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Estimating permeability of sandstone samples by nuclear magnetic
resonance and spectral-induced polarization

Andreas Weller', Sven Nordsiek?, and Wolfgang Debschiitz’

ABSTRACT

Two techniques to estimate permeability are compared in
this paper: nuclear magnetic resonance (NMR) and spectral-in-
duced polarization (SIP). Both methods are based on relaxation
processes. NMR records the relaxation of hydrogen nuclei after
excitation in an external magnetic field. The phenomenon of
induced polarization can be characterized by a relaxation of ions
after excitation by an electric field. Hydrogen nuclei are concen-
trated in the pore water, the current flow is restricted to the pore
space for most reservoir rocks, and permeability is related to
the pore space geometry. Based on the similarity between fluid
movement and current flow in the pore space, different relations
have been published linking parameters derived from NMR

and SIP data to predict permeability.

NMR, SIP and permeability data have been acquired on 53
sandstone samples of the cretaceous Bahariya Formation (West-
ern Desert, Egypt) including 27 samples showing a lamination
that causes anisotropy. We compare the applicability of known
and generalized relations for permeability prediction including
isotropic and anisotropic samples. Because NMR relaxation ig-
nores directionality of pore space geometry, the known relations
provide only a weak accuracy in permeability estimation. The in-
tegrating parameters derived from a Debye decomposition of SIP
data are partly sensitive to anisotropy. A generalized power-law
relation using resistivity, chargeability, and mean relaxation time
provide a reliable permeability prediction for isotropic and an-
isotropic samples.

INTRODUCTION

Estimating permeability or hydraulic conductivity using relations
that are based on easily measurable parameters is one of the most
challenging problems facing petrophysical research. A reliable pre-
diction is of interest for purposes such as formation evaluation of oil
and gas reservoirs and the modeling of groundwater flow. For nucle-
ar magnetic resonance (NMR), a correlation between mean relax-
ation time and permeability is widely applied. Coates et al. (1993)
published a study of the relationship between the longitudinal relax-
ation time 7' and permeability. Straley et al. (1997) presented a simi-
lar equation for the transversal relaxation time 7.

Laboratory investigations with spectral-induced polarization
(SIP) on shaley sands, silt, and clay samples performed by Borner et
al. (1996) yield conductivity spectra with a constant phase angle
(CPA) behavior in the frequency range between 1 mHz and 1 kHz.
Assuming a CPA model, an algorithm for the estimation of hydraulic

conductivity from complex electrical conductivity measured at a
single frequency has been developed and successfully tested on
borehole and field data (Weller and Borner, 1996). Slater and Glaser
(2003) observed that the predictive capability of the so-called
Borner model for permeability estimation is restricted to the narrow
lithologic range of sandy material. Hordt et al. (2009) summarized
the results of several case histories to assess the predictive capability
of induced polarization (IP) data to estimate permeability. A reliable
determination of small phase shifts for coarse-grained material and
uncertainties arising from inversion ambiguity are identified as ma-
jor problems at the field scale. Because a field survey is restricted to a
narrow frequency range, the validity of the CPA model cannot be
checked properly. Laboratory investigations cover a wider frequen-
cy range providing more information on the spectral behavior of
conductivity amplitude and phase shift. Binley et al. (2005) fit Cole-
Cole models to IP spectra of saturated and unsaturated sandstones.
They emphasize the significance of the time constant determined by
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Cole-Cole model fitting for permeability prediction of their samples.
Anisotropy of the investigated material only rarely has been consid-
ered in permeability prediction. Zisser and Nover (2009) report di-
rectional measurements of complex electrical resistivity and perme-
ability for low-permeability sandstone samples. Both time constant
and resistivity derived from a Cole-Cole model fitting depend on the
considered direction. But an overall relationship between these
quantities and permeability could not be observed for absolute val-
ues or for their anisotropy.

A data set of 53 sandstone samples of the cretaceous Bahariya for-
mation (Western Desert, Egypt) that has been described in detail by
Halisch et al. (2009) was used in our study. Core samples were col-
lected from a drilling site in the Badr El Din concession area in the
northwest part of the Abu Gharadig basin. Sampling depths range
from 3512 m to 3547 m.

At each depth, a pair of cylindrical samples with a diameter of
about 2.5 cm and an average length of 4 cm was extracted from the
original drill core. So-called horizontal or H samples have been tak-
en parallel, and so-called vertical or V samples perpendicular to the
layering. As shown in Figure 1, the sample set can be subdivided into
two major types. Twenty-seven samples belong to the first type that
is characterized by visual indications of flaser bedding or lamination
structures. Independent of the intensity of flaser bedding structures,
all samples of this type are regarded as laminated samples (+L sam-
ples). Another 26 samples belong to the second type, that shows no
obvious flaser bedding or lamination structures. According to a visu-
al inspection, they can be regarded as pure sandstone samples. This
type is referred to as samples without lamination (—L samples).

The depositional environment of the examined samples can be de-
scribed as an overall transgression with coastal back stepping com-
prising several coarsening-upward cyclothems. The environment
can be characterized as shallow marine with a tidal flat to marine
shelf setting. The fine sandy layers of all samples are mainly com-
posed of quartz (70% to 80%), and glauconite (5% to 15%). Cemen-
tation minerals are kaolinite and subordinate calcite as well as quartz
overgrowths. The brownish flaser bedding is composed of clayey-
silty, partly carbonaceous layers that contain many small pyrite
framboids and minor rutile. As a result of oxidation, the layers con-
tain minor limonite or other iron minerals, causing a higher volumet-
ric magnetic susceptibility for the +L samples with all values larger
than 75 107¢ ST and an average of 148 107¢ SI. The —L samples
reach only an average of 60 10~° SI (Halisch et al., 2009). The con-
spicuous flaser bedding implicates a distinct anisotropy effect on di-

+L samples —L samples

Horizontal Vertical Horizontal Vertical

Figure 1. Classification of the cylindrical sandstone samples of Ba-
hariya Formation into horizontal (H) and vertical (V) samples and
into laminated (+L) and nonlaminated (—L) samples according to
Halisch et al. (2009).

rectional parameters like permeability and electrical resistivity. In
general, the +L samples show an anisotropic behavior whereas the
—L samples might be regarded as more or less isotropic.

This study investigates the applicability of known and general-
ized relations using NMR and SIP data for permeability estimation.
Anovel approach integrates directional and scalar physical parame-
ters determined from IP spectra in relations for permeability predic-
tion. The presented relations aim at an improved permeability pre-
diction for isotropic and anisotropic sandstone samples.

METHODS AND RESULTING PETROPHYSICAL
PARAMETERS

Gas permeability and porosity

The permeability of the Bahariya sandstone samples was deter-
mined by a gas permeameter using nitrogen as the flowing fluid.
Klinkenberg correction has been applied (Scheidegger, 1957). The
minima, maxima, average values and standard deviations of the
petrophysical parameters, which are relevant for this study, are com-
piled in Table 1. The resulting permeability values cover four de-
cades in logarithmic scale with a range from 0.007 mD to 56 mD.
Lower values were observed for the +L samples with a geometric
mean value of 0.126 mD in comparison with a value of 8.02 mD de-
termined for the —L samples.

Permeability is a directional parameter. The permeability K mea-
sured for a cylindrical H sample in axial direction is equivalent to the
longitudinal permeability. V samples provide the transverse perme-
ability Ky. The ratios of the parameters between the horizontal and
vertical samples are compiled in Table 2. A strong ratio K,/Ky,
which reflects the degree of anisotropy, is observed for the +L sam-
ples with a maximum value of 15.2 and a mean value of 4.53.

Porosity of all samples was determined by triple weighting: in dry
state, in fully saturated state, and Archimedes’ weighing in a water
basin. The porosity varies between 4.9% and 17%, with the lower
porosity generally determined for +L samples (see Table 1). Porosi-
ty belongs to the scalar parameters that do not depend on the orienta-
tion of the sample. Because H and V samples of each pair cannot be
regarded as identical twin samples, slight differences in porosity are
determined. The ratio @/ @, presented in Table 2 shows values
close to 1.0 for the —L samples and a larger variation for the +L sam-
ples.

Nuclear magnetic resonance

Because the textbook of Coates et al. (1999) presents an excellent
overview on the NMR logging principles, we provide only a short
summary of the fundamentals. The nuclear magnetic relaxation of
hydrogen in a wetting pore fluid of rocks is controlled by slow relax-
ation in the free pore fluid and fast relaxation in the direct vicinity of
the pore surface. In case of fast diffusion exchange between free pore
fluid and the fluid at the pore surface, the magnetization in the pores
remains uniform. The relaxation time becomes proportional to the
volume-to-surface ratio of the pores or proportional to the radius of
pores if a suitable pore model is considered. In rocks with a distribu-
tion of pores of varying size, a spectrum of different relaxation times
is determined. It can be distinguished between two different types of
relaxation times. The longitudinal relaxation time 7 characterizes
the increase of magnetization parallel to the static magnetic field,
and the transversal relaxation time 7, the decrease of magnetization
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perpendicular to the static magnetic field. Both relaxation times are
related to the surface-to-volume ratio S/V by the formula

(1)

with B being the surface relaxivity which can be different for 7 or
T,. No large difference between 7| and 7) is observed in free fluids
where the relaxation time depends mainly on fluid viscosity. In natu-
ral rocks, 75 is shortened by dephasing effects that are generated by
the diffusion of the hydrogen in an inhomogeneous magnetic field as
a result of the susceptibility distribution in a microscopically inho-
mogeneous rock.

The measurement of the NMR relaxation for the two components
is different. The longitudinal relaxation time 7' is measured by the
inversion recovery method. 75 is measured by pulse echo method
which is widely known as CPMG pulse sequence (Carr and Purcell,
1954; Meiboom and Gill, 1958). In the case of longitudinal relax-
ation, the temporal behavior of the amplitude A of the decaying sig-

nal can be presented as an overlay of relaxation processes with dif-
ferent relaxation times 7,

A(t)=A0><2aj><(1—2><exp(T;t)). ()

Jj=1 1j

A similar equation results for the transversal relaxation:

A(t) = Ag X Eanexp(;). (3)

j=1 by

The measurement of the inversion recovery is much more time
consuming and therefore not applicable in well logging. This is the
main reason for the use of 7, for rock-characterizing relations. To
keep the diffusion effect low, a short and constant echo spacing for
all regarded samples is necessary. The echo spacing in our investiga-
tions was fixed at 600 us.

In the case of a spectrum of relaxation times, a mean relaxation
time

Table 1. Compilation of minimum, maximum, average value, and standard deviation (SD) of petrophysical parameters of all

samples, +L, and —L samples (@ = porosity, K = permeability, 7‘1 = mean longitudinal relaxation time, 7, = mean transversal
relaxation time, p, = DC resistivity, m, = total chargeability, 7 = mean relaxation time, U, = nonuniformity parameter).

All samples +L samples —L samples
Parameter min max mean SD min mean SD min max mean SD
) 0.049 0.170 0.115 0.033 0.049 0.153 0.095 0.031 0.090 0.170 0.134 0.022
K [mD] 0.007 559 0.966 — 0.007 5.58 0.126 — 0.183 559 8.02 —
T, [ms] 14.9 209 88.8 61.2 14.9 43.3 39.9 47.2 209 133 52.0
T, [ms] 1.21 33.0 9.10 7.58 1.21 4.36 2.89 4.11 33.0 14.0 7.83
po [2m] 204 992 473 213 266 992 575 213 204 857 367 156
m, 0.047 0.269 0.127 0.056 0.109 0.269 0.176 0.031 0.047 0.118 0.078 0.018
7 [ms] 19.0 331 74.5 66.3 24.6 331 105 81.5 19.0 81.3 43.2 15.9
U, 1.92 4.23 3.04 0.48 1.92 4.23 3.24 0.53 1.96 3.33 2.83 0.31

Table 2. Compilation of minimum, maximum, average value, and SD of ratios between petrophysical parameters determined on
V and H samples.

All samples +L samples —L samples
Ratio min max mean SD min max mean SD min max mean SD
Dyl Dy 0.85 1.89 1.06 0.18 0.85 1.89 1.11 0.25 0.97 1.10 1.02 0.04
K/ Ky 0.82 15.2 3.21 3.35 0.84 15.2 4.53 4.06 0.82 7.46 1.89 1.76
T/ T 0.68 1.50 1.01 0.19 0.71 1.50 1.05 0.20 0.68 1.25 0.97 0.18
Tov! Top 0.46 2.18 1.09 0.36 0.76 2.18 1.19 0.42 0.46 1.43 0.99 0.27
pv/ pu 0.88 2.84 1.32 0.41 0.88 2.84 1.52 0.50 0.92 1.27 1.13 0.11
mylmy 0.69 1.44 1.01 0.17 0.73 1.20 0.98 0.14 0.69 1.44 1.04 0.14
Tyl Ty 0.61 3.08 1.36 0.61 0.61 2.94 1.48 0.61 0.76 3.08 1.24 0.60
U/ U,y 0.84 1.78 1.10 0.19 0.90 1.78 1.10 0.23 0.84 1.45 1.10 0.19
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T),= CXP( > aj ln(Tsz)) (4)

Jj=1

is determined considering the coefficients a; as weighting factors
with the sum of all weighting factors being unity.

The NMR experiments to determine the longitudinal and trans-
versal relaxation time distribution of 53 Bahariya sandstone samples
were performed in a MARAN 7 (Resonance Instruments) equip-
ment operating at a Lamor frequency of 7 MHz. After drying at
35°C for more than 48 hours in vacuum, the samples were saturated
fully with demineralized water.

To demonstrate the influence of lamination, two pairs of samples
were selected: the pair of +L samples B7H and B7V and the pair of
—L samples B14H and B14V. Table 3 compiles the values of the
petrophysical parameters determined for the two selected pairs of
samples. The porosity values of the H and V samples of each pair are
close to each other. But regarding the permeability of the +L pair, a
strong anisotropy with aratio K/ Ky = 9 becomes obvious. The —L.
pair shows only a negligible difference in the permeability of the H
and V sample. Figure 2 shows the cumulative spectra of transversal
relaxation time 7, for the four selected samples. The spectra are sim-
ilar for H and V samples of both pairs. The resulting mean relaxation
times 7, and T, of the H and V samples differ only slightly within
each pair (see Table 3).

Looking at Tables 1 and 2, the results of the comparison between
the +L and —L pairs of samples can be generalized. A decrease of
the mean relaxation times T, 1, and Tz is observed for the +L samples
as a consequence of the reduction in porosity and permeability in
comparison with the —L samples (see Table 1). The NMR relaxation
time distribution is inherently a scalar property. Consequently, the
mean values of the ratios Tyy/ Ty and Tay/ Toy, which are compiled
in Table 2, are close to unity.

Figure 3 displays a comparison between the mean relaxation
times T, and T, determined for all investigated Bahariya sandstone
samples. The best fitting power-law equation with an exponent close
to 1.0 confirms a linear relationship between the two quantities. The
rather high T,/ T, ratio with an average value close to 10 is aresult of
the dispersed iron minerals that cause internal magnetic field gradi-
ents and stronger dephasing effects (Zhang et al., 2001). It should be
noted that the MARAN 7 equipment used for our experiments oper-
ates at a 3.5 times higher magnetic field than the frequently used
MARAN 2 instrument. The strong magnetic field amplifies internal
gradients and causes higher 7}/ T, ratios. Considering the strong cor-
relation between two mean relaxation times 7 and T, which is ex-
pressed by a coefficient of determination of R? = 0.91, it can be as-

sumed that the two quantities reflect the variation of pore volume-to-
surface ratio as indicated in equation 1 (or pore radius) in a similar
way.

Spectral-induced polarization

Induced polarization (IP) is caused by electrochemical effects as-
sociated with the electrical double layer (EDL) forming on the solid-
liquid interface of porous material. Various conceptual and theoreti-
cal models exist to describe this phenomenon. Some models consid-
er the polarization of the EDL itself surrounding a mineral grain
(e.g., Lesmes and Morgan, 2001), whereas others consider the polar-
ization of pore throats because of differences in ionic mobility be-
tween wide and narrow pores (Marshall and Madden, 1959; Titov et
al., 2002). An ion-sorting effect is caused also by clay minerals dis-
persed in the pore space of sandstones (Schon, 1996).

IP effects can be observed in the time domain by slow voltage de-
cay after switching off the driving current signal. In the frequency
domain, polarization phenomena cause a phase shift between inject-
ed current and measured voltage signal. The extension of frequency
domain measurements to a wide frequency range is referred to as
spectral-induced polarization (SIP). The frequency-dependent be-
havior of resistivity amplitude and phase shift is recorded.

The induced polarization spectra of 53 Bahariya sandstone sam-
ples were acquired in the frequency range from 2.8 mHz to 750 kHz
by SIP Fuchs equipment (Radic Research, Germany). The measure-
ments were performed under ambient conditions at a constant tem-
perature of about 20 ° C. The samples were saturated fully with a so-
dium-chloride solution of 0.56 grams per liter (g/1), resulting in a
water conductivity of 0.1 S/m. The low salinity solution was chosen
to enable a comparison of the measured spectra with those of other
authors (e.g., Borner and Schén, 1991; Lesmes and Frye; 2001, Scott
2003). The electrical spectra of H and V samples have been deter-
mined in axial direction. Because a horizontal layering can be ob-
served in the +L samples, the measurement of the V samples pro-
vides the transverse resistivity p,, the resistivity perpendicular to the
layering. For the measurements of the H samples, the current flow is
parallel to the planes of layering. The resulting quantity is called lon-
gitudinal resistivity p,. Figure 4 shows the phase angle spectra ob-
served on the samples that have been selected for the compilation of
petrophysical parameters in Table 3.

For evaluating SIP data, models are fitted to the amplitude and
phase angle spectra by adjusting their parameters. Nordsiek and
Weller (2008) suggested a novel approach where the measured com-

Table 3. Measured permeability K, T, and T, relaxation times, porosity ¢ and integrating Debye parameters p,, m,, 7, and U,
for four Bahariya sandstone samples with the samples B7H and B7V being laminated samples (+L) and B14H and B14V

nonlaminated (—L).

¢ T, T, Po T
Sample in 107 m? in % in ms in ms in Om m, in ms U,
B7H 0.244 8.00 31.9 3.04 517.62 0.269 25 1.92
B7V 0.027 8.34 32.1 2.30 760.29 0.196 72 3.42
B14H 13.52 11.39 118.8 8.19 379.97 0.061 33 2.87
B14V 14.06 11.71 120.7 10.04 390.79 0.053 26 3.14
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plex resistivity spectra p(w) are regarded as a superposition of De-
bye models

. 1
=pox|1— X(1=——|,
== T i) @

with m; and 7; being the parameters of a single relaxation term. De-
composition of the spectra into some Debye models results in a dis-
tribution of relaxation times which is summarized by four integrat-
ing parameters. The first parameter is the DC resistivity p, that re-
sults from the low-frequency extrapolation of the amplitude spectra.
The expression py is a common parameter that occurs in most other
mathematical models describing IP spectra.
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Figure 2. Cumulative curves of NMR relaxation time distributions
T, for two pairs of Bahariya sandstone samples. B14H and B14V
represent a pair of nonlaminated or isotropic samples (—L). B7H
and B7V represent a pair of laminated samples (+L).
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Figure 3. Comparison of mean relaxation times Tl and Tz derived
from NMR measurements on Bahariya sandstones samples. The sol-
id line represents the fitting by a power-law equation with an expo-

nent close to 1.0 and a ratio 7_"]/7_“2 of 10.3. The strong correlation is
expressed by a coefficient of determination of R = 0.91.

The original definition of chargeability (Sumner, 1976)

m= Po ~ P= (6)
Po

quantifies the relative change of resistivity in a frequency scan with
po being the low-frequency resistivity limit and p.. the high-frequen-
cy asymptotic value. The polarization magnitude m; computed for
each individual Debye relaxation specifies the resistivity change in a
narrow frequency interval. The summation across the considered
frequency range yields a global polarization magnitude term, de-
fined here as total chargeability

m= 2 m; (7)

Jj=1

that is considered to be the second integrating parameter of a Debye
decomposition.

Arelaxation time 7 is used to quantify the temporal behavior of a
decay process according to an exponential function exp( —#/7). A
small relaxation time 7 describes a fast decay process. The Debye
decomposition assumes a temporal sequence of individual decay
processes with specific relaxation times 7;. The third integrating pa-
rameter defines the mean relaxation time

n

T =exp LE m; In(7)) (8)

as the weighted logarithmic mean of all relaxation times 7, with the
individual polarization magnitudes m; being the weighting factors.

The fourth integrating parameter of a Debye decomposition is de-
fined in analogy to the degree of nonuniformity of grain-size distri-
bution curves. The nonuniformity parameter

U, =% )

T10

characterizes the width of the relaxation time distribution, with 7,
and 74 marking those relaxation times whereby in a cumulative
curve 10% and 60% of the total chargeability is reached.
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Figure 4. IP phase angle spectra of two pairs of Bahariya sandstone
samples. B14H and B14V represent a pair of nonlaminated or isotro-
pic samples (—L). B7H and B7V represent a pair of laminated sam-
ples (+L).
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As an example, Figure 5 presents cumulative curves of relaxation
time distribution for the two pairs of Bahariya sandstone samples
that have been selected in Table 3. B14H and B14V are isotropic —L
samples with similar cumulative curves. The difference in cumula-
tive curves between H and V samples becomes obvious for the pair
of anisotropic +L samples B7H and B7V. The DC resistivities deter-
mined for the H and V samples are 518 2m and 760 (2m, respec-
tively. Resistivity is known to be a directional parameter. The ratio
pv/ py = p,/ p; quantifies the resistivity anisotropy of a pair of sam-
ples. Regarding the +L sample pair B7V and B7H, differences are
observed in the other resulting integrated parameters of the Debye
decomposition: total chargeability m,, mean relaxation time 7, and
the nonuniformity parameter U, (see Table 3). The differences in all
those parameters including DC resistivity become considerably
smaller for the —L pair of samples.

To decide whether the additional parameters derived from Debye
decomposition vary with direction, we take a closer look at the ratios
mylmy, Tyl Ty, U, v/ U, y compiled in Table 2. The mean of the ra-
tiosmy/myand U, v/ U, y shows values close to unity. The variation
of these ratios is comparable with those of the other scalar parame-
ters porosity @ and mean relaxation times T, and T,. There is no evi-
dence from our data that m, and U, reflect any directional depen-
dence. The ratio 7y/ 7y shows a wider variation with mean values
close to those of the resistivity ratio py/py. Considering that the
mean value of the ratio 7/ 75 increases for the anisotropic +L sam-
ples, a directional behavior of the mean relaxation time 7 should be
assumed.

RESULTS OF PERMEABILITY ESTIMATION

Nuclear magnetic resonance

The widely applied formula for the estimation of permeability K*
from NMR relaxation measurements considers, besides the mean re-
laxation time, only porosity P:

=g, X Tizlm X @4, (10)

with the factor a, , depending on the order of magnitude of the corre-
sponding relaxation time 7' ,. The general relation 7', > T, leads to
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Figure 5. Cumulative curves of relaxation time distributions result-
ing from Debye decomposition for two pairs of Bahariya sandstone
samples. The samples B14H and B14V represent the nonlaminated
pair with similar cuamulative curves. The difference in chargeability
between horizontal (H) and vertical (V) samples becomes obvious
for the laminated sample pair B7H and B7V.

a;<a,. The exponent 2 for the relaxation time results from dimen-
sional considerations taking into account the proportionality be-
tween pore radius and relaxation time. The porosity exponent is a re-
sult of empirical studies (Coates et al., 1999; Dunn et al., 2002).

Using our data and equation 10, the factors a; and a, have been de-
termined by minimizing the rms

1 n
rms =\~ > (logjo(K) — 10g10(K;<))2 (11)
i=1

between the logarithms of measured permeability K and predicted
permeability K* for all n = 53 samples of our study. The resulting
parameters are compiled in Table 4. Besides the relevant parameters
resulting from regression analysis, appropriate statistical parame-
ters, which indicate the prediction quality of the derived equations,
are listed in Table 4. In addition to coefficient of determination R?
and rms, the average deviation between calculated and measured
permeability is given by

d=~x 2 [log;o(K)) — 10g10(K;<)|- (12)

Jj=1

The relation a,<a, is confirmed by our data. The independence of
longitudinal relaxation from diffusion results in a slightly better per-
meability prediction from 7', data, which is indicated by a higher co-
efficient of determination (0.788 for T, and 0.755 for T) and a lower
average deviation (0.420 for T, and 0.478 for T>,). Figure 6 shows the
comparison between the measured and predicted permeability using
porosity and T, relaxation time according to equation 10. Most of the
data points of the —L samples are located close to the diagonal line
that indicates a perfect permeability prediction. The two dashed
lines to both sides of the diagonal indicate a deviation between mea-
sured and predicted permeability value of one order of magnitude or
afactor of 10. The data points of the +L samples are scattered widely
to both sides of the diagonal line, including two outliers that repre-
sent a strong underestimation of the predicted permeability.

A multivariate regression analysis with free exponents of relax-
ation time T, and porosity @ results in a slight improvement of per-
meability prediction by the following formula:

K*

g = 1666 X 107 T8 p!361 (13)

with 7| given in seconds (s), @ as a fraction and K in m2. The ex-
ponent of T increases from 2 to 2.5, but the porosity exponent de-
creases significantly from 4 to 1.36, which leads to a decrease of a,
by two orders of magnitude. The coefficient of determination in-
creases to 0.802, but the average deviation stays at the same level.

Considering the structure of the laminated Bahariya samples with
a highly inhomogeneous susceptibility distribution at microscopic
scale caused by dispersed iron minerals, an additional test of perme-
ability prediction was made considering both relaxation times T, and
T, with individual exponents. In this case, the exponent of 7} in-
creases to 3.25 and the exponent of T, becomes negative (—0.66)
with the sum of the two exponents (2.59) resulting in a value close to
the exponent of T in equation 13. The porosity exponent slightly de-
creases to 1.1. Regarding the strong correlation between T, and T,
shown in Figure 3, a significant improvement of the permeability
prediction could not be achieved. The coefficient of determination
only slightly increases to 0.806.
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In a second step, all +L samples were excluded from the data set.
The parameters of all equations for permeability prediction from
NMR data have been recalculated considering only the 26 nonlami-
nated samples which are characterized by a lower degree of anisotro-
py (Halisch et al., 2009). The resulting equations and the parameters
quantifying the prediction quality are compiled in Table 5. A consid-
erable decrease of the average deviation d is documented for all
equations using the mean relaxation time 7}. The resulting free po-
rosity exponent ¢ approaches the empirically determined value of 4,
and the exponent b of 7_"| was determined with 1.56 closer to the theo-
retical value of 2.

Spectral-induced polarization

The parameters DC resistivity p,, total chargeability m,, and mean
relaxation time 7 were derived from IP spectra of all 53 Bahariya
sandstone samples. The comparison between measured permeabili-
ty and the three parameters is presented in Figures 7-9. The best fit-
ting power-law expression shows a moderate correlation for both
DC resistivity p, and total chargeability m, with an exponent close to
—5. The correlation between measured permeability and mean re-
laxation time 7 is rather weak. In spite of the large scatter caused by
the +L samples, an inverse trend is observed.

According to the so-called PaRiS equation that has been derived
from a Kozeny-Carman model considering the fractal nature of in-
ternal surface (Pape et al., 1987), the predicted permeability K* (in
mD) depends on the formation factor F and the pore surface-to-vol-
ume ratio S, (in um 1)

K* = 4758 31Op-1 (14)

por

The formation factor F is defined as the ratio of the resistivity of
the fully saturated sample p, and the resistivity of the saturating fluid
pw:

F=20 (15)
pW

Considering the constant fluid resistivity for all samples as re-
garded in this paper (10 £2m), the formation factor is proportional to
the resistivity of the saturated sample p,. Therefore, the formation
factor F in equation 14 can be substituted by DC resistivity p, multi-
plied by a constant factor.

The relationship between pore surface-to-volume ratio S, and
the IP effect was investigated by several authors. For soil samples,
Borner et al. (1996) proposed a linear relation between S, and the
imaginary part of conductivity. Weller et al. (2010) confirmed this
result considering an extensive database of more than 100 sandstone
samples. Scott (2003) fitted generalized Cole-Cole models to spectra
measured on sandstones from the UK and Germany. To characterize
the IP effect, the normalized chargeability

ny = — (16)
Po

is introduced describing the ratio of chargeability m to the model re-
sistivity p,. A power-law relation between pore surface-to-volume
ratio Sy, and the normalized chargeability m, of a generalized Cole-
Cole model was published by Scott (2003). The normalized charge-
ability m, of the Debye decomposition approach can be determined
in a similar way as the ratio of total chargeability m, to DC resistivity
po- Using an extended database, Weller et al. (2010) report a linear
relationship between pore surface-to-volume ratio Sy, and the nor-
malized chargeability m, derived from Debye decomposition:

my, = y(Spor) (17)

with the factor of proportionality c, being referred to as “polarizabil-
ity of the mineral surface per unit S,,,..”” Considering that single data
sets do not exactly show a linear relation, a more general power law
should be used to describe the relation between normalized charge-
ability m, and pore surface-to-volume ratio S,,. Consequently,
equation 14 might be modified by replacing S,,,, by a term of normal-
ized chargeability m, that is decomposed into m, = m, X p,” ", re-
sulting in the following proportionality

k
Sporoc(';ﬁ> , (18)
0

with k being an empirical exponent. Substituting F and S,,,, in equa-
tion 14 by the terms given in equations 15 and 18, we get a general
power-law equation

K*

ap = aXpy Xm; (19)

relating the integrating parameters p, and m, from Debye decompo-
sition to a predicted permeability value K* with a, b, and ¢ being em-

Table 4. Comparison between predicted permeability K:MR or K;", and measured permeability. The factor a of all equations is

determined considering Tl, 7‘2, 7 in seconds (s), @ and m;, as a fraction, p, in 2m and the resulting K;MR or K’;P in m2. Data of

all 53 samples are considered.

Equation a b c d R? rms d

K —axTEx ¢ 9.289% 10~ X X X 0.755 0.662 0.478
NMR

K —ax X ¢ 1.578X 109 X X X 0.788 0.568 0.420
NMR

K:  —axXTxX ¢ 1.666 X 10~ 2.488 1.361 X 0.802 0.519 0.423
NMR

K:  =axT X ¢ xTy! 2.438X 10712 3.253 1.068 —0.664 0.806 0.514 0.420
NMR

K, =aX Py’ 1.062 X 102 —4.952 X X 0.632 0.708 0.586

K, =aXpdXmg 2.945% 10711 —2.837 —3.181 X 0.815 0.502 0.418

K:IP =aXpXmEX 7 3.560 X 10~ 12 —2.702 —2.653 —0.858 0.846 0.458 0.384
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pirical parameters which have to be adjusted by a multivariate re-
gression analysis.

Using the Bahariya sandstone data considering all 53 samples, the
relation

Kgp=2.945X107 "X pg > xm 3180 (20)

(with pyin 2m, m, as fraction, and K* g, in m?) was derived resulting
in a coefficient of determination R* = 0.815. In Figure 10, the per-
meability values K*g;, calculated from SIP data by equation 20 are
plotted versus measured permeability K.

Analyzing induced polarization (IP) logs, Pape and Vogelsang
(1996) found that a parameter derived from time-domain IP mea-
surements called “extreme relaxation time” yields a strong relation-
ship to permeability. Kemna et al. (2005) investigated sands with
different grain sizes and found a correlation of hydraulic conductivi-
ty with the largest time constant resulting from fitting by a superposi-
tion of Cole-Cole models to SIP data. Pape and Vogelsang (1996),
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Figure 6. Permeability calculated from NMR mean relaxation time

T, and porosity @ plotted versus permeability measured on Bahariya
sandstones samples. The dashed lines indicate a distance of one de-
cade to both sides of the measured permeability.

Table 5. Comparison between predicted permeability K:MR

or K7

Binley et al. (2005), Kemna et al. (2005), and Zisser et al. (2010) in-
dentified the time constant or relaxation time as a relevant parameter
for permeability estimation. Besides DC resistivity p, and total
chargeability m,, the Debye decomposition of IP spectra yields a
mean relaxation time 7. Considering the potential for permeability
prediction of this additional parameter 7, equation 19 should be ex-
tended:

K*

ap = aX po’ Xmg" X 7, (21)

The four empirical parameters a, b, ¢, and d are determined by a
multivariate regression analysis resulting in the equation

K;‘IP =3.560X 10712 pg 27025 72653 5 770858,
(22)

with the additional parameter 7 given in seconds (s). The coefficient
of determination slightly increases to R? = 0.846. The negative ex-
ponents of all three parameters derived from Debye decomposition
reflect the general trend shown in the graphs of Figures 7-9. The per-
meability values K*g, calculated from SIP data by equation 22 are
plotted versus measured permeability K in Figure 11.

INTERPRETATION AND DISCUSSION

A closer look at Table 4 reveals the limited potential of NMR for
permeability prediction in the case of data sets including anisotropic
samples. The classical power-law equation published by Coates et
al. (1999) with the exponent 2 for the relaxation time 7} and 4 for po-
rosity @ causes a considerable scatter of data if measured and pre-
dicted permeabilities are compared. The coefficient of determina-
tion stays at a moderate level (R? = 0.788). The average difference
between measured and predicted value d reaches 0.420 logarithmic
decades or a factor of 2.63. The prediction quality becomes even
worse if T is replaced by T,. The average deviation reaches 0.478
logarithmic decades or a factor of 3. A multivariate regression with
free exponents results in a moderate increase of the coefficient of de-
termination (R?=0.802), but the average deviation stays at the
same level. It is interesting to note that the strong effect of porosity
cannot be confirmed by the results of the multivariate regression.
The exponent decreases down to a value of 1.4 instead of 4. The ex-
ponent of the relaxation time 7 is slightly increased to 2.5. The joint

and measured permeability K. The factor a of all equations

is determined considering f‘,, Tz, 7 in seconds (s), @ and m, as a fraction, p, in Qm and the resulting K:MR or K;‘IP in m2, Only

data of 26 nonlaminated samples (—L) are considered.

Equation a b c d R? rms d

K= axXTixX ¢ 9.351x10°* X X X 0.586 0.562 0.441
K\ = axXTiX ¢ 1.617x10~° x x x 0.693 0.379 0.288
K = axXTox ¢ 3.702x10°° 1.559 4.825 x 0.705 0.368 0.286
K = aXTiX X T, 4737X 10710 2.906 4.644 - 1.021 0.721 0.359 0.281
K, =axXp, 2.862X107% —2.586 x x 0.358 0.544 0.415
K:,=aXpxmgs 3.192x 10" —2.142 —2.516 x 0.473 0.493 0.388
KZ, = aXpdXmg X 7 4.041x 10714 - 1718 - 1516 — 1.400 0.538 0.461 0.352
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consideration of Tl and Tz results only in a small improvement of the
predicting quality.

Considering only the more isotropic —L samples, the validity of
the original Coates formula (equation 10) can be verified by our data.
The application of a porosity exponent of 4 and a T exponent of 2 re-
sults in a reliable permeability prediction with a d of 0.288 which is
equivalent to a factor of less than 2. The use of transversal mean re-
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Figure 7. Comparison of measured permeability K and DC resistivi-
ty po derived from IP spectra using Debye decomposition. All 53 Ba-
hariya sandstone samples are included. The solid line represents the
fitting by a power-law equation with an exponent of —4.95. The
moderate correlation is expressed by a coefficient of determination
of R? = 0.63.
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Figure 8. Comparison of measured permeability K and total charge-
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sents the fitting by a power-law equation with an exponent of —4.83.
The moderate correlation is expressed by a coefficient of determina-
tion of R? = 0.69.

laxation time 7_"2 instead of Tl does not result in any significant im-
provement of permeability prediction if only —L samples are con-
sidered.

An inverse relation between resistivity and permeability can be
confirmed by our data (Figure 7). A similar relation with a power-law
exponent of —4.41 was reported by Sawyer et al. (2001) for Appala-
chian reservoir rocks. Considering a constant fluid conductivity, re-
sistivity and formation factor reflect changes in porosity according
to Archie’s equation (Archie, 1942). But resistivity alone cannot be
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Figure 9. Comparison of measured permeability K and mean relax-
ation time 7 derived from IP spectra using Debye decomposition. All
53 Bahariya sandstone samples are included. The solid line repre-
sents the fitting by a power-law equation with an exponent of —2.50.
The weak correlation is expressed by a coefficient of determination
of R? = 0.36.
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used to get areliable permeability prediction. As in Kozeny-Carman
models, an additional parameter is needed to provide information on
the average pore size.

Regarding the results of earlier studies, it might be assumed that
total chargeability m, and mean relaxation time 7 are linked to pore
size or specific internal surface. Using the three integrating parame-
ters po, m,, and 7, a quantitatively improved permeability prediction
can be achieved. The coefficient of determination reaches a value of
0.846 and the average deviation d decreases at 0.384 decades. Look-
ing at Figure 11, it becomes obvious that with the exception of one
sample, all predicted permeability values are in a range with a maxi-
mum deviation of one order of magnitude. For most samples, a close
agreement between measured and predicted values is achieved.

The exclusion of all +L samples results in modified formulas
which are compiled in Table 5. Regarding the average deviation d,
only a slight improvement can be observed. Because not only the
number of samples, but the interval of permeability variation de-
creases, the coefficients of determination decrease as well. In con-
trast to NMR, the general predictive power of SIP data will not in-
crease if only —L samples are considered.

Beside electrical resistivity po, mean relaxation time 7 is identi-
fied as another directional parameter that can be determined from
spectral IP data. The inverse trend reflecting a permeability decrease
with a relaxation time increase, which becomes visible in Figure 9,
contradicts findings of Scott (2003), Binley et al. (2005), and Zisser
etal. (2010). They report an increase of time constant (or median re-
laxation time) with modal pore throat size or an effective hydraulic
length of their samples. The wider pore space results in a permeabili-
ty increase. The directional behavior of mean relaxation time as ob-
served for our samples cannot be explained by its relation to modal

pore throat size.
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Figure 11. Permeability calculated from integrating parameters py,
m,, and 7 resulting from Debye decomposition of SIP data plotted
versus measured permeability for 53 Bahariya sandstone samples.

In arecent paper considering an extended database, Kruschwitz et
al. (2010) found that the positive correlation between modal pore
throat and time constant is valid only for samples of relative large
pores (>10 wm). For media with pore structures dominated by
small pore throats, they observed relatively long time constants that
are not controlled by modal pore throat size. Following the explana-
tions given by Titov et al. (2010), the increase in relaxation time is
related to “slow” diffusion processes caused by surface tortuosity
and geometry of clay-filled pores. They identified low diffusivity
values for their clayey sandstones.

Though the modal pore throat size has not been determined for our
clayey Bahariya samples, it can be concluded from the K — 7 rela-
tion in Figure 9 that they are characterized by small pore throats and
low diffusivity. The anisotropy of resistivity and permeability is
caused by increased tortuosity of the V samples in comparison with
the H samples. It can be assumed that the increased tortuosity in the
vertical direction results in an elongation of the diffusion paths that
cause rising mean relaxation times. This assumption is in agreement
witharatio 7/ 75 > 1 that has been observed for most of our sample
pairs (Table 2). Our data show that because of its directional depen-
dence and its relation to tortuosity, the mean relaxation time 7 might
be well integrated in equations for assessing permeability of clayey
sandstones.

The relaxation times determined by NMR do not depend on the
orientation of the sample. In contrast to the directional parameters
that can be used to quantify anisotropy, the relaxation times 7', and 7>
are scalar parameters like density and porosity. The compilation in
Table 3 shows that even for the anisotropic sample pair B7H and
B7V, the experimentally determined relaxation times for the Hand V
samples are close to each other, whereas parameters determined
from SIP and gas permeability experiments differ significantly.
From the theoretical viewpoint, a correct prediction of a directional
parameter like permeability from scalar quantities is possible only
for isotropic material. The moderate quality of permeability estima-
tion from NMR is caused by the anisotropy of a considerable part of
samples. The parameters porosity and relaxation time do not reflect
the anisotropy of the sample. Consequently, all equations based only
on these parameters will fail to predict directional parameters of an-
isotropic material. This seems to be the main reason for a restricted
applicability of NMR for permeability prediction of anisotropic
samples. Only excluding the +L samples, the predicting power of
the Coates formula can be confirmed for isotropic samples.

The relations based on SIP provide a better potential for a reliable
permeability estimation of anisotropic samples because the parame-
ters resistivity po and mean relaxation time 7 consider the anisotropy
of the sample. The superiority of SIP is confirmed by our data. The
remaining discrepancies between predicted and measured perme-
ability are caused by inaccuracies in the determination of permeabil-
ity and IP parameters, as well as differences in the effect of pore
space geometry on electrical current and gas flow. The applicability
of the resulting special equations is restricted to sandstone samples
of the Bahariya Formation. Like other empirical petrophysical equa-
tions, the free factors and exponents have to be adjusted for different
lithological units.

Because NMR logging tools provide only a permeability of iso-
tropic formations, the directional dependence can only be explored
by other methods. Schon et al. (2003) present an algorithm that in-
cludes multicomponent induction resistivity data to predict the di-
rectional dependence of permeability. A combination of NMR and
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resistivity techniques including SIP provides the potential for further
improvement in permeability prediction.

CONCLUSIONS

The set of sandstone samples of the Bahariya Formation with a
variation of permeability over four orders of magnitude has proven
to be appropriate to compare the applicability of known and general-
ized relations for permeability prediction from NMR and SIP data.

NMR is a widely acknowledged method for permeability predic-
tion. Our investigation has shown that the known power-law rela-
tions based on porosity and relaxation time provide only a moderate
accuracy if anisotropic samples are included. A multivariate regres-
sion that enables a free choice of the exponents does not result in a
significant improvement of the prediction quality. The anisotropy of
the samples has been identified as the main reason for the restricted
applicability. Both initial parameters in the power-law relation, po-
rosity and mean relaxation time, are scalar quantities that do not con-
sider the anisotropy of the samples.

Several authors have demonstrated the potential of SIP for perme-
ability prediction. There is a wide variation of parameters derived
from IP spectra. The parameters strongly depend on the fitting model
(e.g., Cole-Cole type models or constant phase angle model). Be-
cause the model should be chosen in accordance with the special
shape of the spectra, the resulting relations are restricted in their ap-
plicability.

The Debye decomposition is a general approach that enables a
good fitting for all types of spectra. The resulting sequence of relax-
ation times and chargeabilities yields the integrating parameters DC
resistivity, total chargeability, and mean relaxation time. These pa-
rameters, which are derived from directional SIP measurements, are
used in a general power-law equation for permeability estimation.
The comparison of measured and predicted permeability values
proves the applicability for isotropic and anisotropic samples.

More suitable data sets from samples of different lithologies in-
cluding carbonates are required to validate and generalize the pre-
sented approach of permeability prediction from IP spectra.
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