended to
show the effect of different cation types on adsorption and polarization properties (FIG. 3).

Formation Factor is observed to be approximately the same for the two monovalent
cation solutions, 0.01 M NaCl and 0.084 M KCI. The Formation Factor of the 0.064 M CaCl,
solution is considerably lower than that of the monovalent cation solutions, while the 0.096 M
BaCl,solution is considerably higher. While the BaCl,solution saturated cores do not behave in
the same fashion as the CaCl,solution saturated cores, previous work may provide an
explanation. Ba'" cations tend to adsorb chemically, rather than physicaly, to silica. and have
been observed to reduce net surface charge density and zeta potential (Tadros and Lyklema,
1968). This could cause the higher Formation Factor measured in the BaCl,saturated cores.
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FIG. 1. Formation Factor (A), the imaginary component of conductivity (B), and dielectric constant (C) vs.
frequency for Berea sandstone saturated with 10°M NaCl brines of PH 3, 6, 8, and 10.
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The low frequency imaginary conductivity indicates subtle changes in surface-chemistry.
imaginary conductivity is highest in the NaCl saturated cores, and the NaCl saturated sample
also displays the largest dispersion of the four experiments. The imaginary component of the
KCl solution saturated core is less than that of the other monovalent salt, NaCl. This effect could
be the result of the smaller ionic radius of Potassium. The divalent metals, Ca™"and Ba”, have

similar imaginary conductivity curves. All samples appear to have the same tow frequency limit
for imaginary conductivity and Dielectric Constant.

3.2 Electrical properties as a function of pore fluid chemistry

The following five electrical properties were chosen to summarize our experiments:
average low frequency dielectric constant, average Formation Factor, high frequency dielectric
constant, PFE and integral chargeability. The electrical properties are plotted versus brine
conductivity for NaCl solutions of pH 3, 6, 8, and 10 (FIG. 4). Figure 4A demonstrates that
Formation Factor increases with brine conductivity and approaches a constant value at high ionic
strength (0.1 to 1 M NaCl). Surface conductivity contributes less to the overall formation
conductivity as ionic strength of the saturating brines increases, and Archie's Law becomes an
accurate model of rock conductivity. Both low frequency and high frequency dielectric constant
are observed to generally increase with brine conductivity (FIG. 4 B and C), indicating that the
earth material is more polarizable. The influence of brine conductivity is similar at the different
pH levels, but the effects are subdued at pH 3. The influence of surface conductivity is also
observed in the PFE and M plots (FIG. 4 D and E). The plots demonstrate significant

polarization effects at low brine conductivity which are masked at higher ionic strength in the
frequency-domain and time-domain IP responses.

SUMMARY

Electrical properties of Berea sandstone were measured in the frequency-domain and the
time-domain as a function of pore fluid pH, ionic strength, and cation type. Imaginary
conductivity and dielectric constant curves have similar shapes, regardless of pore fluid
chemistry. The curve shape is perhaps influenced by the grain microgeometry. Although
dielectric constant generally increases with ionic strength, increased polarization effects are
masked by the higher overall bulk conductivity, and significant IP effects are not detected at
ionic strength greater than 10'M NaCl. A minimum in IP response is noticed in cores saturated
with pH 3 solutions. the approximate point of zero net surface charge for Berea sandstone.
Variation of electrical properties with cation type is observed with different saturating salts. The
causes of this variation are unclear, but it may be a function of both ionic valence and ionic

radius. These bulk pore fluid chemistry effects are significant, and must be considered in
interpreting Ip field data.
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ABSTRACT

The transport properties of porous rocks and soils are of broad interest to many
disciplines.  An elusive goa in rock physics has been to develop a method of estimating
permeability in-situ, and various models have been developed. These existing models characterize
the porous media with parameters including porosity, hydraulic radius, grain packing. tortuosity,
specific surface area, fractal surface dimension, grain size and grain size distribution. Induced
polarization (IP) measurements are sensitive to many of the same variables associated with
hydraulic permeability as well as with the pore fluid chemistry and may be able to measure the
parameters which make up the permeability models

A series of experiments were performed on five different sandstones.  Hydraulic
permeability and broadband (spectral) induced polarization measurements were made on several
sandstone samples both parallel and perpendicular to bedding. Interesting relationships are shown
for the anisotropy data as afunction of frequency. Porosity values were also determined for all of
the sandstones. Permeability model parameters, including formation factor, porosity, specific
surface area and surface fractal dimension were calculated using the IP data. Empirical models
which relate the polarization capacitance of the sample to the grain size, surface fractal dimension
and the specific surface area were investigated. The results indicate that the surface fractal
dimension is the key component of the model and that the values determined from our
experiments align extremely well with previously published data. Further investigation is being
pursued in efforts to determine the fractal dimension solely from electrical measurements.

INTRODUCTION

Using Darcy's relationship, many researchers have developed methods of estimating
permeability from the material properties which influence the percolation (or flow) through
porous media.  This relationship recognizes that the flow regime is linear. and hence it is a
simplification of the Xavier-Stokes equation of fluid flow Darcy's lawv may be written as

k dP

q=~77;;- (1)
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where q is the volume flow per cross sectional area (volume flux, k is permeability in units of
P

length squared, n is the dynamic viscosity and # is the pressure gradient across the sample.
ux

Material properties which have been shown to affect permeability include the grain size and the
grain size distribution, the porosity, the interconnectedness or tortuosity, of the pores and the
specific internal surface area of the pore space Tube and crack models, for example, assume the
medium can be effectively treated as a series of parallel tubes running through an impermeable
matrix. An improvement of this simple model which incorporates tortuosity (the non-linear path
of the fluid particles) leads to the Kozeny-Carman equation given by Scheidegger (1974) as

o

K S.0-p ( 2 )
where k is permeability in units of length squared. ¢ is the porosity and S, is the specific surface
area to pore volume ratio (the area of the inside surfaces of the equivalent pores divided by the
volume of the pores). The Kozeny-Carman relationship recognizes the hydraulic tortuosity 1, as
being

(/l

oAd.
T = . ; . (3)
where A, is the effective cross sectional area of the pores (Scheidegger, 1974). The effective
area is defined as =xr ... or pi times the square of the hydraulic radius of the pore.

Spectral induced polarization, or complex impedance measurements made at multiple
frequencies, is also determined by the same micregeometrical material properties that influence
hydraulic flow as well as the pore fluid chemistry, and thus may contain the information needed to
predict permeability. A fundamental empirical law, derived from electrica measurements which
relates electrical conductivity to rock properties is known as Archie's law (1942), defined as

a
F=¢p™m= — (4)
(o2

F is the formation factor, m is the cementation exponent (typically equal to two). o, is the
electrical conductivity of the pore fluid and o..... is the bulk electrical conductivity of the rock and
flud sysem From this equation. the electrical tortuosity 1., has been defined as gF (Schei degger
1974), or

By equating the hydraulic tortuosity in equattlcon 3 w%th the electrical tortuosty in (5). the
K ozeny-Carman equation for hydraulic permeablllty, can be re-written as
I"..

k=— (6)
8/
According to the tube and crack models. S... is defined as the surface area of the tubes
(pores) divided by the volume of the pores, or
2'rr ! o]

= 7
"7‘//' )

Spor=
o

This relationship assumes the pore surfaces to be smooth, or exactly two dimensiona. However,
due to weathering and cementation, or crystal growth on the grain structure, the specific surface
area of the grains has been shown to be fractal. The surface fracta dimension has been
determined for various sandstones by SEM (Scanning  Electron Microscopy and BET (nitrogen
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adsorption) measurements, and the values range from 2.5 to 2.87 (Katz and Thompson. 1985;
Krohn, 1988; Aharonov, Rothman and Thompson, 1997). From an empirical study on
sandstones, Richardson (1961) determined the following scale dependent relationship:

Sev=C ST I L. (8)
where the constant ¢ is 0.1410, S.:" is the determination of S, from BET determinations (a

limiting constant value measured at the molecular scale). r.s is the hydraullc radius, and s (found
to be approximately -0.36) is the log-log slope of the plot of (S../S.. )vs.tar  From the

definition of atwo-dimensional fractal, the surface fractal dimension is then calculated as D=2-s.

-~

or 2.36 in this example Since S... can be written as — . the Richardson relation reduces by

subgtitution to

I :/",,":—‘,,—VL (9)
¢

Substituting r_,, into the Kozeny-Carman equation thus produceﬁ the following result.
SkF=c.y '~ , (10)
where c,is a constant

Thisrelationship, derived by Pape, Riepe and Schopper (1987), termed the PARIS
equation, results from a pigeon-hole model mv&ﬂjg_;atlon It is otherwise written as
+)yyh
k= /— (11)
From their empirical study, Pape, Riepe and Schopper determined c,to be 475.337 and D to be
2.3566. Re-writing the equation thus produces

\ i 7 Pox

k=475 (12)

Other investigators have also developed permeability models based on fractal studies
Thompson. Katz and Krohn (1987) determined a similar relationship, given as
.~ I \, ; . g A
k= — I g . l {__ ) (13)
=206 7 Ml e

where i is the characteristic length of the tubes (pore space), ¢ is the bulk rock conductivity and

.. istheionic conductivity of the pore fluid. The characteristic length used in this model is similar
to the development of the Richardson equation which relates length and hydraulic radius to the
specific surface area used in the PARIS equation. These well constructed permeability models
are quite smilar, essentialy varyingonly by a constant determined empirically from their studies.
Our investigation builds on the PARIS model due to the possibility of estimating the specific
surface area and fractal dimension directly from induced polarization measurements as explained
below.

Rock fragments and clays have a surface charge due to weathering processes, where the
dangling bonds have a net negative charge. This surface charge is pH dependent, depending on

the ratio of H and OH'in solution.  Above apH of 3, which istypica of mostly all groundwater,
the charge is negative. The attraction of ions in the saturating solution to the grain surfaces thus

produces an electric double layer. When an electric field is applied to the sample, the imaginary
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part of the conductivity (phase related term) assumirng an inggnificant amount of metallic material
in the grain matrix is a producer of the displacement current produced by the migration of the ions
in the electric double layer on the surface of the grain. When using an A-C current source, the
phase is thus attributed to the capacitance produced by the electric double layer ion migration.
The real part of the conductivity is simply associated with the migration of ions through the fluid
in the pore space.

The frequency dependence of the complex conductivity response for silicate rocks can be
expressed with a power relationship  Since the phase measured for silicate rocks between the
frequencies 10° Hz to 10" Hz is typicaly constant and the conductivity magnitude generally
increases with increasingly frequency, the constant phase angle (CPA) model is given as

o*(0)1=0,(i0)'". (14)
according to Borner, Gruhne and Schon (1996), o*() is the measured complex conductivity as
a function of frequency, c.(iv) is the “normalized" conductivity constant for the given set of data
and 1-p is an exponent which describes the frequency dependence. The complex conductivity
expression may then be split into the real and imaginary parts as shown:

o = ceosj=(l-m] and o = Jsin[i_:—(l—/))] (15)

The parameter S... isthe most difficult to measure non-invasively. Knight and Nur ( 1987)
and Borner et a (1996) have recognized a linear relationship between S, on the imaginary part
of conductivity. The relationship observed by Borner et a. (199 1) is given as follows:

Spw=a T . (16)

"

where the constant a is 86 X 10°

and o is the “normalized” imaginary part of the

NLooum
measured rock conductivity. Since ¢ is produced by the displacement current which arises from

the polarization of the electric double layer (EDL), it intuitively makes sense that it should be
related to the specific surface area of the material  Substituting (16) into the PARIS model yields

HETES

s
k=475 _(u /) (17)

Thus, from electrical measurements alone it appears that the parameters which influence hydraulic,
permesbility may all be caculated, and that estimates of permeability may be made.

EXPERIMENTAL PROCEDURE

Complex impedance measurements were made in the frequency range of 10°Hz to 10'Hz
on five different sandstone samples cored both parallel and perpendicular to bedding. |n an effort
to isolate the microgeometry from the pore fluid chemistry, the saturating solution was fixed for
al the samples by using a 0.01 M NaCl hbrine Two different apparatus were used to measure the
samples impedance and phase. In the low frequency range of 10°Hz to 10°Hz a four electrode
configuration was used. The higher frequency range of 20 Hz to 1 MHz was measured with a two
electrode apparatus, using an HP 4284A complex impedance analyzer. The high frequency
measurements were made using pt-black electrodes and varying length samples.  The pt-black
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electrodes were used to minimize the electrode impedance, and the samples of varying length
were used to correct for residual electrode impedance effects and to estimate the measurement
uncertainty. The overlap of frequencies between the two apparatus allowed direct comparison
and validation of the two systems. Figure 1 shows the real and imaginary conductivity
measurements made on Berea sandstone in the Boston College Rock Physics laboratory.

A modified constant-head test was used for all the hydraulic measurements.. The
permeability measurements were made on the same sandstones cored both parallel and
perpendicular to bedding. The permeability values for the different sandstones covered four
orders of magnitude. The sandstones tested include Berea sandstone, Coconino sandstone,
Tennessee sandstone, Arizona Chocolate and Island Rust sandstone.

12 O
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5: 5 08 —O— Perpendicular :
= = 06 o
i = 04 - ~
e e 5
02 &
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. 5.
1E-3 1E-1 1E+1 TE.3 ‘2.5 1EeT 1E-3 1€-1 1E+1 1E+3 1E+5 (Ee7
Frequency (/) Frequency (Hz)

Fic 1. Real and imaginary conductivity measurements made on Berea sandstone cores
cut paralel and perpendicular to bedding.

RESULTS

The various parameters which make up the permeability models were measured and
calculated from the induced polarization measurements.  Using the hydraulic permeability
measurements, the surface fractal dimension was also determined for the two bedding
configurations of each of the sandstone. Table 1 shows the measured and predicted parameters
for the suite of sandstones tested

The permeability values which were calculated solely from the electrical measurements, based on
the PARIS model, did not result in accurate determinations Some calculations differed from the
measured values by three orders of magnitude. The PARIS model uses the average surface
fractal dimension of 2.36 based on Richardson's investigation, thus generalizations are made
which unduly weight all other samples.  This is seen here where the results of our calculations
from this model yield permeability values which do not range beyond 10*to 10 millidarcies.
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Fable I The permeability model parameteis measured and predicted in the Boston College Rock Physics laboratory

Measured  Properties Predicted Properties
I o, k k
$ Formation Imagmary S Permeability Spon Permeability
Factor Conductivity _
R . Porosity  (WOINENaCh  (mS/m) () Gwlhdarewes) | qun') (milhdarcies)
Anizona "Chocolate” parallel 0 003 1008 010 0 06 8 So 32
sandstone perpendiculas 2338 0 0o - TBD* 817
Berea sandstone paiallel 0 ol NEREE 012 Lo 228 1013 36
perpendiculan P30S 01i Iy 032 32
Coconino sandstone paraliel 0139 I o045 013 082 1208 4
perpenchcular 1305 01l 021 018 35
Island Rust sandstone parallel 01 5231 005 24 388 136
perpendicular 5231 003 --- 052 322 243
Tennessee sandstone parallel 008 S8 89 0.03 - 0.5* 2.41 523
perpendicular 5882 003 0.44 2.80 245

* To Be Determined or re -tested
From Knight and Nur, (1987)




The surface fractal dimension was calculated (predicted) for each of the sandstones from
the model using the hydro-electrically measured parameters. Table 2 shows the measured and the
predicted values of surface fractal dimension. Simply re-substituting the calculated values back
into the model would naturally yield accurate values of permeability. The calculated surface
fractal dimension values for the different sandstones shown in Table 2 do not differ significantly;
however, the differences do provide very different permeability estimations. This outcome
follows fractal theory well, where power law dependent results are very sensitive to initial
conditions. The fractal dimension values calculated from the hydraulic and electric measurements
match up extremely well with previously published data. The surface fractal dimension values
determined from our measurements are 2.55(parallelghd 2.57 (perpendicular) for the Berea
sandstone, and 2.61 (parallel) and 2.73 (perpendicular) for the Coconino sandstone. Data
presented by Katz and Thompson (1985) and Aharonov et. al. (1997) show the values for the
same two sandstones to be 2.55 and 2.75, respectively.  This indicates the validity of the model
and shows that if accurate values of the surface fractal dimension could be determined, reliable
estimations of permeability could be made. Inversion of the complex electrical data for grain size
distribution (Lesmes, 1993) has shown promise in determining the surface fractal dimension
directly from the complex conductivity spectra

The complex electrical measurements exhibit the sandstones anisotropic nature and
suggest that a great deal of information is contained therein.  Figure 2 shows an interesting
relationship for the Berea sandstone samples investigated. The plot displays the ratio of the
measurements made parallel and perpendicular to bedding as a function of frequency for both
the real and imaginary conductivities. The rea part of the conductivity is essentialy constant;
however, the imaginary part of the conductivity which is related to the grain size, shape and

sorting, shows an interesting frequency dependence Extracting information from this frequency
dependent relationship will provide additional constraint to the existing geometrical models. All

of the sandstones investigated have shown similar relationships and a further investigation is
planned

14 + 4
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0 ; ; .
6 Tt ———rrrr
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Frequency (Hz)

Ficl The complex conductivity anisotropy for Berea sandstone as a function of
frequency. The filled triangles display the real conductivity and the open circles display
the imaginary ~ conductivity.



Table 2 The measured and the predicted values surface fractal dimension (D)

D D
Measured Predicted

Anzona "Chocolate”  parallel --- 2.67
sandstone perpendicular -
Berea sandstone parallel 5 53% 255

perpendicular o 2.57
Coconino sandstone parallel 261

perpendicular - 2.75¢ 2.73
Island Rust sandstone  parallel - 282

perpendicuiar 2.85
Tennessee sandstone  parallel o - 2.84

perpendicular 2.85
* Katz and Thompson. (1985) and Aharonov et. al. (1997)

SUMMARY

The electrical and hydraulic properties of several sandstones were measured using a fixed
pore fluid chemistry to isolate the microgeometrical properties. An interesting relationship was
observed for the anisotropic measurements made on the samples, and a further investigation is
planned. It was shown that the surface fractal dimension is the key component of the permeability
model used in thisinvestigation. |t was also demonstrated that the values determined in our
experiments are ingood agreement with previously published data. The ability to estimate the
surface fractal dimension from induced polarization measurements would provide the final
congtraint for accurate estimates of permeability. Inversion of IP data for gain size distribution
shows promise for calculating the surface fractal dimension and is being further investigated. As
mentioned by Stanley Ward (1995), IP has a great deal of potential and will be an important tool
in future investigations.
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ABSTRACT

Induced polarization (IP) is a current-stimulated electrical phenomenon observed as a delayed
voltage response in earth materials. The basic mechanism of the IP response is mainly driven
by electrochemical processes. It has been indicated that the IP method is an effective means of
detecting and mapping environmental contaminants in many situations where conventional d.c.
resistivity has been ineffective. In this paper we present an inversion technique for interpreting
frequency-domain IP data in terms of complex electrical resistivity in the subsurface. The amplitude
of the observed voltage and its phase shift from the injected current are inverted to recover a
3-D subsurface resistivity structure. Extended from a 3-D d.c. resistivity inversion technique,
the algorithm uses the complex bi-conjugate gradient method in both the forward modeling and
inversion. The IP inversion procedure we have developed can be applied to I-D, 2-D, or 3-D earth
models and to any configuration of current and potential electrodes. We illustrate our methods by
inverting synthetic data taken over a contaminated plume embedded in a homogeneous background
medium. The model parameters are based on laboratory measurements.

L. INTRODUCTION

The most common electricall method used in exploration geophysics measures only the steady state,
or d.c., electrical response of the subsurface. However, some earth materials possess an effective
reactance which is observed as a time-delayed voltage response to an €eectric current source. This
induced polarization (IP) effect is caused by electrochemical processes at the boundaries of metallic
grains or a fluidirock interfaces. It has been suggested that the IP method is an effective means
of detecting and mapping groundwater contaminants in many situations where d.c. resistivity has
been ineffective. Excellent reviews on the IP method and case histories can be found in Sumner
(1976), Fink et a (1990), Bertin and Loeb (1976), and Madden and Cantwell (1967).

Surveying with the IP method is in principle similar to d.c. resistivity: measuring potential
difference between two points on the surface of the earth or in bore hole. However, interpretation
of IP data is considerably more complex. In the interpretation of IP data. most authors adopt
a method given by Siegel (1959) that the ultimate effect of a chargeable body aters its effective
conductivity. As such, the IP and DC resigtivity problems are intimately linked, and the inversion
of IP data is a two-step process (Oldenburg and Li, 1994). In the first step, the DC potentials
are inverted to recover the background conductivity ¢,. The second step recovers the perturbed



conductivity so that a chargeability can be recovered. This procedure may be suited for the forward
modeling problem but for the inversion it is not practical because of the measurement inaccuracy
and erors in numerical computation which result in instabilities in the inversion procedure.

In this paper, we present an alternate IP inversion technique base on the frequency domain
measurements. This technique is based on the assumption that the resistivity value of subsurface
is complex. Complex resistivity results in a complex electrical potential observed on the surface
of the earth and recorded as the amplitude of the electrode potential and the phase shift from
the injected current signal. A general algorithm to simulate the response of an arbitrary 2-D or
3-D distribution of complex resistivity to arbitrary arrays of current and receiver electrodes and its
inversion procedure are then developed.

2. THEORY

The induced polarization phenomenon is usually modeled macroscopically as a generalization of
Ohm’'s law in which voltage V(1) is linearly related to current I(t) through convolution with an
impedance response function R(t):

V(t) =/ R(t') I(t =t dt'. (1)
0
Treating the earth as a continuum. We have at each point
E(2) =/ p(t)) I(t—t') dt. 2)
0

where E is the electric field, Jis the current density, and p is the electrica resistivity. The function
p(t) is taken as the superposition of an instantaneous response and a decaying memory function.
We write this as

p(6) = o [(1 = m)8(6) = (e 3)

where pg is the d.c. resistivity. ng is the total chargeability, and n(t) is a decay function. ng is a
number between zero and one: the function n is egual to ng for t < 0 and decays to zero as t — ~.
The Fourier transform of p(t) defines a complex resistivity as a function of frequency, p(w), such that

E(w) = p(w)J(w). (4)

For low frequencies. electromagnetic induction can be ignored and E is the gradient of a potential
field V that is determined by the current conservation law

1
v. (p(x’w)VV(x.w)) = —I(x.«) (5)
where | is the source current. In the IP method, the difference between V at two point electrodes
is measured, as generated by a source (I) comprising current injected at two other electrodes. In
the time-domain method, the current is a transient signal obtained by shutting a steady current
and V is sampled as a function of time. In the frequency-domain method, | is harmonic and the
amplitude and phase lag of V is measured for a set of source frequencies. The inverse problem
is to use such measurements, for many different current and potential field electrode locations, to

infer the complex resistivity function p( X, «') or, alternatively, the d.c. resistivity function po(x)
and chargeability function n(x.t).

t
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The inversion method of Li and Oldenburg (1994) uses time-domain IP data to infer two pa
rameters of the medium as a function of position: the d.c. resistivity, po(x), and total chargeability,
no (X). Yuval and Oldenburg (1997) extended the time-domain approach by using samples of the
potential fields Vv at discrete times, tx, to infer po(x) and n(x, tx). (They fit the sampled medium
response at each point x with Cole-Cole parameters as an additiona step.) In this paper we develop
a freguency-domain approach. Complex potential field measurements at discrete frequencies, wy,
are used to infer the complex resigtivity in the earth at these same frequencies, p(x, wy).

Forward Modeling

Given a complex resistivity function p, the predicted IP response of the earth for a given source |
and frequency w is obtained by solving equation (5) (with suitable boundary conditions). IP data
are samples of V at various eectrode locations. It is clear that the forward problem separates with
respect to w, i.e. the IP data for a particular frequency depends on the earth’s resistivity only at
that frequency.

We solve (5) numerically using the transmission network method developed by Madden (1972).
This method, like finite differences, entails sampling p and V spatialy on a dense, 3-D grid and
then solving a linear system of equations.

Kv =s, . (6)

Where K is a matrix depending on the resistivity function p and grid geometry; v is a vector con-
taining the potential field samples at grid points, and s is a source vector determined by integrating
the current distribution |1 over grid elements. The resulting equations are precisely those for d.c.
resistivity modeling but with K, v and s complex, instead of real, quantities. The matrix K is
complex symmetric, not Hermitian.

We solve the system (6) using a complex bi-conjugate gradient method (e.g. Jacob, 1986).
Given that K is symmetric, the bi-conjugate gradient method reduces to a special form which is
very similar to the (real) conjugate gradient method extended to complex numbers. Although the
bi-conjugate gradient method for complex symmetric systems is not guaranteed to converge (Jacob,
1986), our experience to date has not encountered convergence problems, owing probably to the
fact that for the types of earth materids we have considered, the imaginary part of p, and hence
K and v, are much smaller than its real part.

Inverse Problem in the Frequency Domain

Let us define a complex vector d, to contain al the complex potential measurements associated
with a fixed frequency .. Each component of d,corresponds to a single source and receiver
electrode configuration. We let m denote a model function that defines the complex resistivity in
the subsurface as function of position and frequency. In this paper, we use

m(x.w) = log p(x.w). A . (7)

Therefore, the real part of m is the log amplitude of the complex resistivity (log Ipl) while the
imaginary part of m is the phase of resistivity.

We may dstate the frequency-domain, IP inverse problem then as determining the function m
from the equations

de = G(miwg)+e.., k=1.2.....n (8)



where G represents the forward modeing operator, defined implicitly by equation (5), and each e
is a (complex) error vector. In this paper we do not address the interpolation of m with respect to
w Via parameterization (eg., Cole-Cole) or smoothing. Instead, since the forward problem separates
by frequency, we approach (8) as n separate inverse problems with the objective of inferring m only
at the observation frequencies, wk. That is, we solve

di =G(mg) +e, k=12,....n (9)

where m&(x) = m(x,w,). (Note that. if the source is independent of frequency, G does not depend
explicitly on w.)

3. INVERSION ALGORITHM

Our inversion agorithm solves the inverse problem for each frequency wi separately. Accordingly,
in this section we drop the subscript k on the data vector d and model function m.

The IP inverse problem (for a given frequency) is ill-posed because m is a function of continuous
position while d is finite-dimensional. In practice. m is sampled on a grid and is thus finite-
dimensional, but the grid is intentionally dense and the ill-posed nature of the problem remains.
To obtain stable solutions of the inverse problem we employ the method of Tikhonov regularization,
following the implementation of Shi et al (1996) for d.c. resistivity inversion. That is, we define
solutions in terms of an optimization problem where an objective function, ¥(m), is minimized.
We write ¥ as

¥(m) = ||d—Gm)|*+r|[Lm|?
(d-Gm)Hd-Gm)+rm"LTLm (10)

where H denotes the conjugate transpose, or Hermitian, L is a linear operator taken to be the
Laplacian (L =V? so L" = LT), and 7 is a positive number (the “regularization parameter”).
The first term of ¥ is the chi-squared measure of the data misfit. The second term defines the
*gahilizing functional” of Tikhonov's method.

The objective function \k defined above presumes that the real and imaginary parts of d have
independent errors sharing the same variance matrix. Further, a common smoothness constraint is
applied to the real and imaginary parts of m. We discuss this special case of our inversion algorithm
here for convenience, but note that, in practice, it is more redlistic to weight the real and imaginary
parts of both d and m differently.

Since the forward modeling operator G depends nonlinearly on m, ¥ in (10) is not a quadratic
functional and an iterative or search algorithm is needed to find its minimum. A commonly used
iterative method is the Gauss-Newton method. It starts with an initial guess, m,, and at the

kth iteration step finds a model m*“**' that minimizes an approximate version of ¥, defined by
linearizing G at the current model, m,

G(m* + 6m) = G(m*) + Aém (11)

where A is the complex sensitivity matrix defined as

A=A, +i4, (12)
with
4 2 96 _ 96,

~ gm, Jm; (13)



G, 8G; | -

Ai - _8Tn,' - am, (14)

are both real quantities.
Substituting (11)-(14) into (10) we obtain

U(mF +6m) = (d-G(m*) - 46m)# (d — G(m*) — A6m) + r(m* + 6m)¥ LT L(m* + 6m)
= Minimun : (15)

Let
ém = ém, + 16m; 4 (16)

Then ¥(m* + §m) = minimum requires

oV
o = —24T(d, - G.(m*)] = 24T(d; - Gi(m")) + 2rLTLm* +
20474, + ATA, + 7LTL)ém,
= Re{-2A"{d - G(m*")]} + 27LTLm* + 2(AT A, + ATA +7LTL)6m, =0 (17)
v A
o = Im{=24"[d = GOm*))} + 2(AT A, + ATA; + 7LTL)6m: = 0 (18)

Putting them together

(A#A+7LTL)(6m, + i6m;) = Re{AH[d — G(m*)]} + rLTLm + iIm{A¥d - G(m*)]} (19)

(AFA+7LTL)ém = AH[d - G(m*)) + LT Lm (20)

We solve this equation by complex bi-conjugate gradient method. Since (A¥ A4 +7LTL) on the left
hand side of this equation is Hermitian matrix, the complex bi-conjugate gradient method becomes
the general conjugate gradient with the complex form, as one would expected.

The Gauss-Newton method thus constructs a sequence of the models by

m**l = mk + 6m (21)

4. SYNTHETIC EXAMPLE

We have inverted a synthetic IP data computed from a single plume model in Figure 1. The model
consists of a 70x70x40 meter plume embedded in a homogeneous background. The complex resis-
tivity parameters of the background medium are based on laboratory data from Berea sandstone
cores saturated with 0.01 M NaCl solution with pH value of 8, while data from 0.01 M BacCl,
solution saturated cores are used to determine the contamination plume parameters. The labora-
tory measurements used are from Frye, et a (1998). The model parameters we used are shown in
Table 1. The IP data responses are simulated on a 5x5 electrode array and comprise 24 potentia
measurements for each of 9 current sources at frequency f= 1(Hz) and f = 100(Hz), respectively.

The inversion results are shown in Figure 2-4. The inversion results depict the plume in both
amplitude and phase frames. The frequency dependence of the plume resistivity is clearly detected
and is comparable to the “true” model’'s frequency response. Although in this example we only
considered IP response at two single frequencies, the inverson method is general and by repeating
the inversion procedure we can obtain a more complete complex electrical properties of the sample
over a large frequency band.
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Sample Material Frequency (Hz) | Amplitude (F.m) | Phase (mrad)
Berea Sandstone + NaCl 1 l 11815.37 -7.698
Berea Sandstone + NaCl 100 11577.85 -7.100
Berea Sandstone + BaCl2 1 10164.005 -4.779
Berea Sandstone + BaCl2 100 10027.040 -4.163

Table 1. Complex resistivity parameters of the model

5. CONCLUSIONS

We have developed algorithms for forward modeling and inversion of spectra IP data in 3-D
media. The agorithms accommodate a general earth model with a complex eectrica resistivity as
a function of frequency and 3-D spatia position. Regularization and optimization techniques are
employed to obtain stable solutions to the nonlinear inverse problem. We have successfully applied
our inversion technique to synthetic data from a known model, demonstrating the feasibility of
interpreting spectral IP data directly in the frequency domain.
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Figure 1. Simple model of a contaminated plume embedded in a homogeneous
background. The complex resistivity parameters as a function of frequency
are based on the laboratory results. Synthetic |P data were computed for the
electrode array at the surface.
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Figure 2 Inversion images for f=1 Hz (bottom) are compared to the “true’
model (top). Each frame shows a cross-section through the center of the

3-D model. The amplitude of the complex resistivity is shown on the left,
and the phase is shown on the right.
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Figure 3. Same as Fig.4 for =100 Hz.
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Figure 4. The frequency dependence of the “true” model (top) and the
inversion model (bottom) are compared. The amplitude ratio of the

resistivity between two frequencies is shown on the left. The
phase difference is shown on the right.
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