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ABSTRACT

  In this study, we investigate several published 
methods derived from Kozeny’s equation for permeability 
evaluation of the Lower Cretaceous marly chalk formations 
in the Danish North Sea. Using core measurements and 
well-logging data, we evaluate and compare controlling 
parameters for permeability calculation from spectral 

INTRODUCTION

 In an evaluation of hydrocarbon reservoirs from 
borehole logs, the primary goal is to estimate porosity and 
water saturation, and, if possible, permeability. This issue 
has been widely addressed for a wide range of lithologies—
porous unconsolidated media (Panda and Lake, 1994), 
sandstone and carbonate (Mavko and Nur, 1997), sandstone 
(Pape et al., 2000), and general porous media (Civan, 2001). 
Several studies have shown that, for some formations, 
permeability can be derived from porosity. Nelson (1994) 
published an overview of the current porosity-derived 
permeability models that uses core-based correlation 
between permeability and porosity to predict permeability 
from porosity. Nuclear magnetic resonance (NMR) logs are 
deemed a reliable source of information, especially when 
pores are 100% water saturated (Timur, 1969; Agut et al., 
2000; Dunn et al., 2002). The sonic log in combination with 
the density log has also been used to predict permeability 
(Prasad, 2003; Alam et al., 2011; Mbia et al., 2014). In 
some studies, the gamma ray log has been used to predict 
specific surface and the density log to provide porosity for 
estimation of permeability (Pasquinelli et al., 2020). Most 
of these approaches are based on Kozeny’s equation linking 
permeability to porosity and specific surface (Kozeny, 
1927).
 Kozeny (1927) derived an expression for permeability, 
k, generalizing Poiseuille’s equation to a porous medium:

 ( 1)

gamma ray, electrical resistivity, nuclear magnetic 
resonance, and sonic velocity logs. We provide a practical 
approach for modeling permeability at the well-log scale. 
We provide the obtained parameters for best fit according 
to each method for permeability modeling of clay-rich 
carbonate in the Danish North Sea Valdemar area. 

where  is porosity, and SA is specific surface with respect 
to bulk volume. For the sediments studied by Kozeny, he 
found the factor c to lie in the range of 0.22 to 0.24. In 
order to avoid a constant c to be determined experimentally, 
Mortensen et al. (1998) expressed c for an isotropic medium 
as a function of porosity by modeling the porous volume 
as three orthogonal interpenetrating tubes with flow in one 
direction so that c expresses the shielding due to the solids:

.               (2)

 With respect to clay-rich chalks in the North Sea area, 
permeability prediction was addressed by Fabricius et al. 
(2005) for wells in the Valdemar Field. The approach of 
these authors is based on modeling the specific surface 
area from the natural gamma ray log. Following the 
reinterpretation of water saturation of a Valdemar area 
Well Boje 2C (Storebø et al., 2022) and the access to 
core material allowing laboratory measurements, it is 
now possible to compare different approaches to a log-
based permeability prediction for this lithology. The 
studied approaches include: 1) porosity from density log, 
specific surface area from the spectral gamma ray log; 2) 
porosity from density log, specific surface area from water 
saturation based on electrical logs; 3) porosity from density 
log, specific surface area from the NMR log; 4) porosity 
from density log, elastic wave velocity from sonic log.
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Permeability Modeling in Clay-Rich Carbonate Reservoir

 The core material studied was obtained from the cored 
section in Well Boje 2C, a vertical well drilled in the Valdemar 
area of the Danish North Sea (Fig. 1). In the Danish North Sea, 
oil and gas reservoirs are, to date, found and produced from 
two distinct carbonate successions: the Upper Cretaceous 
and Cenozoic Chalk Group and the Lower Cretaceous marly 
chalks of the Cromer Knoll Group. The former has been the 
primary source of hydrocarbon production, and as a result, 
the Chalk Group reservoirs have been extensively studied and 
are, to date, well understood. However, as more reservoirs 
are found in the deeper Lower Cretaceous successions, these 
reservoirs, described as tight clay-rich chalk (Ineson, 1993), 
have gained more attention. Jakobsen et al. (2004) published 
the first petrophysical characterization of the succession 
based on core measurements and logging data, describing it 
as high porosity (10 to 48 p.u.) and low permeability (0.01 
to 4.00 md) marly chalks. 
 This study describes our approach for evaluating 
permeability from core measurements and logging data. 
We demonstrate the modeling of permeability from 
Kozeny’s equation derived for different input variables and 
compare it with core measurements. The log suite used for 
permeability modeling (Fig. 2) comprises spectral gamma 

ray, bulk density, deep and medium electrical resistivity, 
compressional wave velocity, and NMR T2 distribution.

METHODS  

 Log analysis of Well Boje 2C data was aided by 
analysis of 24 core samples (Appendix 1), and the modeled 
permeability was compared to routine core analysis data 
provided by the field operator. 

Log Analysis and Modeling 
 Mineral content, porosity, and water saturation were 
obtained using the weighted Hashin-Shtrikman method by 
Storebø et al. (2022) (see Table 1 for values used). This 
method is based on extending Archie’s equation for water 
saturation to mixed mineral heterogeneous formations 
containing conductive minerals using Hashin-Shtrikman 
bounds, where a traditional Archie evaluation would give 
a faulty saturation profile due to the conductive nature 
of the minerals. The mineral content was classified as 
the components calcite, silicates, and pyrite, which were 
modeled from spectral gamma ray data calibrated using acid 
titration and micro-CT analysis data. 

Fig.  1—(a) Distribution and thickness map of the Tuxen Formation (modified from Jakobsen et al., 2004). (b) Stratigraphic column of Cromer Knoll 
Group (modified from Ineson, 1993).
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 Porosity was obtained from bulk and grain densities 
using a linear bulk mixing law assuming a ternary system of 
calcite, silicates, and pyrite:  

,                                                                      (3)

where b is bulk density as obtained from the density log, f 
is pore fluid density, and g is the matrix density given by the 
mass fraction and grain density of each phase:

(4)

where f and  are mass fraction and grain density of calcite, 
silicates, and pyrite, respectively. 
 Specific surface with respect to pore space, S , was 
calculated from the mass fraction of each component:

,                                                          (5)

where f is a mass fraction, Sg is the specific surface area 
of the grain, and n represents either silicates or carbonate; 
specific surface due to pyrite was assumed insignificant.

Fig . 2—Well Boje 2C log suite for the Lower Tuxen-Upper Sola interval: Cored interval, plug depth for the present study, gamma ray (GR), bit size 
(BS), caliper (CALI), uranium (U), potassium (K), thorium (TH), neutron (NEUT), bulk density (DENS), deep resistivity (RDEP), medium resistivity 
(RMED), compressional wave velocity (Vp), and NMR porosity distribution (TPOR).

Storebø et al.
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 Permeability. Permeability was modeled in four ways 
using Kozeny’s equation (Eq. 1). For all methods, porosity 
was obtained from the density log. The specific surface was 
derived from 1) spectral gamma ray log; 2) water saturation 
as obtained from the resistivity log; 3) water saturation 
as obtained from the T2 NMR log. 4) For permeability as 
obtained from the sonic log, flow zone indicators (FZI) were 
obtained from the compressional wave velocity. The FZI is 
inversely related to the specific surface of solids (Amaefule 
et al., 1993). 
 1) Spectral gamma ray log – The specific surface 
area of the bulk was modeled from depth-matching core 
measurements to the spectral gamma ray log. The specific 
surface area of the bulk volume as measured on core plugs 
and depth matched to the product of the bulk density and 
sum of thorium and potassium response: 

(6)

where x and y are adjustable constants.
 2) Water saturation – The specific surface area of the bulk 
volume was modeled from the pseudo water film thickness 
concept of Larsen and Fabricius (2004) and water saturation, 
Sw, obtained from the weighted Hashin-Shtrikman approach 
by Storebø et al. (2022):

,                                                                      (7)

where pwft is the pseudo water film thickness

.                                                                (8)

        Table  1— Data Used for Log Analysis (Storebø et al., 2022)

 3) T2 NMR log – The specific surface area of the bulk 
was modeled from NMR T2 logging data. The T2 values of 
the water peak were used to calculate the specific surface 
area of the water in the pore space:

,                                                                 (9)

where T2water  is the T2 time at the water peak distribution 
(Fig. 3), and  is the surface relaxivity. The specific surface 
area with respect to total volume was then calculated from:

.                                                               (10)

Fig. 3 —NMR log porosity Middle Tuxen Formation (2,576.1 TVD 
MBSL): dashed red line shows picking of T2 water, continuous black line 
the T2 distribution representing the water peak (left) and the truncated 
hydrocarbon peak (right). Components with a relaxation rate longer than 
3 seconds are summed up in the 3-seconds bin. The black dashed line is 
the corresponding cumulative porosity. The high T2 for the hydrocarbon 
peak reflects a water-wet state so that the hydrocarbons relax at its bulk 
relaxation rate.

 4) Compressional wave velocity – Flow zone indicator 
was modeled from core-measured permeability and porosity 
(Amaefule et al., 1993):

,                                                                    (1 1)

where  is the void ratio given by

.                                                                      (12)
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 FZI, as obtained from core measurements, was then 
depth matched the FZI as modeled from the compressional 
wave velocity log as obtained from the linear-log regression 
line (as proposed by Prasad (2003)): 

,                                                                 (1 3)

where a and b are constants obtained by best fit. Permeability 
was then calculated using Eq. 11.

RESULTS

Log Analysis and Modeling 
 M ineral Content. Mass fraction of pyrite, silicates, and 
carbonates modeled from the spectral gamma ray log gave 
the best match to core measurements (Fig. 4), using the 
values given in Table 1. 

 S pecific Surface Area and pwft. Specific surface with 
respect to pore space as calculated from mass fractions 
(Fig. 4) produced a water saturation best matched to 
Dean-Stark extraction data using a pyrite conductivity 
of 1,500 S/m (see discussion in Storebø et al., 2022) and 
a weighting constant (w) of 0.03 (Fig. 16, Storebø et al., 
2022). The corresponding water saturation normalized to the 
specific surface area of the pore space matched well with 
pwft as obtained from BET core measurements (Fig. 5d).
 Permeability. For permeability model evaluation, an 
additional core plug data set provided by the operator from 
the routine core analysis has been included (circles) in 
Figs. 6 through 10. Permeability log as modeled from the 
four methods (Fig. 6) gave the following results: 

F ig.  4—Spectral gamma ray log response depth matched to mass per solid mass from core measurement of (a) uranium response to pyrite fraction, 
(b) potassium + thorium response to silicate fraction, and (c) carbonate fraction interpreted as the residual mass fraction.

Storebø et al.
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Fig. 6—Best-fit permeability logs: (a) as modeled from the specific surface area derived from spectral gamma ray log, (b) as modeled from the water 
saturation derived from the resistivity log and pseudo water film, (c) as modeled from NMR T2 distributions and BET surface relaxivity, and (d) as 
modeled from compressional wave velocity.

F ig.  5—Log analysis data depth matched to core measurements of (a) and (b) SSA with respect to pore space for silicates and carbonates, 
respectively. (c) Water saturation matched to Dean-Stark extraction data (provided by field operator), and (d) normalized water saturation and core-
measured pseudo water film thickness.

Permeability Modeling in Clay-Rich Carbonate Reservoir
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 1) Spectral gamma ray log – Permeability as modeled 
from the specific surface area (kSGR),  as derived from 
the spectral gamma ray log, was best matched to core 
permeability using the following constants for matching the 
product of the potassium thorium response and bulk density 
log to core measured specific surface area of the bulk: [x,y] = 
[0.05,0], [0.22, 5], [0.22, 0], and [0.12, 0] for the Lower Sola, 
Upper Tuxen, Middle Tuxen, and Lower Tuxen Formations, 
respectively (Fig. 6a). 
 2) Water saturation – Permeability modeled from 
water saturation (kel) obtained from the resistivity tool and 
pseudo water film thickness (pwft) was best matched to 
core permeability using a formation-based multiplier, (z), to 
the pseudo water film thickness of 6.1, 2.0, 1.2, and 3.7 for 
Lower Sola, Upper Tuxen, Middle Tuxen, and Lower Tuxen 

Formations, respectively (Fig. 6b). The corresponding pwft 
are 5.40, 5.99, 13.74, and 6.99, accordingly.  
 3) T2 NMR log – Permeability as modeled from NRM T2 
distribution curves (kNMR) was matched to core permeability 
using a surface relaxivity of 3.5, 3.01, 3.7, and 2.8 m/s as 
obtained from BET data averaged for the Sola, Upper Tuxen, 
Middle Tuxen, and Lower Tuxen Formations, respectively 
(Fig. 6c). The corresponding surface relaxivity obtained 
from MICP measurements was 14.4, 9.6, 11.7, and 7.19.
 4) Compressional wave velocity – Permeability as 
modeled from compressional wave velocity (kVp) was best 
matched to core permeability (Fig. 6c) using the constants in 
the FZI to Vp relationships outlined in Table 2 (Figs. 7a and 7b).
 An overview of the constants used for the four 
approaches is given in Table 2.

Fig. 7—(a) Flow zone indicator relationship to compressional wave velocity used for permeability modeling and (b) FZI as modeled from compressional 
wave velocity.

Storebø et al.
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Table 2—Equations and Corresponding Values Used for Permeability Modeling  

DISCUSSION

 From four distinct core-derived properties, we have 
modeled permeability using Kozeny’s equation accordingly. 
 1) Spectral gamma ray log – The permeability as 
modeled from the spectral gamma ray log gave a good match 
with measured permeability; however, the corresponding 
specific surface area used for modeling was significantly 
smaller than the core measurements and specific surface 
area used for water saturation evaluation (Fig. 8a). The 
reason could be that the specific surface area as measured by 
BET includes all surfaces, also those at so close a distance, 
that they do not produce a significant pore volume, thus 
indicating that the effective surface area for flow is smaller 
than the one as measured by BET. This feature, accordingly, 
is more pronounced in the silicate-rich formations of Sola and 
Lower Tuxen (Fig. 4b), where the discrepancy between the 
measured specific surface area and area used for modeling is 
significantly greater (Fig. 8) than for the Middle Tuxen and 
to some degree Upper Tuxen Formations.

 2) Water saturation – A good match between modeled and 
measured permeability was obtained from water saturation 
as obtained from the resistivity log using a formation-based 
multiplier to pwft (Fig. 9b), producing an equivalent pwft of 
33, 12, 17, and 26 nm for Lower Sola, Upper Tuxen, Middle 
Tuxen, and Lower Tuxen, respectively, which are high in 
comparison to BET-derived pwft (5.4, 6.0, 13.7, and 7.0 nm). 
 3) T2 NMR log – Permeability obtained using BET-based 
surface relaxivity gave an overall good match to measured 
permeability. However, using surface relaxivity as obtained 
from MICP measurement, permeability is overestimated 
significantly (Fig. 10). In this case, MICP is obtained from 
peak matching T2 distribution curves (Fig. A1.9). If the 
effective specific surface area in contact with the injected 
mercury is, in fact, lower than the one as measured by BET, 
the MICP distribution curve, when superimposed on NMR, 
is thus representing two different specific surface areas. 
This will result in a higher surface relaxivity for the specific 
surface area represented in the MICP measurements and, in 
turn, produce too high permeability in the model.

Permeability Modeling in Clay-Rich Carbonate Reservoir
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Fig. 9—(a) Specific surface area with respect to bulk volume as modeled from water saturation. The continuous line represents SA derived 
from z × pwft and the dashed line SA derived from pwft. Diamonds represent SA derived from core-measured BET and (b) modeled permeability, 
according to SA modeled from water saturation. The continuous line represents permeability as modeled from z × pwft, and the dashed line represents 
permeability as modeled from pwft.

Fig. 8—(a) Specific surface area with respect to bulk volume as modeled from the spectral gamma ray and density log compared to SA derived from 
core-measured BET and (b) permeability as modeled from the specific surface area from the spectral gamma ray and density log and SA derived from 
core-measured BET. The continuous black line represents the specific surface area used for permeability modeling. The dashed line represents the 
specific surface area used for water saturation evaluation. 

Storebø et al.
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Fig. 10—Permeability as modeled from an NMR log. The continuous line represents permeability using surface relaxivity obtained from BET and 
dashed lines from MICP measurements.

 4) Compressional wave velocity – Permeability as 
obtained from compressional wave velocity (Vp) correlated 
well with measured permeability using a formation-based 
flow zone indicator (FZI) relationship to Vp (Table 2). This 
result compares well with the FZI values for clay-rich 
samples published by Alam et al. (2011).
 Electrical vs. Hydraulic Transport in Pore Space of Clay-
Rich Chalk. When comparing relative surface areas used 
for describing the transport properties of porous media, the 
difference in the relevant specific surface can be described 
in terms of the geometric complexity of the porous medium, 
i.e., tortuosity. In the case of permeability, as derived from 
electrical and hydraulic properties, Saomoto and Katagiri 
(2015) found that the electrical tortuosity was 15% greater 
than the equivalent hydraulic tortuosity, indicating that the 
average length of the electric streamlines is significantly 
longer than the hydraulic streamlines. In terms of the specific 
surface area, this will result in two distinctly different 

values, where the surface area represented by the hydraulic 
flow is significantly smaller than the one represented by 
the electrical flow. This could explain the smaller specific 
surface area used to obtain a good match for permeability as 
modeled from the spectral gamma ray log compared to the 
specific surface area used to obtain a correct water saturation 
from electrical logs and match to core data (Fig. 8).
 Stratigraphic Variation. To obtain a reasonable match 
between operator-provided permeability and modeled 
permeability, different fitting parameters were used for 
the four stratigraphic units (Table 2). For the NMR-based 
method, the distinctly different surface relaxivities for 
each stratigraphic unit, based on NMR and BET core data, 
could be used directly without further fitting. This would 
indicate that the formations have distinct flow properties 
so that the difference in fitting parameters for the other 
three methods would reflect a real difference rather than 
statistical fluctuation.   

Permeability Modeling in Clay-Rich Carbonate Reservoir
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CONCLUSIONS

 We have provided four practical approaches to modeling 
permeability in clay-rich carbonates from well-log data 
calibrated to core plug measurements. We demonstrate the 
use of these four methods in the Lower Sola, Upper Tuxen, 
Middle Tuxen, and Lower Tuxen Formations in Well 
Boje-2C, obtaining the petrophysical values and fitting 
parameters needed for accurately determining permeability 
accordingly (Table 2). 
 For the studied formations, all four methods produce a 
good fit to measured permeability when the correct fitting 
values are used: 
 For the spectral gamma ray, the specific surface area 
used for permeability calculation was significantly reduced 
compared to the one measured by BET (Fig. 8a) to obtain a 
permeability matched to measured permeability. 
 To obtain a permeability from the water saturation 
obtained from the electrical resistivity log as matched 
to measured permeability, pwft must be adjusted by a 
formation-based multiplier.  
 Nuclear magnetic resonance surface relaxivity obtained 
from BET core measurement can model permeability 
without any additional fitting parameters. 
 Flow zone indicators showed four distinct formation-
based linear relationships to compressional wave velocity 
and permeability, indicating each formation belongs to its 
own separate hydraulic unit. 
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NOMENCLATURE

Abbreviations
3D = 

BSEM = 
FWL =

IR =
MICP =

three dimensional 
backscatter electron microscopy 
free water level
insoluble residue
mercury injection capillary pressure

MSL =
NMR = 

PWFT = 
SSA =

TVD =
XRD =

mean sea level
nuclear magnetic resonance 
pseudo water film thickness 
specific surface area
true vertical depth
X-ray powder diffraction

Symbols
A =
c =

dc =
fCa =

fFe =
fi =

fSi =
FZI =
hFWL =

k =
kg =

kKl =
kMICP =
kSSA =

L =
M(0)N = 

P1 =
P2 =
Pa =
Pc =

PSDMICP =
PSDNMR =

pwft =
Qa =
SA =

SBET =
Sw =

Swir =
SWP =

S  =

S Ca =

S Si =

t =
T2 =

core plug cross-sectional area [m2]
Kozeny’s constant [-]
capillary diameter [m]
mass fraction of carbonate per bulk mass
[kg/kg]
mass fraction of pyrite per bulk mass [kg/kg]
fractional relaxed fluid relaxed at T2i [-]
mass fraction of silicates per bulk mass [kg/kg]
flow zone indicator [m]
height above free water level [m]
permeability [m2]
gas permeability [m2]
Klinkenberg-corrected permeability [m2]
MICP-derived permeability [m2]
SSA-derived permeability [m2]
core plug length [m]
initial amplitude of the transverse magnetic
field [-]
inlet pressure [Pa]
outlet pressure [Pa]
atmospheric pressure [Pa]
injection pressure [Pa]
MICP pore-size distribution [-]
NMR pore-size distribution [-]
pseudo water film thickness [m]
atmospheric flow rate [m3/s]
specific surface area with respect to bulk
volume [m2/m3]
SSA as measured by BET [m2/g]
water saturation [m3/m3]
irreducible water saturation [m3/m3]
wetting-phase saturation [m3/m3]
specific surface area with respect to pore
volume [m2/m3]
specific surface area of carbonate with respect
to pore volume [m2/m3]
specific surface area of silicates with respect to
pore volume [m2/m3]
time [s]
T2 relaxation time [s]
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Vb =
Vg =

VfCa =

Vf Fe =

Vf Si =

Vp =
VpNMR =

 =
 =
 =

g =
 =

b =
BET =

Ca =
d =
f =

Fe =
g =

MICP =
o =

Si =
w =
 =

N2 =
NMR =

bulk volume [m3]
grain volume [m3]
volume fraction of carbonate per bulk volume, 
[m3/m3]
volume fraction of pyrite per bulk volume,
[m3/m3]
volume fraction of silicates per bulk volume,
[m3/m3]
compressional wave velocity [m/s]
NMR pore volume [m3]
interfacial tension [N/m]
void ratio [-]
wetting angle [deg]
gas viscosity [Pa s]
surface relaxivity [m/s]
bulk density [kg/m3]
BET-derived surface relaxivity [m/s]
carbonate density [kg/m3]
dry density
fluid density [kg/m3]
pyrite density [kg/m3]
grain density [kg/m3]
MICP-derived surface relaxivity [m/s]
oil density [kg/m3]
silicate density [kg/m3]
water density [kg/m3]
porosity [m3/m3] 
nitrogen porosity [m3/m3] 
NMR porosity [m3/m3]
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APPENDIX 1

Laboratory Measurements and Calibration
 Twenty-four horizontal 1.5-in. core plugs and 
accompanying side trims were analyzed as follows: 
 Core plugs and corresponding side trims were cleaned 
according to the method by McPhee et al. (2015). First 
with a polar solvent (methanol), then by a nonpolar solvent 
(toluene) for dissolving any heavy oil, salt, and formation 
brine and removal of lighter hydrocarbons and residual 
water, respectively. All plugs were subsequently dried in a 
desiccator at room temperature.
 Mineralogy and Petrography. Carbonate content was 
determined on crushed side trims at corresponding depth 
to the core plugs according to the rapid titration method 
by Piper (1953). Twenty grams of sample was dissolved in 
0.5-M hydrochloric acid (H2O:HCL) using 0.5-M sodium 
hydroxide (H2O:NaOH) and phenolphthalein (C20H14O4) 
as titrant and indicator, respectively. Carbonate-leached 
material was obtained by repeatedly treating a corresponding 
larger amount of bulk sample with 1.7-M acetic acid to 
produce 1.6 g of insoluble residue (IR).
 Minerals in each bulk and carbonate-leached sample 
were identified using X-ray powder diffraction (XRD) on 
crushed side trims at corresponding depth to the core plugs 
using a PANalytical X’Pert Pro -  diffractometer with 
Cu K-  radiation. Mineral identification was verified by 
backscatter electron microscopy (BSEM). Investigations of 
epoxy mounts and thin sections were carried out in an FEI 
Quanta 200 scanning electron microscope equipped with an 

EDX detector (X-max 150, Oxford Instruments) used for 
imaging and chemical analysis. Conducting carbon coatings 
were applied using a LEICA EM ACE600 sputter coater. 
The preferred coating thickness was 5 nm; however, due to 
charging issues, coatings up to 20 nm thick were applied. 
 For known carbonate content, silicates, and pyrite 
fractions with respect to sample weight were obtained from 
grain density, assuming a three-phase system, where

(A1.1)

and

(A1.2)

where VfSi, Vf Fe, and Vf Ca are volume fractions of silicates, 
pyrite, and calcite in the solid, respectively.
 The volume fraction of pyrite was also obtained by 
three-dimensional (3D) microcomputed tomography ( CT) 
using a Nikon XT H 225. All cores were scanned together 
with a calcite crystal, assuming everything denser than 
calcite to be pyrite. 
 XRD diffractograms show little formation or sample-
specific variations. Clay, quartz, calcite, and halite were 
identified in the bulk sample (Fig. A1.1). In the water- and 
ethylene-glycol-treated noncarbonate fraction (Figs. A1.2 
and A1.3), smectite, illite, kaolinite, pyrite, and quartz were 
identified. When heated to 350°C (Fig. A1.4), smectite could 
not be identified, whereas illite and kaolinite could. When 
further heated to 550°C (Fig. A1.5), illite was the only clay 
mineral identified in the noncarbonate fraction.

Fig. A1.1—Samples 2, 5, 12, and 23. XRD results of the bulk sample. 
Sample 2 represents the Lower Sola Formation. Sample 5 represents 
Upper Tuxen Formation. Sample 12 represents Middle Tuxen Formation, 
and Sample 23 represents Lower Tuxen Formation. See Fig. A1.6 for 
mineral legend. H refers to halite.
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Fig. A1.3—Samples 2, 5, 12, and 23. XRD results on insoluble residue 
treated with ethylene glycol.

Fig. A1.5—Samples 2, 5, 12, and 23. XRD results on insoluble residue 
heated to 550°C.

 Backscatter electron micrographs for representative 
samples are shown in Fig. A1.6. Sample 2, Lower Sola 
(Fig. A1.6a) – Massive, bioturbated, slightly argillaceous 
chalk, consisting of calcite fossils (Ca) including coccoliths 
(C) and nannoconids (N) interspersed with minor amounts of 
clays of illite-smectite (I-S) and kaolinite (K). Quartz silt (Q) 
occurs in minor amounts. Traces of barite, titanium oxide, 
and pyrite (P) are present (as verified by EDS analysis). The 
chalk has a mudstone texture. Nannoconids have intra fossil 
porosity.
 Sample 5, Upper Tuxen (Fig. A1.6b) – Laminated, 
bioturbated, argillaceous chalk, consisting of calcite 
fossils (Ca) including coccoliths (C) and nannoconids (N) 
interspersed with lamina of clays of illite-smectite (I-S)
and kaolinite (K) as well as quartz silt (Q). Pyrite and 
minor amounts of titanium oxide (T), barite, and sphalerite 
are present (as verified by EDS analysis). The chalk has a 
mudstone texture.
 Sample 12, Middle Tuxen (Fig. A1.6c) – Massive, 
bioturbated, slightly argillaceous chalk, consisting of calcite 
fossils (Ca) including coccoliths (C), nannoconids (N), 

and foraminifers (F), with minor amounts of clays of illite-
smectite (I-S) and kaolinite (K). Traces of quartz silt, zeolites, 
and pyrite (P) are present (as verified by EDS analysis). 
The chalk has a mudstone texture. Calcite particles appear 
recrystallized with rhombic faces and tend to be contact 
cemented. This makes the identification of fossils, especially 
coccoliths, difficult. Pore-filling cement of foraminifers 
comprises calcite and ankerite (An). Single dolomite (D) 
rhombs are noted.
 Sample 23, Lower Tuxen (Fig. A1.6d) – Massive, 
bioturbated, moderately argillaceous chalk, consisting of 
calcite fossils (Ca) including nannoconids (N), coccoliths 
(C), and possibly calcispheres, interspersed with minor 
amounts of clays of illite-smectite (I-S) and kaolinite (K). 
Traces of quartz silt (Q), apatite (Ap), zeolites (Ze), titanium 
oxide (T), pyrite (P), dolomite (D), and barite are present (as 
verified by EDS analysis). The chalk has a mudstone texture. 
Diagenetic recrystallization is indicated by the prevalence of 
euhedral calcite rhombs. Pore-filling cement fills the former 
cavity of microfossils.
 Pyrite was quantified from micro-CT images (Fig. A1.7).

Fig. A1.2—Samples 2, 5, 12, and 23. XRD results on insoluble residue 
treated with water.

Fig. A1.4—Samples 2, 5, 12, and 23. XRD results on insoluble residue 
heated to 350°C.

Permeability Modeling in Clay-Rich Carbonate Reservoir



162 PETROPHYSICS April 2022

Fig. A1.6—Backscatter electron micrographs of epoxy-impregnated polished sections. (a1), (b1), (c1), and (d1) at low magnification illustrate 
depositional textures, whereas (a2), (b2), (c2), and (d2) at high magnification illustrate pore space. (a), (b), (c), and (d) represent Lower Sola, Upper 
Tuxen, Middle Tuxen, and Lower Tuxen, respectively.
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Fig. A1.7—Micro-CT image of (a) Sample 1, Lower Sola, (b) Sample 3, Upper Tuxen, (c) Sample 9, Middle Tuxen, and (d) Sample 15, Lower Tuxen. 
(From left to right) Sliced horizontally, sliced vertically, and 3D segmented into bulk volume (light purple) and pyrite (dark purple).

(d)

(c)

(b)

(a)
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 Porosity and Specific Surface Area. Porosity ( ) was 
measured by N2-gas expansion and by nuclear magnetic 
resonance (NMR) on core plugs using a Vinci Technologies 
HEP-P porosimeter and a GeoSpec2 NMR Core analyzer, 
respectively. Using a caliper to measure bulk volume (Vb) 
on dry samples and the principle of Boyle’s law to measure 
grain volume (Vg), N2 was calculated from: 

.                                                              (A1.3)

 All core plugs were saturated with NaCl brine at five 
different molarities, as described in Storebø et al. (2022). 
For this paper, the results at 3.6 M (209.7 kg/m3) were used 
to stay within the linear region of the Co/Cw. The plugs were 
placed in a desiccator and submerged in excess brine under 
vacuum for 24 hours, subsequently placed in a pressure cell, 
and submerged in excess brine under pressure (7 MPa) for 
24 hours. Final saturation ranged from 0.91 to 1.00. NMR 
was then measured by T2 relaxation:

,                                                              (A1.4)

where

,                                                (A1.5)

and where VpNMR is the pore volume as measured by NMR, 
M(0)N is the initial amplitude response of the transverse 
magnetic field normalized to deionized water, fi is the 
fraction of fluid relaxed at relaxation time, and T2i  is T2 
relaxation time at i and t is time.
 On bulk and insoluble residue, specific surface 
area (SSA) with respect to sample mass was measured by 
multipoint N2-gas adsorption according to the BET adsorption 
isotherm (Brunauer et al., 1938) using an Autosorb iQ gas 
adsorption system. Specific surface, S , with respect to pore 
space was then calculated from:

,                                                     (A1.6)

where SBET is SSA as measured by BET on the bulk sample. 
The specific surface of bulk SA with respect to bulk volume 
was calculated from:

(A1.7)

where d is measured dry density. 

 Porosity measured by NMR shows a strong linear 
relationship to porosity like that measured by N2, but NMR 
was found to be on average 0.01 porosity units lower than N2 
(Fig. A1.8). This discrepancy is probably due to incomplete 
water saturation of the plugs for NMR analysis, so for 
further analysis, N2 is used. Porosity falls in two groups: 
0.23 to 0.27 and 0.30 to 0.31, respectively. Sample 22 shows 
a significant discrepancy between NMR and N2 (Table A1.1). 

NMR for this sample was therefore discarded from further 
NMR analysis. 

Fig. A1.8—Porosity as measured by NMR and nitrogen gas expansion. 
The continuous line represents a 1:1 relationship.

 Capillary Pressure. Pore-throat distribution was derived 
from mercury injection capillary pressure (MICP) and used 
for surface relaxivity determination using NMR-derived 
pore-size distribution. For capillary flow in a bundle of 
uniform cylindrical tubes, pore diameter can be calculated as 
a function of capillary pressure using the Washburn equation 
(Washburn, 1921):

,                                                           (A1.8)

where dc is the capillary diameter, Pc is capillary pressure,  
is interfacial tension between wetting and nonwetting phase, 
and  is wetting angle. If we consider a porous rock of non-
uniform cylindrical tubes, MICP becomes a measure of pore 
throats as a function of injection pressure:

.                                                             (A1.9)
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Table A1.1—Porosity and Specific Surface Data

where di is pore-throat diameter at injection pressure, Pi. 
In our experiments, each side trim sample was measured 
at 558 incremental pressure steps in the range of 0.14 to 
4.77 MPa. Pore-throat distribution functions (PSDMICP,
Fig. A1.9) were calculated from the differential injected 
mercury volume (dv) at corresponding pore-throat diameter:

.                                               (A1.10)

 Air-Hg data were converted to water-oil (McPhee et al., 
2015):

,                                  (A1.11)

where Pc(A – Hg) is injection pressure in an air-mercury system, 
Pc(O – W) is injection pressure in an oil-water system, and 
cos (O – W) and cos (A – Hg) are 0.866 and 0.765, respectively. 

The pseudo water film thickness, pwft (Larsen and Fabricius, 
2004), was calculated using: 

,                                                             (A1.12)

where SWP is wetting-phase saturation. 

 Surface Relaxivity. The specific surface of the pore 
space was calculated from surface relaxivity (Dunn et al., 
2002) as obtained from NMR T2 measurements:

.                                                              (A1.13)

 Pore-diameter distributions were derived assuming 
cylindrical pores, where S NMR was translated to pore diameter 
as a function of surface relaxivity, :

.                                                                   (A1.14)

 The total relaxation in water-saturated carbonates is 
dominated by surface relaxation (Dunn et al., 2002), i.e., in 
the fast diffusion regime. In the fast diffusion regime, the 
total magnetization of the porous rock is therefore equal to 
the sum of all relaxation rates, each of which represents a 
pore diameter: 

,                                                             (A1.15)

where dT2i is the pore diameter at relaxation time T2i. From 
the comparison between MICP data and NMR distribution, 
 can be assessed ( MICP) and pore-diameter distribution 
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functions calculated from T2 distribution amplitudes 
(Fig. A1.9):

,                                                         (A1.16)

where T2i is distribution amplitude, and T2max is maximum 
distribution amplitude. Surface relativity was obtained by 
peak matching the normalized distribution curves PSDNMR to 
PSDMICP data (Fig. A1.9). Surface relaxivity BET can also be 
derived from BET data recalculated to the specific surface of 
pore space and compared to 1/T2 (Eq. A1.13).

Fig. A1.9—Peak-matched pore-size distribution curves. The dashed 
and continuous lines represent NMR and MICP data, respectively

 Surface relaxivity obtained from peak matching PSDNMR 
to PSDMICP data (Fig. A1.10) was on average 10.0 m/s and 
3.0 times larger than that calculated from BET data 
(3.3 m/s, Table A1.2). Surface relaxivity MICP shows a 
positive relationship to pyrite fraction with respect to solid 
mass (Fig. A1.11a), whereas BET does not (Fig. A1.11b). 
Some samples have minor signs of internal fractures, 
represented by an additional peak on the PSDNMR to the 
right side of the main distribution peak (Figs. A1.10a and 
A1.10d). For all samples, PSDMICP gave a significantly 
narrower distribution range than PSDNMR (Fig. A1.10).

 Permeability. Gas permeability was measured on 
cleaned dry samples by steady-state flow using nitrogen gas 
and a Vinci Technologies Gasperm permeameter. From flow 
rate and pressure drop across the core plug, gas permeability 
was calculated using the solution of Darcy’s law for 
incompressible fluids in steady-state flow, expressed in flow 
rate, mean pressure, and gas permeability:

,                                                      (A1.17)

where kg is gas permeability, Qa is atmospheric flow rate, 
Pa is atmospheric pressure, g is gas viscosity, L is core 
plug length, A is the cross-sectional area of the core plug, 
P1 is upstream/inlet pressure, and P2 is downstream/outlet 
pressure. Klinkenberg permeability (kKl) was then calculated 
from measured gas permeability using the Klinkenberg 
correlation for chalk by Mortensen et al. (1998):

.                                                     (A1.18)

 Permeability was modeled from NMR and MICP data 
using Kozeny’s equation as formulated by Hossain et al. 
(2011): 

(A1.19)

 T2 distribution curves were then recalculated to 
permeability distribution curves (Fig. A1.12) by substituting 
T2 with T2i:

,                                                      (A1.20)

where fi is the fractional amplitude at T2i and  is surface 
relaxivity as obtained from peak matching PSD curves 
(Fig. A1.9). Please observe that c can be regarded as a 
shielding factor, removing all flow that is not parallel to the 
direction of pressure drop. Equation A1.20 thus does not 
imply parallel pores. 
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Fig. A1.10—Peak-matched pore-size distribution curves (PSD). The continuous line represents MICP; red and black dashed lines represent NMR 
using BET and MICP, respectively. VfsFe is the volume fraction of pyrite with respect to the solid phase. (a) Sample 2, Lower Sola, (b) Sample 5, Upper 
Tuxen, (c) Sample 12, Middle Tuxen, and (d) Sample 23, Lower Tuxen.

Fig. A1.11—Surface relaxivity vs. volume fraction of pyrite with respect to solid phase for (a) MICP and (b) BET.
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Table A1.2—Mass Fraction and Surface Relaxivity Data

Table A1.3—Pseudo Water Film Thickness as Obtained From BET and 
Water Saturation From Log Analysis at Corresponding Core Plug Depth
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Fig. A1.12—NMR permeability distribution curve (black continuous line) 
and cumulative permeability (dashed line).

 Permeability as obtained from NMR distribution curves 
kMICP and kBET (Table A1.4 and Figs. A1.13 and A1.14) is 
distinctly different. kMICP is significantly larger (0.020 to 
0.20 md) and plots at a correspondingly lower specific surface 
area ([5 < S < 20] x 106 m2/m3) (Fig. A1.14b) compared 
to kBET (0.004 to 0.03 md) (Fig. A1.14c) representing 
specific surface area ([10 < S < 50] x 106 m2/m3). Measured 
permeability kKl (0.16 to 0.004) covers the whole range of 
both kMICP and kBET (Fig. A1.14a).
 The measured Klinkenberg-corrected permeability (kKl, 
Table A1.4) represents the range of 0.04 to 0.16 md 
(10-15 m2), showing a decreasing trend with depths of 0.07, 
0.05, 0.04, and 0.03 md (0.98 x10-15 m2) for the Sola, Upper 
Tuxen, Middle Tuxen, and Lower Tuxen Formations, 
respectively. The data do not show a clear porosity-
permeability relationship (Fig. A1.14).

Table A1.4—Core Plug Permeability 
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Fig. A1.13—Permeability distributions and cumulative permeability as obtained from NMR, using MICP (red) and BET (black). The continuous horizontal 
line represents N2 permeability for (a) Sample 2, Lower Sola, (b) Sample 5, Upper Tuxen, (c) Sample 12, Middle Tuxen, and (d) Sample 23, Lower 
Tuxen.
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Fig. A1.14—Permeability, porosity, and specific surface area. The dashed lines represent permeability as calculated from constant specific surface 
area and porosity. (a) Klinkenberg-corrected permeability as obtained from NMR distribution curves using (b) MICP and (c) BET, respectively.
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