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ABSTRACT

Geophysical length scales defined from induced-polarization measurements can be
used in models of permeability (k) prediction. We explore the relative merit of differ-
ent induced-polarization parameters as proxies of an effective hydraulic radius ()
that can be used to predict permeability from a modified Hagen—Poiseuille equa-
tion. Whereas geometrical measures of the hydraulic radius are good proxies of 7.,
the induced-polarization measures are not well correlated with 7. However, a new
proxy of r. that considers both imaginary conductivity and formation factor shows
an improved correlation with 7.4. The resulting model enables a better quality of
permeability prediction compared with the other geophysical length scales, but does
not reach the predictive quality of the models based on geometrical length scales. The
specific polarizability defined when incorporating the effect of the formation factor on
imaginary conductivity appears to be independent of pore geometry, indicating that
it is the correct parameter representing the role of the surface electrochemistry on the
induced-polarization effect. However, the joint dependence of induced-polarization
measurements on both the pore radius and the tortuosity and porosity of the intercon-
nected pore network is a limitation to the widely explored use of induced-polarization
measurements to isolate surface properties from volumetric properties of the inter-

connected pore network.

Key words: Complex conductivity, Hydrogeophysics, Induced polarization, Perme-
ability, Porosity.

INTRODUCTION spatially dense information on the distribution of relatively

high versus relatively low permeability units. Realizing this
Induced polarization (IP) is an electrical geophysical prospect- & . y p . y & .
. . . goal requires that the geophysical (IP) length scales provide
ing method that records the space charge polarization of ions ] . . .
. . . . ) robust proxies of geometric length scales and result in reliable
in the electrical double layer (EDL) forming at the grain—fluid o o .
. A permeability prediction equations.
interface. The measurements have proven sensitivity to the . !
. . Geophysical length scales have been defined from two
pore geometry controlling fluid flow (e.g. Scott and Barker . . i
L pieces of information extractable from IP data sets: (1) a
2003; Weller et al. 2010b). Induced-polarization parameters . . . .
. . measure of the dominant relaxation time of the polariza-
can be interpreted as geophysical length scales that represent . L . ;
. . . tion, which is closely related to the dominant pore size of the
proxies of the geometric length scales (e.g. a pore radius) re- ) ) ) )
. . . . porous network controlling fluid flow in soil/rock (e.g. Scott
quired in permeability (k) prediction models (Robinson et al.

. L. and Barker 2003) and (2) a measure of the total strength of
2018). A geophysical approach to k estimation could sub- o o )
. L . the polarization, which is closely related to the total interfa-
stantially advance subsurface characterization by providing ) )
cial surface area of the interconnected pore space (e.g. Weller

et al. 2010b). Beyond an estimated length scale, permeability
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prediction models also depend on the porosity (¢) and tor-
tuosity (T) of the interconnected pore network. These factors
are conveniently represented by the electrical formation factor
(F = T/¢) that can also be estimated from IP measurements
when the fluid conductivity (o,,) is known (Borner, Schopper
and Weller 1996; Weller, Slater and Nordsiek 2013).

The search for robust, IP-derived geophysical length
scales has identified discrepancies in the form of the k predic-
tion equations for unconsolidated sediments versus consoli-
dated sedimentary rocks (primarily sandstones). Weller et al.
(2015) demonstrated, from an empirical perspective, that IP-
based k prediction for unconsolidated sediments was mostly
controlled by the length scale. In contrast, IP-based k& pre-
diction for consolidated sediments foremost depended on the
formation factor. The high sensitivity of the k& estimate to F
in consolidated sedimentary rocks is evidenced by calibration
of empirically derived models on large databases predicting
power-law exponents of —3 or smaller on the formation fac-
tor (e.g. Rink and Schopper 1974; Weller et al. 2015; Oner
et al. 2016). In contrast, theoretical models based on geo-
metrical length scales, for example, the dominant pore radius
(Katz and Thompson 1987), and geophysical length scales
(Revil et al. 2015) typically predict a power-law exponent of
—1 on the formation factor, which is sometimes found to only
adequately represent unconsolidated sediments (Weller et al.
20135).

In this paper, we further evaluate the merit of the con-
cept of geophysical length scales for k estimation discussed
by Robinson et al. (2018) through a comparison against an
effective hydraulic radius (r.) that can be directly calculated
from the Hagen-Poiseuille equation describing a bundle of
capillaries. We apply the approach on an extensive database
of consolidated sedimentary rocks. By reevaluating the signif-
icance of ¢ and T on the polarization magnitude-based length
scale, we arrive at a new geophysical length scale that is more
strongly associated with the effective hydraulic radius than
the previously proposed length scales. Substituting this length
scale into the Hagen—Poiseuille equation results in theoretical
exponents on F that closely match the observations. We dis-
cuss the implications of this study for the reliable estimation

of k in sandstones from field-scale measurements of IP.

THEORY

Numerous theoretical approaches to the estimation of the per-
meability of soils and rocks have been developed with varying
degrees of complexity. One relatively simple approach is to

combine geometric constraints from a capillary bundle model

for fluid flow with the Hagen—Poiseuille equation, which orig-
inally describes the flow in a cylindrical tube. The capillary
bundle model considers the fluid flow through a larger number
of cylindrical capillaries with uniform radius 7. Permeability k
can then be related to the pore network geometric quantities
porosity ¢, pore radius r and tortuosity T according to the
following equation (Pape, Clauser and Iffland 1999):
2 2

- 87;’ - (1)
where the third expression assumes that the electric tortuosity
is equal to the hydraulic tortuosity. When permeability and
formation factor measurements of samples with varying pore
radii are available, equation (1) can be applied to calculate
an effective hydraulic radius 7.4 of a porous medium (Weller
et al. 2016):

Teff = 8Fk (2)

The effective hydraulic radius needed to predict k is
not directly measurable. Consequently, application of equa-
tion (1) for k prediction relies on the identification of measur-
able length scales that represent proxies of 4. A commonly
accepted measurable geometrical proxy of 74 is the dominant
pore size rg,, that corresponds to the radius of maximum
incremental mercury intrusion determined from a Mercury
Injection Capillary Pressure (MICP) measurement. A second
measurable geometrical property serving as a proxy of 7
results directly from the capillary bundle model, which, for

cylindrical capillaries, gives

=2/ 3)

rSpor

where S,

of the bundle. In the case of a real soil or rock sample, S

is the pore volume normalized specific surface area
por
can be determined from gas adsorption methods (BET method
according to Brunauer, Emmett and Teller 1938).

One major limitation of these measurable geometrical
proxies of . is that both 74, and g, are determined from
laboratory-scale measurements that provide no solution to
the challenge of permeability estimation iz situ from measure-
ments made either at the surface or in boreholes. Geophysical
length scales determined from induced polarization provide a
possible solution to this problem (Robinson ef al. 2018).

The induced-polarization method considers the
frequency-dependent complex electrical conductivity (o*) of
porous media. The real part of o* (0”) describes electromi-
gration of the charge carriers and occurs via the electrolyte in
the interconnected pore network and ions that make up the

electrical double layer at the surface of the pore walls. These
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conduction pathways are usually assumed to add in parallel
such that

0 (0) = 50 + 0l (@), 4)
where w is the angular frequency, o, is the conductivity of the

pore-filling electrolyte and o/ () is the real part of the com-

surf

plex surface conductivity (o*

x ¢(w)) describing charge trans-

port in the double layer. The imaginary part of o*(w) (0" (w))
describes temporary charge storage (polarization) that is as-

sumed to exclusively result from counterions in the EDL:

o (w) =0/ (o). (5)

surf

Both real and imaginary parts of the complex surface
conductivity are frequency (w) dependent. The polarization
strength is represented by the imaginary part of conductivity
(0”(w)). For many samples, a peak in 0" (w) occurs at a charac-

teristic frequency f,. = 1/(27t,.), where 7, is a characteristic

relaxation time that depends on the distagce over which the
charges are displaced during charge storage.

Two types of length scales can be derived from induced
polarization using measures of (1) r,, when measurements
are acquired over a sufficiently broad frequency range and
(2) polarization magnitude (e.g. o”(w)). One polarization
magnitude-based length scale follows from the empirically de-
rived approximately linear relationship between ¢” and S,

(Weller et al. 2010b):
0" = ¢, S0 (6)

where ¢, is the specific polarizability that is assumed to ac-
count for the effect of the interfacial chemistry on the polar-
ization magnitude independent of pore geometry. Using the

relationship between pore radius and S, for a capillary bun-

por
dle equation (3) yields the following geophysical length scale:

2c
=L, (7)

o

7

Weller et al. (2010b) found that a single value of ¢, equal
to 10 x 107!2 S adequately described 114 saturated sand-
stone samples characterized by a narrow range of o, variation
(0.06-0.114 S/m) when ¢” was measured at 1 Hz. In general,
¢, will vary with both o, and the surface mineralogy (Weller
et al. 2011).

Weller and Slater (2012) describe mechanistic models for
induced-polarization measurements based either on a diffuse
layer polarization model (derived from a surface conductivity
expression from Rink and Schopper 1974) or on an exten-
sively used Stern layer polarization (SLP) model (Leroy et al.
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2008; Revil and Florsch 2010; Revil and Skold 2011). Both

’

models predict that o” should also depend on the porosity
and tortuosity of the interconnected pore space in addition to

S

por>

" o__ SPO" _ SPO"d) _ Smps (1 _¢))
g —Cq F —Cq T —Cq T
S0 (1 —
chipqip #) (8)

where ¢, represents a revised definition of the specific po-
larizability that accounts for the predicted role of F on
0" (¢; =0"F/S,0), S, is the specific surface area per unit
mass and p, is the grain density. Experimental evidence for
0" S, /F was demonstrated by Niu ez al. (2016), who
showed that the role of F becomes important in low porosity
rocks characterized by high formation factors whereas the re-
lationship shown in equation (6) holds well for higher porosity
sandstones. Substituting equation (3) into equation (8) yields
another geophysical length scale:

2,
TFor = FU”. (9)

The geophysical length scale that results from the char-

acteristic relaxation time (z,,) is (Robinson et al. 2018)

r,=,/2D, 7, (10)

where D, (m?/s) is a diffusion coefficient for the ions at
the mineral-fluid interface involved in the polarization. In
the most commonly applied SLP model, the diffusion coeffi-
cient is related to the effective ionic mobility 85, temperature
T, the Boltzmann’s constant k;, and the charge of counter
ions in the Stern layer g, by the Nernst—Einstein relationship
D, =k, T, /19, |. Revil, Koch and Holliger (2012) proposed
that 7, is equivalent to the dynamically interconnected pore
diameter (A) used in the popular Katz and Thompson (1987)
permeability model that is derived from percolation theory.

Equations (3), (7) and (10) all define length scales that
have been utilized in models of permeability prediction.
Whereas rg,,, and ry,, represent geometric measures of a
length scale, 7, 7p,» and 7, represent geophysical measures
that are limited by being in part controlled by the interfacial
chemistry (via ¢,, ¢, and D, ). Substitutions of 74o,m, 7spors 74"
and r, for 7.4 all result in equations where permeability has a
predicted dependence on F~!:

ad()m(rdom)z
k=m0 11
ST (11)
ag.. 12 ag
_ Spor’ Spor _ Spor = (12)
8F 2F(S,00)
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a,(r,)? _ a,D, 7,
8F 4F

The parameters d;om, dspors 4, and a, each represent an

k:

(14)

empirical fitting parameter based on a presumed linear rela-
tionship between 7.4 and the corresponding measurable geo-
Metric Proxy (Fgoms 7spor) and geophysical proxy (r,, 7,) length
scales.

Substitution of the measurable geophysical proxy 7, for
7.4 results in an equation where permeability has a predicted
dependence on F—3,

5 2
b T N A ()

- 8F - 2F3(O-//)2’

(15)

where ay,» is again an empirical fitting parameter, this time
assuming a linear relationship between 7. and r4,». The sig-
nificance of this stronger influence of F on the permeability
prediction from proxy length scales predicted by equation (15)
will be explored in this paper.

METHODS

Following the approach taken in previous papers, we utilize
a large database of sandstone samples from a variety of inde-
pendent studies. In all cases, the raw electrical data and phys-
ical property measurements are available. This database in-
cludes 119 sandstone samples, the majority (109) having been
presented in Weller et al. (2015, 2016) and Robinson et al.
(2018). The compilation of samples presented in Weller ez al.
(2015) includes samples from a variety of original sources
(Lesmes and Frye 2001; Breede 2006; Schroder 2008; Zhang
and Weller 2014). Eleven of the samples in the database ap-
peared in both Weller et al. (2015, 2016). Fourteen of the
samples in the database appear in both Weller ez al. (2016)
and Robinson et al. (2018). Ten new samples have been added
to the database, seven being samples from the Baharija For-
mation (Egypt) and three being samples from the Shahejie
Formation (China). The entire database of 119 samples used
in this study is presented in Table 1.

The measured geometrical properties include k deter-
mined from gas permeametry, ¢ from weight loss on dry-

was deter-

ing and S, from gas adsorption from which S,

mined. The formation factor was determined either by fitting
equation (4) to multi-salinity measurements or from a sin-

gle measure of ¢’ made at a sufficiently high o, to assume

that o < 0,,/F. The resulting database is characterized by
a wide variation in physical properties including ¢ (0.08-0.3),
Spor (1-185/um™"), k (1.67E—17 to 4.65E—12 m*) and F (9-
115). In all cases, S,, was acquired on intact (i.e. not crushed)
rock samples using the nitrogen BET method. All samples
in the database were devoid of obvious indications of signif-
icant anisotropy, such as layering, lamination or elongated
cracks.

Induced-polarization data were acquired over four or
more orders of magnitude of frequency variation for all sam-
ples in the database. In each case, the o* spectra were obtained
by measuring the impedance magnitude and phase shift of the
voltage waveform recorded across the sample relative to the
current waveform recorded on a reference resistor, the source
typically being a sine signal swept over a range of frequencies
(e.g. Slater and Lesmes 2002). All measurements reported here
were recorded using a four-electrode set-up, whereby separate
electrode pairs were used to inject the current into the sample
and record the resulting potential waveform across the sam-
ple. Measured magnitude and phase shift of the impedance
were converted into a complex conductivity (6*) using the
geometric factor defining the measurement geometry and as-
suming parallel current flow through the sample in the test
device. The majority of samples were saturated with a NaCl
solution with o,, = 100 mS/m. Samples from Robinson et al.
(2018) were saturated with o, & 67 mS/m and required a mi-
nor correction to equivalent values of ¢” at 100 mS/m based
on the reported weak dependence of ¢” on salinity in metal-
free rocks (e.g. Weller ef al. 2011). As the relaxation time
distributions are not significantly controlled by o,,, no salinity

correction for 7, was necessary.

RESULTS
Geometrical length scales

We first assess how the length scales determined from destruc-
tive MICP (r4,,,) and gas adsorption (rg,,,) measurements re-
late to 7.4 determined from equation (2). Figure 1(a) shows
the log of .4 plotted versus the log of 74,,,,, with samples from
the different databases distinguished by different symbols. The
1:1 line is shown (black) along with the best-fitting relation
using the function log,,(7.¢) = l0go(*4om) + A (red) that re-
sults in the linear relation 7.4 = 0.414r,,,, with a coefficient
of determination R? = 0.528. Figure 1(b) shows the log of 7,4
plotted versus the log of rg,,. The best-fitting linear relation
is determined as 74 = 13.0rg,,, (R = 0.498). The underesti-
is expected given the fractal

mation of 7 using 7., = 2/S,,,
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Table 1 Summary of physical properties for all samples used in this study: specific surface area per unit pore volume (S.,.), permeability (k),

)
por
formation factor (F), imaginary part of conductivity measured at 1 Hz and corrected to fluid salinity of 0.1 S/m (), the relaxation time (z,,.),

the dominant pore size determined from MICP (ry, ) and the effective pore radius (r.¢) determined by equation (2)

Spor k o" Tpe "dom Teff
Sample name (1/pum) (in m?) F (mS/m) (s) (um) (um) Referencef
B-LF 8.30 2.28E-13 16.70 0.0773 5.519 a
GR 31.33 3.30E-13 11.66 0.3034 3.4750 21.140 5.550 a,b
BU3 46.24 2.00E-17 68.35 0.1876 0.8692 0.840 0.10$ a, b
BU12 10.46 3.41E-13 17.64 0.0547 0.0068 21.140 6.937 a, b
BK 3.39 1.97E—-12 18.22 0.0438 16.964 a
BS4 27.95 4.23E-13 17.84 0.1603 7.774 a
BRS 15.01 4.65E—12 9.04 0.2779 3.4750 21.140 18.329 a, b
BU1 25.35 1.91E-16 38.03 0.3524 0.8692 0.737 0.241 a,b
OK4 8.23 7.39E—-15 24.77 0.1183 0.2173 3.345 1.210 a, b
B49H 3.29 6.85E—14 26.82 0.0311 3.835 a
B49V 3.54 4.75E—14 30.98 0.0311 3.430 a
B4H 8.93 3.00E—16 44.94 0.0568 0.328 a
B4V 8.29 2.40E—16 59.56 0.0409 0.338 a
GR1 35.00 1.98E—12 9.41 0.3090 3.4750 18.128 12.206 a,b
ACS 185.34 5.00E-17 115.71 0.1439 0.1592 0.215 a
B4 8.17 2.15E-13 15.19 0.0989 1.1292 S.111 a
BE1 10.73 2.50E-13 21.89 0.0835 0.8480 6.616 a
Co7 61.43 2.63E-15 47.36 0.1836 0.5530 0.998 a
E3 3.93 4.64E—12 14.74 0.0396 1.8000 23.394 a
G4 48.98 5.73E-15 27.06 0.1518 0.9270 1.114 a
IRO1 8.84 1.33E-14 37.41 0.0388 1.3220 1.991 a
IR02 8.84 2.23E-14 33.33 0.0367 1.4030 2.440 a
(O 15.71 5.05E—14 17.02 0.1232 0.8550 2.622 a
CLASH 5.23E-13 21.18 0.0878 3.1930 9.415 a
BH6-A2 4.22 4.27E-13 14.05 0.0533 0.1264 6.931 a
ES4-R2 44.11 2.58E—-13 16.34 0.3255 1.5915 5.813 a
OKS-R3 11.97 4.12E-14 28.59 0.1226 0.5033 3.069 a
CS-1 48.32 1.29E—-16 46.70 0.1409 0.0634 0.176 0.219 b, ¢
CS-2 17.94 1.83E—14 27.70 0.2573 0.5033 2.013 b
CS-3 12.13 2.51E-14 26.50 0.2039 0.7977 3.679 2.308 b, ¢
CS-4 3.39 6.05E—14 28.80 0.0954 2.5224 3.734 b
CS-5 7.36 4.57E-14 28.70 0.1098 1.5916 4.898 3.239 b, ¢
CS-6 97.35 8.08E—-17 39.60 0.1380 0.2004 0.160 b
CS-7 113.60 1.30E—-16 38.50 0.1489 0.5033 0.200 b
CS-8 114.77 2.27E-16 34.50 0.2028 1.2642 0.250 b
CS-9 142.27 3.64E—16 32.46 0.1209 0.232 0.307 New
CS-10 129.71 4.32E-16 27.20 0.1440 0.307 New
CS-11 65.41 6.24E—16 31.00 0.2828 0.3998 0.735 0.393 a, b
CS-12 64.35 1.30E-15 33.60 0.2870 0.7977 0.590 b
CS-13 19.55 7.05E-15 25.40 0.2692 0.7977 2.454 1.197 a, b
CS-14 20.96 5.96E—15 26.90 0.2194 1.0042 2.726 1.133 b, ¢
CS-15 44.68 1.88E—15 30.70 0.2528 1.2642 0.679 b
CS-16 9.35 9.01E-15 38.00 0.1651 0.3998 2.887 1.655 a,b
CS-17 14.46 1.09E—14 46.2 0.0834 0.7977 2.009 b
CS-18 4.57 2.37E-14 26.8 0.1068 0.7977 4.201 2.252 b, c
CS-19 56.55 4.30E-17 83.3 0.0843 0.0798 0.169 b
CS-20 6.90 1.43E-14 28.2 0.0818 0.7977 1.795 b
CS-21 11.27 3.59E-15 64.3 0.0630 1.5916 1.359 b

(Continued)

© 2019 The Authors. Near Surface Geophysics published by John Wiley & Sons Ltd on behalf of European Association
of Geoscientists and Engineers., Near Surface Geophysics, 17, 581-594



586 A. Weller and L. Slater

Table 1 Continued

Spor k a" Tpe "dom Teff )
Sample name (1/pm) (in m?) F (mS/m) (s) (wm) (wm) Reference’
CS-22 35.61 4.58E-17 72.3 0.0574 0.5033 0.118 0.163 a, b
CS-23 11.80 2.22E-15 43.0 0.0562 1.0042 0.873 b
CS-25 75.24 1.67E—-17 113.6 0.1017 0.123 New
3 39.01 9.60E—17 35.0 0.1383 0.164 New
7H1 2.74 S.13E-14 20.0 0.1312 6.3360 6.520 2.866 b, ¢
13H1 147.91 5.80E—16 41.0 0.1577 0.436 New
18H1 15.74 1.08E—14 16.0 0.2734 1.2640 3.345 1.176 b, ¢
22H 37.82 3.57E—-1§ 27.9 0.2682 1.0040 2.583 0.893 b, ¢
28H1 1.35 6.83E—14 22.1 0.0359 1.5920 4.204 3.472 b, ¢
28H2 2.70 6.15E—14 18.7 0.0660 3.037 New
31H1 33.77 1.03E—16 34.4 0.1411 0.168 New
43H1 2.49 1.34E—13 12.4 0.1263 2.5220 8.136 3.648 b, ¢
48H2 115.86 6.37E—17 27.1 0.1181 0.118 New
45 77.99 1.76E—16 62.4 0.0684 0.296 New
49 63.71 1.45E-15 29.5 0.2580 0.584 New
S3H1 1.16E-13 19.2 0.0650 2.5224 7.336 4.224 b
S3H2 3.89 1.15E-13 13.1 0.1139 2.5220 7.327 3.475 b, ¢
5SS 19.66 1.02E-13 14.5 0.3196 0.7980 5.341 3.450 b, ¢
BE 3.36 5.55E-13 10.8 0.0692 0.3073 14.175 6.934 b
BH6 4.12 4.26E—13 11.9 0.0425 17.860 6.358 b, ¢
ES-14 1.06 2.88E—12 18.7 0.0939 0.2173 15.874 20.733 b, ¢
FL 30.50 1.87E—15 34.8 0.2535 3.4768 0.772 0.721 b
1G 4.31 4.52E—13 9.9 0.1144 13.9073 35.996 5.971 b
NS2/2R 165.15 1.37E-15 30.7 0.3342 0.0252 0.329 0.580 b
OK 7.81 1.10E-14 17.0 0.0916 1.2292 0.775 1.221 b
Roett 26.27 3.45E—-14 32.7 0.0969 4.0744 4.898 3.003 b
Ska 2.16 4.79E-13 12.7 0.0418 4.0744 14.522 6.976 b
ud 11.00 8.48E—-14 30.7 0.1023 0.5093 9.139 4.566 b
C3-CI-100.0 47.05 1.89E—15 50.1 0.4782 0.5184 3.281 0.870 c
C3-CI-118.6 25.69 7.39E—-15 38.9 0.4194 0.3235 4.095 1.516 c
C3-Cl-139.7 34.48 1.31E-15 46.5 0.4930 2.1507 2.451 0.698 c
C3-P-015 22.15 4.55E—-15 51.0 0.3900 0.0489 3.281 1.362 [
C3-P-019 21.40 3.73E-15 45.1 0.5347 0.1257 3.105 1.160 c
C3-P-021 29.40 7.93E—-16 50.8 0.5003 0.0784 1.768 0.568 c
C3-P-022 51.19 2.71E-15 50.9 0.5420 0.0190 6.026 1.050 [
C3-P-023 36.92 4.96E—16 46.6 0.6450 0.0489 2.450 0.430 c
C3-P-024 43.57 1.80E—15 39.7 0.5739 0.1257 1.950 0.756 c
C3-P-027 12.05 1.47E—14 40.2 0.1545 0.0784 4.574 2.174 c
C3-P-037 18.70 7.54E—-15 51.4 0.3973 0.0784 4.094 1.761 c
C3-P-038 36.65 8.62E—16 59.6 0.4488 0.1257 2.451 0.641 c
C3-P-040 25.93 1.84E—15 47.6 0.4807 0.1257 3.105 0.837 [
RD109-GEO-01 29.60 1.10E-14 27.2 0.7137 0.0784 3.873 1.547 c
RD109-GEO-06 40.71 1.73E—15 32.1 0.6254 0.1257 1.215 0.667 c
RD109-GEO-14 25.48 3.33E—-15 37.6 0.7505 0.2015 3.875 1.001 [
RD109-GEO-16 24.28 5.88E—15 39.5 0.7211 0.1257 3.281 1.363 c
RD109-P-01 21.50 3.90E—-15 30.5 0.6033 0.0489 3.105 0.975 c
RD109-P-02 25.41 1.61E—15 44.6 0.5641 0.0784 2.180 0.758 [
RD109-P-03 25.60 7.52E—-15 38.5 0.5911 0.3235 3.467 1.522 c
RD109-P-05 27.87 SA7E-1§ 46.6 0.6475 0.1257 2.816 1.388 c
RD109-P-06 22.11 1.11E-15 49.7 0.6646 0.0305 4.326 0.664 [
MP24S-P-001-1V 14.05 5.37E-15 44.0 0.2502 2.1507 7.959 1.375 c

(Continued)
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Table 1 Continued
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Spor k c" Tpe Tdom Teff
Sample name (1/pm) (in m?) F (mS/m) (s) (um) (um) Referencef
MP24S-P-002-1V 3.23 6.12E—14 26.4 0.0343 0.5184 10.685 3.595 c
MP24S-P-002-2H 3.92 2.46E—13 30.8 0.0270 0.6523 10.685 7.786 c
MP24S-P-003-1V 19.08 7.82E—15 38.1 0.2036 3.4599 7.125 1.544 c
MP24S§-P-003-2H 22.67 1.76E—14 49.8 0.1938 2.1507 7.125 2.648 c
MP24S-P-004-1V 2.28 3.26E—13 16.8 0.0834 0.5184 10.493 6.619 c
MP24S-P-004-2H 2.63 3.62E—-13 20.4 0.0196 0.7330 10.493 7.686 c
MP24S-P-005-1V 78.45 1.72E—-16 19.6 0.5543 1.3374 2.063 0.164 c
MP24S-P-006-1V 67.21 1.56E—15 16.5 0.3385 2.1507 4.096 0.454 c
MP24S-P-006-2H 86.03 6.43E—15 19.6 0.3262 2.1507 4.096 1.004 c
MP24S-P-007-1V 69.08 3.37E—-16 23.4 0.1741 3.4599 11.089 0.251 c
MP24S-P-007-2H 62.95 6.23E—14 15.0 0.2526 2.1507 11.089 2.734 [
MP25S-P-001-1V 20.55 5.72E-15 20.8 0.2747 1.5010 2.688 0.976 c
MP25S-P-001-2H 22.22 5.87E—-1S5 22.7 0.2796 1.1530 2.688 1.032 c
MP25S-P-002-1V 81.58 9.21E—-17 45.4 0.1300 0.2280 0.315 0.183 [
MP25S-P-002-2H 73.55 1.78E—16 33.4 0.1521 0.2170 0.315 0.218 c
MP25S-P-003-1V 50.84 1.38E—14 38.4 0.1030 0.0780 0.418 2.059 c
MP25S-P-003-2H 52.08 4.01E-15 34.6 0.1545 0.2210 0.418 1.054 c
MP25S-P-004-1V 78.75 1.02E-15 27.4 0.2747 2.1507 2.082 0.473 c
MP25S-P-004-2H 81.35 7.83E—16 27.1 0.1447 1.3374 2.082 0.412 c
MP25S-P-006-1V 64.21 5.43E—-1S5 14.6 0.3188 5.4881 8.888 0.796 [

TReferences: (a) Weller et al. (2015), (b) Weller ez al. (2016), (c) Robinson et al. (2018).

nature of the surface of pores in sedimentary rocks not cap-
tured in the capillary bundle model (e.g. Pape, Riepe and
Schopper 1987). The relatively high resolution of the nitro-
gen adsorption method captures this surface roughness. Un-
surprisingly, 7g,,, is less well correlated with 7.4 than 74,
although both geometrical length scales show a significant

correlation with 7.

Geophysical length scale based on relaxation time t

The relaxation time 7, is taken at the characteristic peak fre-
quency f,. in the plot of o” versus f representing the dominant
dispersion. Equation (10) is used to determine the correspond-

ing length scale », = r_,,. Figure 2(a) shows the relationship

Tpc*
between log of 7.4 and the log of r,,.. Assuming a linear re-
lation between 7. and 7,,., the best-fitting relation is given
by 7 = 0.700r

is negative (R? = —0.086). A negative value of the coefficient

< pc- However, the coefficient of determination
of determination indicates that the linear relation fits the data
worse than a horizontal line corresponding to the mean value
of log(r). Therefore, a reliable linear relation between 7,4 and
7.pc cannot be identified for the investigated set of sandstone
samples. A similar result is found when a Debye decompo-
sition procedure (e.g. Nordsiek and Weller 2008) is used to

determine the mean relaxation time T result not shown

mean (

for brevity). The resulting coefficient of determination for a
linear relation between 7. and r, =7 is R?= —0.088.

Tmean

Geophysical length scales based on ¢” and Fo”

We first consider the length scale 7., determined from the

polarization magnitude assuming o” ¢ S, ., in this case o”

ors
determined at 1 Hz. Figure 2(b) does no: show any reliable
linear relation between 7.4 and 7,,. The resulting coefficient
of correlation is again negative (R? = —0.017). The underesti-
mation of 7. is consistent with the underestimation identified

for 7g,,,, an expected result if o is linearly related to S, a

por vi
equation (6).
We now consider the length scale 7, determined from

assuming o” « S,/ F. Figure 2(c) suggests that 7 is better

por
correlated with 7, relative to r_ .. The coefficient of deter-
mination becomes positive (R? = 0.242) and confirms that a
part of the scatter in .4 can be explained by the linear relation

Veff = 6.1671:0//.

Implications for k estimation

We use the linear relations identified by fitting the log of
7.4, Which results from the known values of k and F using

equation (2), to the logs of 74oms 7spors Trpe> Temeans Tor and

Tmea
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Figure 1 Effective hydraulic radius 7.4 computed from equation (2) versus geometrical length scales (a) 74om, and (b) 75, Black lines represent

the conditions (a) 7eff = 7gom> and (b) 7 = g0, Red lines represent the conditions (a) 7ofp = 0.4147 45, (R? = 0.528) and (b) 7o = 13.07gp0,

(R? = 0.498).

7ren. We represent these proxies of the effective hydraulic
radius as 7. The resulting fitting functions are summarized in
Table 2. The coefficients of determination R? and the average
absolute deviation d determined from the residuals of a cross-
plot between the estimated permeability (k*) using 7,

=2
k* _ Teff

" 8F (16)

and the actual value of the measured permeability (k) on a
logarithmic scale are included in Table 2. The smaller the value
of d, the better the estimate of k using 7.4. If d reaches unity,
the average deviation from the fitting line is one logarithmic
decade or a factor of 10.

Figure 3 shows the cross-plots of k* versus k when using
Fdoms Tspor aNd 75, as the proxy of effective hydraulic radius.
The geometrical proxies of 4 provide the best estimate of k.
The geophysical proxy based on 7g,, results in a value of d
that is larger than that obtained when using the geometrical
proxies 7g,,, and 74,y,, but smaller when compared with the
proxies based on the other geophysical length scales (7, 7.,

and r that provide very large values of d (approaching

)
Tmean

unity; Table 2) and do not show the expected 1:1 correlation
between k* and k. Plots of k* versus k when using 7, 7, and

7 are not shown for brevity.

Tmean

Table 2 Summary of type of proxy effective hydraulic radius 7., the
number of samples 7, the linear relationships between 7. and the
geometrical and geophysical length scales, the resulting coefficient of
determination R? and the average absolute deviation (in log space)
d calculated from a cross-plot of estimated permeability (k*) using
7of and measured permeability k. Bold indicates relationships with a
lower value of d and shown in Fig. 3

Type n Proxy of 7 R? df

Geometrical (r44p,) 78 Toip = 0.41474, 0.528 0.476
Geometrical (rg,q,) 117 Fogp = 13.07po, 0.498 0.578
Geophysical () 102 Fegp = 0.7007, —0.086 0.830
Geophysical (7 pean) 119 Fogp = 0.9907, e —0.088  0.917
Geophysical (r,») 119 7 =10.557,, —0.017 0.873
Geophysical (rp ) 119 7y =6.167p,0 0.242  0.777

fd = 3 Y0 llogy(k) — logyo (k)]

Empirical observations for the role of formation factor on
permeability

It is informative to consider the empirical relationship between
k and F. Equations (11)—(14) all predict a dependence of k
F~!, whereas equation (15) predicts k o« F~3. The relationship
between k and F is plotted in Fig. 4, where the least-squares
fitting of a power-law results in k oc F~*2!, which is closest to
the prediction given by equation (15).
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Figure 2 Effective hydraulic radius 7. computed from equation (2) versus geophysical length scales (a) Tepes (b) r,» and (c) g, . Black lines

represent the conditions (a) 7efr = 77y, (b) 7o = 757 and (c) 7gs = 7§ ,». Red lines represent the conditions (a) 7t = 0.7007, (R? = —0.086),
(b) 7oit = 10557, (R? = —0.017) and (c) ugs = 6.167 50 (R> = 0.242).

Empirical observations for the role of formation factor on the with either the porosity ¢ or the formation factor F. Fig-
specific chargeability ure 5 confirms this to be the case, with ¢, versus ¢ plotted
in Fig. 5(a) and ¢, versus F plotted in Fig. 5(b). Although the

Accepting that specific polarizability should represent the ef-
PHng P P v Showie Tep two graphs indicate a variation of the specific polarizability c,

fect of the fluid chemistry on polarization strength indepen-

. . " over two orders of magnitude, a dependence on both porosit
dent of pore geometry, then the revised version of the specific & > @ 4P P Y

S . . . and formation factor is not observed.
polarizability ¢, should not show a significant relationship
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Figure 3 Permeability estimates (k*) from 7 versus measured permeability (k) (a) for 7o = 0.4147 44, (b) for 7ege = 13.0rgp,, and (c) for

o = 6.167 0. In each case, the solid line defines the condition k*

k

and the dashed lines indicate & one order of magnitude of variation.

The parameter d = % Y7 1 llogy(k) — log;((k*)| is shown on each graph.

DISCUSSION

The fact that the geometrical parameter controlling measures
of the polarization strength (¢” or normalized chargeabil-
ity m,) should be S, /F has been recognized for decades
(e.g. Borner 1992). Weller and Slater (2012) showed that
this proportionality is consistent with theoretical models for

the induced-polarization effect based on Stern layer polariza-
tion (Leroy et al. 2008; Revil and Florsch 2010; Revil and
Skold 2011) and diffuse layer polarization (Rink and Schop-
per 1974; Borner 1992). Borner et al. (1996) proposed the

simplification to ¢” o S, based on the specific conditions of

por

‘constant water composition and slightly varying formation
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factor’. Weller et al. (2010b) showed that this simplification
is reasonable for a database of 114 predominantly sandstone
and unconsolidated sediment samples originating from mul-
tiple independent data sets. They found a strong single linear
empirical model describes the relationship between o” and
S,o with the fitting constant ¢, equal to 107" S. Niu et al.
(2016) present experimental evidence for o” oc S, failing to

hold in tight clayey rocks characterized by relatively large

values of F and S, .. They demonstrated that these samples

por*
are better described by o” o S, /F, providing a theoretical
derivation of this relationship by averaging the surface con-
ductance over the pore volume. Niu et al. (2016) also pointed
out that the 6" o S,,,,

materials such as sandstones.

relation holds well for higher porosity

Accepting that ¢” oc S,/ F results in a new geophysi-
cal length scale that can be substituted into equation (1) to
yield a predictive formula for estimating permeability that
has k o¢ (6”)72 and k o (F)~3. In contrast, permeability equa-
tions using the other geophysical length scales defined in this
study all predict k o< (F)~'. Revil, Kessouri and Torres-Verdin
(2014) point out that a mechanistic model for k estimation
from IP data in granular media (Revil and Florsch 2010) re-
sults in k o< (F)~3. Furthermore, laboratory observations us-
ing large databases support a much lower value for the expo-
nent on F than —1, with empirically derived coefficients being
closer to the value of —3. Thus, substitution of the geophysical
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length scale 7, into the Hagen—Poiseuille equation results in
a permeability prediction equation with a dependence on F
that is consistent with other recent theoretical treatments of
the IP effect as well as with empirical observations. This new
permeability equation results in estimates of permeability that
are better compared with other models based on IP parame-
ters but do not reach the quality of those obtained with the
geometric length scales (74om» 7spor)-

Equation (8) summarizes the fact that three geometrical
factors control o”, that is, control the surface conductivity.
These factors are S

por

(¢) and the tortuosity (T = F¢) of the pore space. All prior

(or the pore radius), the total porosity

IP observations on specific types of samples are consistent
with the proportionalities identified in equation (8). The find-
»or feported by Weller ez al. (2010b) follows for a
limited range in F (Borner et al. 1996). The finding 0" « S,,,,

ing 6" o« S

where S, is the specific surface area normalized to the mass of
the sample, reported by Revil (2012) is expected for samples
characterized by small porosities (¢p<<1, (1—¢) close to 1).
Regarding the tortuosity, the finding 6” o« 1/T x 1/¢F (e.g.
Revil 2013) can be expected when samples are characterized
by similar values of S,,, such as the Fontainebleau sandstone
(Revil e al. 2014). In the case of our study, samples are from

different formations resulting in a wide range of F, T, S, (or

or (
S,,). Consequently, the effect of all three geometrical f;ctors
is captured in our database.

The use of 1 Hz as a reference frequency for the imaginary
conductivity has its origins in the work of Borner and Schon
(1991) and is based on a constant phase angle model approx-
imation for sandstones. Weller ez al. (2010b) integrated the
data from Boérner and Schén (1991) into an extensive database
that compiled samples from nine independent studies. They
continued the use of 1 Hz as a reference frequency as it is lo-
cated central to most SIP spectra and can thus be regarded as a
good reference when a single frequency measurement is made.
They also reported values of o” at 1 Hz for a saturating fluid
salinity of 100 mS/m in order to remove variations in specific
polarizability between samples. We followed the same ap-
proach in this work. However, we also computed normalized
chargeability for each sample based on a Debye decomposi-
tion procedure that can be considered a global estimate of the
polarization strength over the entire frequency range. The re-
sults, not shown for brevity, were consistent with those found
for 0" at 1 Hz, and did not yield a significant improvement in
prediction of 7 or k.

Incorporating the role of F on the imaginary conductivity
when dealing with a wide range of formation types requires a
modification to the specific polarizability concept introduced

by Weller et al. (2010b, 2011). The specific polarizability
should be independent of the pore geometry and thereby only
represent the effects of the interfacial chemistry (largely con-
trolled by the pore fluid chemistry and the mineralogy) on
imaginary conductivity. The original definition, ¢, = 0”/S ,,,
(Weller ef al. 2011), neglects the role of the formation factor
should

be independent of the pore geometry. Figure 5 confirms that

discussed here. The revised definition ¢, = Fo”/S,,,
this is indeed the case and that ¢, is the correct representation
of the effect of the interfacial chemistry on polarizability re-
quired when dealing with a wide variety of samples with large
variability in F and ¢. The simplification to ¢, is appropriate
when dealing with a limited range of formation types, for ex-
ample, the unconsolidated sediments and sandstones reported
in the extensive database of Weller et al. (2010b).

Previous studies have argued that the original specific po-
larizability ¢, may vary over a relatively narrow range (Weller
et al. 2010b, 2015; Robinson et al. 2018), with positive im-
plications for estimating pore geometric parameters and, by
extension, permeability from induced-polarization measure-
ments, for example, using empirically derived relationships. In
contrast, we find that individual values of ¢, vary over almost
two orders of magnitude for our database. Figure 5 shows
that, with the exception of the CS samples, samples from spe-
cific formations cluster together around a limited range of ¢,
variation, consistent with the concept that ¢, is in large part
controlled by the rock mineralogy, which varies substantially
between the different formations. Thus, empirically derived
relationships between o” and pore geometric parameters and,
by extension, permeability should not be expected to hold out-
side of the range of formation/mineralogy they are calibrated
on. The limited range in ¢, identified by previous authors is
a logical result of the fact that the databases used in these
previous studies represented a limited range of material types.

Our study has some important implications for the
long-explored effort to estimate permeability from induced-
polarization measurements. First, we find that the geophysical
length scale associated with measures of the relaxation time
does not appear to be a reliable indicator of permeability.
Weller et al. (2016) discussed the challenges of estimating a
proxy effective hydraulic radius from the time constant that
result from variations in the diffusion coefficient. This increas-
ingly appears to be a fundamental limitation of the approach,
especially when considering a broad range of formation types
where variations in diffusion coefficient are likely to be accen-
tuated. Kruschwitz et al. (2010) identified five orders of mag-
nitude in variation in the effective diffusion coefficients, ob-
serving a strong correlation between pore throat diameter and
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effective diffusion coefficient. Weller et al. (2016) reported six
orders of magnitude of variation in an apparent diffusion co-
efficient using equation (10) and assuming 7, = 7.
However, our study also highlights an inherent limita-
tion of the approach to estimating permeability based on
an effective hydraulic radius determined from a measure of
the polarization magnitude, that is, imaginary conductivity or
normalized chargeability. Borner et al. (1996) first introduced
the concept of combining a geophysical proxy of 4 with the
formation factor in a permeability estimation model. In doing
so, they implicitly recognized the need to assume a limited
range in the formation factor to produce a direct linear rela-

tionship between o” and S, that is, that the simplification

por»

can be assumed as valid. This sim-

" "
0" oS, /F toa” o S,

plification is critical as it allows the IP measurement to isolate
the effect of the pore radius from the tortuosity of the pore
space, as needed to reliably estimate permeability. The success
of this electrical approach to permeability estimation has been
documented in numerous studies where samples are character-
ized by a limited range in the formation factor. The approach
has proven particularly effective in unconsolidated sediments,
where formation factors are low and limited to a narrow range
(Slater and Lesmes 2002; Maurya et al. 2018). When the role
of F on ¢” becomes significant, IP measurements become am-
biguous as they then depend both on the pore radius, along
with the tortuosity and porosity of the porous network. It is
interesting to note that early efforts to estimate permeability
from electrical resistivity measurements alone were thwarted
by the fact that the real part of the conductivity is controlled
by both electrolytic conduction (porosity, formation factor)
and surface conduction (surface area, pore size; e.g. Purvance
and Andricevic 2000). The opportunity identified by Bérner
et al. (1996) was that IP overcame this limitation by providing
a direct measurement of the surface area (or pore size). Unfor-
tunately, this simplification can only be expected to hold over
a limited range of formation types such that formation factor
does not exert a strong control on the imaginary conductivity.

This study focused on a comprehensive database of
isotropic sandstone samples. A similar database is not avail-
able for carbonates or magmatic rocks. Future studies should
verify whether the presented findings are transferable to mea-
surements on other rock types. In the presence of anisotropy,
permeability prediction will be complicated by the directional
dependence of the IP parameters and the formation factor,
which can be investigated by measurements on the samples
in different directions (e.g. Weller, Nordsiek and Debschiitz
2010a). Geometric parameters, such as specific internal sur-
face and the pore throat radius, do not consider anisotropy.

Permeability estimation 593

Hence, it is possible that the geophysical length scales will have
advantages over the geometric length scales for permeability
prediction in the presence of anisotropy.

CONCLUSIONS

The definition of an effective hydraulic radius determined
from induced-polarization measurements must consider the
control of the electrical formation factor on the polarization
magnitude when samples cover a wide range of formation
types and a correspondingly wide range in variation in the
electrical formation factor. Recognizing that the imaginary
conductivity should be proportional to the pore volume nor-
malized surface area divided by the formation factor results
in a new geophysical length scale and a permeability predic-
tion equation where permeability is proportional to F~3. This
proportionality is consistent with some mechanistic models
for the polarization of granular media and also consistent
with a number of experimental data sets made on consoli-
dated rocks. Furthermore, this new geophysical length scale
results in an improved prediction of permeability relative to
other permeability prediction equations based on geophysical
length scales where permeability is proportional to F~!. How-
ever, with this equation, the quality of permeability estimates
does not reach the level of those obtained when a geometri-
cal proxy of the effective hydraulic radius defined from the
pore volume normalized surface area is used. The joint de-
pendence of induced-polarization measurements on both the
pore radius and the tortuosity and porosity of the intercon-
nected pore network is a limitation to the widely explored
use of induced-polarization measurements to isolate surface
properties from volumetric properties of the interconnected
pore network.
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