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a b s t r a c t

We study the rock physics of organic-rich chalk from the Shefela basin, central Israel, based on laboratory
measurements of core material from the Zoharim well. This deposit is an immature source rock that
includes the Late Cretaceous Ghareb and Mishash formations. The studied rock is composed of three
dominating phases: minerals, kerogen, and pores. We investigate how porosity and kerogen influence
the physical behavior of the rock, based on measurements of porosity, density, acoustic velocities, elastic
moduli, tensile strength and compressive strength. We find that the dynamic bulk modulus and the static
Young’s modulus decrease with increasing kerogen content as well as with increasing porosity. To
describe the stiffness of the solid skeleton we use two different poroelasticity models for fluid substi-
tution assuming material isotropy: Biot-Gassmann model and Marion’s BAM model. The obtained
poroelasticity coefficients indicate a soft matrix composed of kerogen-micrite mixture, characterized by a
low BAM normalized stiffness factor (w ~ 0.2) and a high Biot coefficient (b ~ 0.9). These values appear to
vary with changes in kerogen content, grain size and degree of cementation. Porosity, which typically
decreases with depth in the studied basin, does not show a clear correlation with kerogen content.
Moreover, both compressive and tensile strengths decrease linearly with increasing porosity, regardless
of kerogen content. We use a densityekerogen relationship to create a porosity depth profile, by
combining data from continuous cores and density well logs. By comparing sonic logs with laboratory
measurements of P-wave velocities on fully-saturated cores, we are able to detect a gas zone in the
shallow interval of the sequence in the studied well.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Organic-rich sediments arewidely known as source rocks due to
their high potential within the organic matter to produce oil and
gas. These rocks are typically fine-grained sediments that include
organic matter in solid and fluid states. Kerogen is solid, and is the
most abundant organic phase in thermally immature source rocks.
The physical properties of source rocks are strongly influenced by
kerogen properties such as density, maturity level, chemical
composition, elastic moduli and acoustic velocities. The advance in
production technologies allows now to produce oil and gas from
immature source rocks via in situmethods for inducingmaturation.
Moreover, tight source rocks may also contain producible hydro-
carbons. These aspects, among others, motivate the study of rock
physics of immature organic-rich rocks.
Several studies of rock physics of source rocks have been con-

ducted (e.g. Bisnovat et al., 2015; Carcione, 2000; Pinna et al., 2011;
Sayers, 2013; Vernik and Nur, 1992). These rocks often exhibit low
permeability, low density, slow acoustic waves, mechanical soft-
ness, and porosity typically ranges from 0.5% to 45% (e.g. Bisnovat
et al., 2015; Vernik and Nur, 1992). The mineralogical phase of
source rocks is frequently occupied by shales, with illite being the
most abundant mineral (Carcione, 2000). A model proposed by
Vernik and Landis (1996) suggests that kerogen is isotropic
whereas shales are transversely isotropic, thus suggesting that the
entire medium is transversely isotropic. This may not be the case
where the clay content is low, and the predominant minerals are
quartz or carbonates (Carcione et al., 2011). Anisotropy stems from
different origins, such as interlayering of lithologies, preferred
orientation of minerals, and cracks induced by stresses or hydro-
carbon expulsion (Vernik and Nur, 1992). Chalks are among the less
studied organic-rich sediments, specifically in the field of rock
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physics, because rarely have they been identified as potential
source rocks. Anisotropy in chalks is different than in shales due to
differences in mineralogy and fabric. Consequently, the physical
behavior of organic-rich chalks combines characteristics of non-
organic chalks and organic-rich shales.

Organic-rich shales typically exhibit strong velocity anisotropy,
low velocity in the bedding-normal direction, and relatively low
density and porosity (Vernik and Milovac, 2011). These rocks are
transversely isotropic with the symmetry axis in the bedding-
normal direction, and can be described by five elastic constants:
C11, C33, C55, C66, and C13 (for full definitions see Pinna et al., 2011; or
Sayers, 2013). The Bakken shale is a case in point of rock physics of
transversely isotropic source rocks (e.g. Carcione et al., 2011; Sayers,
2013; Vernik and Nur, 1992). Shale fabric is conceptualized as
lenticular grains of illite rather than continuous sheets (Vernik and
Landis, 1996; Vernik and Milovac, 2011). Sayers (2013) concluded
that the kerogen in the Bakken reduces elastic stiffnesses when
forms an interconnected network instead of discrete inclusions.
Carcione et al. (2011) indicated that if kerogen is treated as part of
the solid skeleton, it is optional to model the effective moduli using
Hashin-Shtrikman bounds (Hashin and Shtrikman, 1963). Although
Gassmann's theory is frequently used for predicting elastic moduli,
it is noteworthy that organic-rich rocks do not obey some basic
assumptions of that theory (Gassmann, 1951; Mavko et al., 2009).
For example, not all skeletal components have the same bulk and
shear moduli, and usually organic-rich rocks contain clays that may
exhibit matrix anisotropy and non-negligible hygroscopy. Further-
more, Gassmann's theory assumes the pore pressure is equilibrated
throughout the pore space, and that might not be the case where
wave frequencies are higher, such as in laboratory ultrasonic de-
vices or sonic well logs (Mavko et al., 2009). However, modifica-
tions of Gassmann's theory can lead to more accurate results, for
example in cases of mixed mineralogy (Brown and Korringa, 1975)
or by empirical models for specific lithologies (Krief et al., 1990).

Anisotropy of high-porosity chalks may be exhibited by pa-
rameters such as permeability, strength, elasticity and acoustic
velocities. Korsnes et al. (2008) studied the Stevns Klint and Liege
outcrop chalks, and reported isotropic permeability (1e4 mD) and
tensile strength (0.5e0.58 MPa), but anisotropy in compressive
strength and bulk modulus. Stevns Klint chalk exhibits greater
stiffness parallel to bedding but the Liege chalk is stiffer normal to
bedding. Talesnick, Hatzor and Tsesarsky (2001) found that
compressive strength in the bedding-parallel direction is ~1.5 times
greater than in the bedding-normal direction in the high-porosity
transversely isotropic Marasha chalk, regardless of the water con-
tent in the range of 0-50%. Bisnovat et al. (2015) studied the me-
chanical and petrophysical properties of the organic-rich chalk in
the Shefela basin which is also studied here, using cores from the
Aderet well. They found that tensile strength ratios parallel/normal
to bedding are 1.7 and 2.2 in the Ghareb and Mishash formations,
respectively. Compressive strength was found to be positively
correlated with total organic carbon (TOC), but porosity, perme-
ability, tensile strength and static elastic moduli were not, despite
of the high organic content (TOC up to 20%). It was also noted that
the chalk exhibited brittle behavior at room conditions.

Chalks are typically highly porous, with a small pore size at the
micro to nano meter scale, so that chalk physics depends strongly
on pore-scale mechanisms. The Niobrara chalk in Denver basin
contains a type II kerogen with TOC amounts of ~3.2% (Rice, 1986).
There, the porosity decreases consistently with depth, from 45% at
300 m depth to ~5% at 2100 m (Lockridge and Pollastro, 1988). High
porosity in chalks can be found even at great depths, as in the Tor
and Ekofisk formations from the North Sea (Japsen et al., 2004),
where porosity of 45% at 3 km depth is caused by ~15 MPa over-
pressure. At the high porosity range (35e42%), the Ekofisk chalk
has a bulk modulus of about 3-8 GPa and shear modulus of
3.5e6 GPa (Røgen et al., 2005). Røgen (2002) showed that the
acoustic properties of North Sea Chalk manifest isotropy. Olsen
(2007) described in detail the poroelasticity of North Sea chalk.
He found that the Iso-Frame model and the Marion's bounding
averagemethod (BAM) are more consistent than the self-consistent
model by Berryman when both dry and water-saturated chalks are
modelled. The derived poroelasticity coefficients are related to the
degree of cementation and thus may also provide a proxy for
Archie's cementation factor (Archie, 1942).

The studied Late- Cretaceous organic-rich chalk in the Shefela
basin is situated in a syncline associated with the “Syrian Arc”
folding system (Meilijson et al., 2014). This NEeSW elongated
structure is about 90 km long and about 35 km wide (Fig. 1), and
includes organic-rich sections with minimum thickness of 150 m
(Gvirtzman et al., 1985). The sequence may be as thick as 550 m
(Minster, 2009), and it constitutes the largest known organic-rich
deposit in Israel, perhaps even in the Levant region. The kerogen
classification is type IIS, due to its deep marine origin and high
amounts of sulfur (Spiro, 1980). This thick sequence is located in the
Shefela basin at shallow depths (several hundreds of meters), and
was never exposed to significantly high temperatures. Conse-
quently, the organic-rich chalk in the Shefela basin is an immature
source rock. The kerogen-chalk mixture results in a high porosity,
fine grained, dark brown rock, which contains mostly fine grained
components (kerogen and micrite), some micron-scale foramini-
fers, and in some places large visible fossils and thin marl beds
(Bisnovat et al., 2015; Burg et al., 2010). There are hardly any open
fissures and bedding directivity is barely recognized in the naked
eye. In situ stress measurements show that the stress field in the
region is characteristic of “normal faulting” (e.g. Zoback, 2010),
with maximum horizontal stress acting in ESE-WNW direction
(Gersman et al., 2012).

In this study we performed laboratory measurements on cores
from Zoharim well. The extensive research previously performed
on Aderet well (Bisnovat et al., 2015) provides us with a good
background for the mechanical and petrophysical behavior of this
rock type. Enhancements obtained in the current study include
ultrasonic velocities and dynamic elastic moduli, together with
some modifications in the experimental methodology. Moreover,
here the poroelasticity of the chalk is being thoroughly investi-
gated, in order to improve interpretation of field tests (well logs and
surface surveys), mainly regarding porosity, TOC, and fluid satura-
tion. At this stage, the dynamic elasticity moduli of the organic-rich
chalk are assumed to be isotropic, an issue we plan to further
explore in the future. The main goal of this study is to obtain a deep
understanding of the effects kerogen has on the physical nature of
immature organic-rich chalks.

2. Methods

2.1. Petrophysical properties and ultrasonic velocities

Porosity, permeability and solids density were measured using
Coreval30 poro-permeameter system, manufactured by Vinci
Technologies, using Nitrogen gas. The measurements were per-
formed on 1 inch length and 1 inch diameter oven-dried core plugs.
Overall 65 samples from Ghareb formation and 24 samples from
Mishash formation were measured. The plugs were subjected to
400 psi confining pressure during the tests. Geochemical analysis of
the organic material focused on TOC measurements of cores, using
an SC632 LECO for organic carbon and sulfur. TOC measurements
were performed by Israel Energy Initiatives (IEI Ltd).

Ultrasonic velocities of core plugs, 1 inch length and 1 inch
diameter, were measured using the Acoustic Velocity System



Fig. 1. Modified from Minster (2009): a) Map of organic-rich deposits (oil shales) in Israel; b) the extent of the Shefela deposit, where organic-rich sequence is > 250 m thick,
including the locations of Zoharim and Aderet boreholes (marked by stars) within the permit area of IEI Ltd., (shown in the polygon).
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(AVS350) manufactured by Vinci Technologies. Velocities were
measured normal to the bedding direction, and dynamic elastic
moduli, specifically bulk modulus K and shear modulusm were
computed, assuming isotropy, as follows:

K ¼ rb

�
v2p �

4
3
v2s

�
(1)

m ¼ rbv
2
s (2)

where rb is bulk density, vp is the P wave velocity and vs is the S
wave velocity. Porosity and density data were taken from adjacent
core plugs oriented parallel to the bedding direction. The AVS350
system is designed for high-frequency signals using 500 kHz
piezoelectric transducers. The ultrasonic waves traverse through
pressurized core plugs, with separate manual control on axial,
radial, and pore pressures. The pressures applied during the tests
simulated the in situ stress conditions: axial pressure simulated the
vertical stresses as computed from density-log data, and radial
pressures simulated the minimum horizontal stress as estimated
from hydraulic fracturing tests, performed by Golder Associates.
We saturated the plugs with saline water (0.6 mgNaCl/g), and
induced pore pressures assuming a hydrostatic gradient from the
observed level of the ground water table in the field. Tests were
carried out on 52 samples from Ghareb formation and 13 samples
from Mishash formation from the Zoharim well.

Well log data of density, neutron porosity, acoustic velocity, and
TOC data collected during continuous coring were supplied by IEI
Ltd.

2.2. Strength measurements

Indirect (Brazilian) tensile strength tests were performed using
a manual, hydraulic, mini-load frame (SBEL model PLT-75). Cylin-
drical specimens were used, 54mmdiameter and 27mm thickness,
maintaining t/D ratio of 0.5, according to ASTM and ISRM standards.
The specimens were kept at room conditions before the tests.
Samples were drilled both parallel and perpendicular to the
bedding direction, to allow for mechanical anisotropy. We
measured tensile strengths both in the bedding-normal direction
(tension applied normal to bedding direction) and the bedding-
parallel direction (tension applied parallel to bedding direction).

Triaxial compression experiments were performed using a hy-
draulic, servo controlled testing system manufactured by TerraTek
Inc., model FX-S-33090. Tests were carried out on NX size right
solid cylinders with diameter of 54 mm and L/D ratio of about two.
Tests were performed under constant axial strain rate of
1 � 10�5 sec�1. All triaxial tests were performed with the bedding
plane direction normal to the axis of the solid cylinders. Each test
initiated at the confining pressure assumed to prevail at each depth,
based on in situ stress measurements. In addition to compressive
strength, the static elastic coefficients Young's modulus (E) and
Poisson's ratio (n) were derived from the slopes of the stressestrain
curves in the linear zone, as follows:
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E ¼ Dsa=Dεa (3)

n ¼ � Dεr=Dεa (4)

where s and ε are normal stress and normal strain, respectively, and
subscripts ‘a’ and ‘r’ denote axial and radial directions, respectively.

We sampled specimens for compressive and tensile strength
tests from ten different depths, five from the Ghareb formation and
five from the Mishash formation. The specimens were kept at room
conditions before the tests in order to avoid fractures caused by
drying in an oven. Following each test, the fragments of the spec-
imen were weighed, dried in an oven and then weighed again, in
order to calculate the water content u:

u ¼ mw

ms
(5)

where m is mass, and subscripts w and s refer to water and solid
phases, respectively.

3. Experimental results

3.1. Porosity and density

Core porosity decreases consistently from ~45% at the top of the
GharebeMishash complex to ~23% at the bottom (Fig. 2). The
decrease rate exhibits two different trends: 0.03% 4/m in the
Ghareb Fm., and 0.1% 4/m in the Mishash Fm. (note that percentage
is amount of porosity loss and not a relative percentile decrease).
Similar porosity decrease rates are observed in Aderet well (data
from Bisnovat et al., 2015), which is 7 km away from Zoharim well
(Fig. 1), where the rates are 0.02% 4/m in the Ghareb Fm. and 0.07%
4/m in theMishash Fm. The top of the Aderet sequence is shallower
Fig. 2. Depth profile of porosity in the Zoharim well obtained by core measurements
(circles), neutron log (continuous curve), and computed values obtained by combining
TOC continuous coring data with density log data (dashed curve).
than Zoharim's by ~65 m, and the GharebeMishash interface by
~25 m. The porosity decrease rate of the Ghareb Fm. is very similar
to the rate observed in the organic-lean Niobrara chalk. Further-
more, porosity and TOC do not exhibit a clear correlation (Fig. 3),
thus kerogen does not appear to occupy pore volume but to form
part of the solid skeleton. This is supported also by SEM images
discussed later. We conclude that kerogen has only a minor influ-
ence on the rate of compaction. The sharper porosity decrease in
the Mishash Fm. may be caused by silica enrichment and increased
cementation at the deep zones of the interval.

The continuous curve in Fig. 2 shows porosity obtained from the
neutron well log, compared with porosity measured at the labo-
ratory. The neutron porosity tool measures the hydrogen index (HI)
of the rock unit (not to be confused with HI obtained from Rockeval
pyrolysis). In immature carbonate source rocks the neutron
porosity detects the HI of kerogen, in addition to the HI of the pore
fluid (water). Therefore, neutron porosity is significantly higher
than the core porosity, and the gap between the two datasets is
mostly attributed to the kerogen. This inference is supported by the
magnitude of the gap, which is larger in the kerogen-rich zone
(Lower Ghareb interval).

Solids density depends almost exclusively upon the changes in
TOC, as demonstrated in Fig. 4. Mass and volume balance re-
lationships can be expressed in terms of TOC (e.g. Eq. (8) in Vernik
and Nur, 1992). Accounting for dry conditions, these relationships
provide the dependency of solids density on TOC:

rs ¼
rm

1þ
0
@
�

rm
rk
�1

�
100Ck

1
ATOC

(6)

where rm and rk are the densities of minerals and kerogen,
respectively, and Ck is carbon weight fraction in the kerogen. Car-
bonweight percentage in the organic matter is about 70% (Ck ~ 0.7),
as obtained from elemental analysis of kerogen in the Zoharim
sequence. Consequently, the expected solids density-TOC trend line
is in the form of:

rs ¼
a1

1þ a2TOC
(7)

where:
Fig. 3. Porosity and TOC in Ghareb and Mishash formations, obtained from core plugs
and from continuous coring-density log (CC-DL) combination.



Fig. 4. Solids density measured (diamonds) and calculated from TOC data (curve).
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a1 ¼ rm ; a2 ¼
rm
rk

� 1

100Ck
(8)

Average kerogen density is therefore derived:

rk ¼
rm

100Cka2 þ 1
(9)

The best-fit densities of the mineralogical and organic phases
represent the average densities over the entire GharebeMishash
complex. The results of this analysis show that minerals density
averages about 2.74 g/cc, a value that is very close to the density of
calcite (Mavko et al., 2009). The kerogen density is found to be
1.43 g/cc, relatively high with respect to other kinds of type II
kerogen, presumably due to high sulfur concentration. Kerogen
density is used for calculating its fractional volume (fk) in each
sample (modified from Vernik and Nur, 1992):

fk ¼
TOC rdry
100Ckrk

(10)

where rdry is the bulk density of the dry cores measured in the
Coreval30 system. The volumetric fraction of the mineralogical
phase is then computed:

fm ¼ 1� 4� fk (11)

In order to generate a dense porosity dataset, we combine TOC
from continuous coring data (values are spaced by 1 m) with bulk
density from well-logs (values are spaced by 0.15 m):

4 ¼ ðrs � rbÞ
.�

rs � rf

�
(12)

where rs is solids density, computed based on TOC data and the
relationship shown in Eq. (6), rb is bulk density fromwell logs, and
rf is the fluid density (water). The porosity values obtained from
this continuous coring-density log combination (CC-DL in Fig. 2)
show an excellent match with core porosity.

3.2. Ultrasonic wave velocities

The ultrasonic velocities of P and S waves of the water-saturated
chalk show no significant variations within the Ghareb and upper
Mishash formations. Results are given in Table 1, and average ve-
locities and dynamic moduli are summarized in Table 2. The elastic
moduli are somewhat lower than those reported for other high
porosity chalks (Japsen et al., 2004; Maldonado et al., 2011; Olsen,
2007), possibly due to the compliant nature of kerogen and the
shallow depth of burial. Notably, the dynamic elastic moduli of the
silica-enriched lower Mishash interval are much higher due to
sharp decrease in porosity and TOC, as well as increase in silica
cementation.

Measurements of P wave velocities on core plugs are in good
agreement with those obtained by sonic log data within the lower
part of the Ghareb Fm. and upper part of the Mishash Fm. (Fig. 5). A
considerable gap between core data and log data is observed in the
upper part of the Ghareb Fm. (330e400 m), below the Taqiye for-
mation which is a thick clay-marl layer and believed to be an
excellent seal against gas migration. This gap is most likely caused
by the presence of gas in the shallow parts of the section, which
causes P-wave velocity reduction by 100e600 m/s. This gas accu-
mulation is encountered also in the corresponding zone in the
Aderet well, based on five acousticmeasurements we performed on
cores from this zone. This finding motivates us to model fluid
substitution and compute gas saturations. In this paper we present
two fluid substitution models, the Biot-Gassmann model and
Marion's BAM model, which are designed for these purposes. We
examine here the applicability of the fluid substitution models and
study through them the poroelasticity of the organic-rich chalk.
3.3. Compressive and tensile strength

Tensile strengths of air-dried Zoharim cores are summarized in
Table 3 and shown in Fig. 6a. A general increase of tensile strength
with depth is observed, but in the upper part of theMishash Fm. the
strength is somewhat constant or even decreased. Mechanical
anisotropy is clearly exhibited, as the chalk is more resistant to
tensional stresses acting parallel to bedding (st,p ¼ 1.8�5 MPa)
rather than normal to bedding (st,n ¼ 0.5�3.5 MPa). The average
parallel/normal strength ratio is about 1.5 (force directions are
demonstrated in Fig. 6b).

Triaxial compression tests of air-dried cores are summarized in
Table 3, and strengths are plotted against depth in Fig. 7. It is
evident that the strength generally increases with depth, but in the
upper part of the Mishash Fm. the compressive strength decreases,
as observed for the tensile strength. This is most possibly a result of
sampling highly porous cores from the upper part of the Mishash
formation. That interpretation is based on the linear regression
between both compressive strength and tensile strength with
porosity, as can be seen in Fig. 8. Surprisingly, no clear dependency
between strength and kerogen volume is observed (Fig. 9). The
average ratio between compressive strength and tensile strength in
the normal direction is about 13.5. This value exceeds the ratio of 8
suggested by Griffith's criterion (Griffith, 1921), most likely due to
bedding-parallel weakness planes that cause the bedding-normal
tensile strength to diminish.

Unlike the strength, the static Young's modulus shows some
dependency upon the kerogen content (Fig. 10). This observation
suggests that the linear relationship often observed between
strength and Young's modulus (Deere and Miller, 1966), is not
encountered here. This deviation highlights the unique nature of
the organic-rich chalk, with respect to other rock types. It is diffi-
cult, however, to quantify the kerogen influence, and further
investigation is required in this direction. Poisson's ratio averages at
about n ¼ 0.21 ± 0.04 over the entire GharebeMishash sequence;
no dependency on TOC or water content is identified.



Table 1
Porosity, water-saturated bulk density, TOC and acoustic velocities of cores from Zoharim well.

Depth [m] Porosity [%] Density [g/cc] TOC [%] Pressure [MPa] Velocities [m/s]

Axial Radial Pore P S

331.5 41.01 1.87 9.2 6.8 3.7 2.9 2169 1026
334.5 43.79 2.08 10.34 6.9 3.7 2.9 2375 974
336.1 39.63 1.88 9.74 6.9 3.8 2.9 2338 990
339.1 38.84 1.85 9.7 7 3.8 2.9 2232 1069
340.1 40.03 1.92 9.98 7 3.8 2.9 2660 1303
343.1 37.44 1.85 11.45 7.1 3.9 2.9 2257 1063
345 39.57 1.97 8.58 7.1 3.9 3 2495 1163
348 36.50 1.93 11.5 7.2 3.9 3 2383 944
352 39.70 1.9 11.92 7.2 3.9 3.1 2448 1119
354.1 38.11 1.91 9.59 7.3 4 3.1 2357 872
357.5 40.00 2.04 10.03 7.4 4 3.1 2416 965
359.4 40.57 2.04 10.85 7.4 4 3.1 2297 1154
360.5 39.83 1.87 6.94 7.4 4 3.1 2429 1060
366.6 38.34 1.83 13.4 7.5 4 3.2 2397 955
366.6 38.34 1.83 13.4 7.5 4 3.2 2129 913
374.5 37.91 1.88 10.72 7.6 4.1 3.3 2447 960
376.7 37.28 1.84 13.57 7.7 4.1 3.3 2288 998
381.5 39.17 1.9 9.7 7.6 4.1 3.3 2440 965
384.8 38.67 1.84 11.3 7.8 4.1 3.4 2307 972
386.8 40.55 1.99 10.77 7.9 4.2 3.4 2462 1219
387.9 38.13 1.95 8.51 7.9 4.2 3.4 2331 1107
393 41.13 1.83 10.87 8 4.2 3.4 2362 1053
399.1 36.93 1.9 13.54 8.1 4.2 3.5 2442 1028
403.2 36.40 1.78 16.62 8.2 4.3 3.6 2256 971
406.2 36.05 1.85 13.17 8.2 4.3 3.6 2266 1133
410 29.08 2.05 8.29 8.2 4.3 3.6 2242 990
415.4 32.67 1.87 4.43 8.4 4.3 3.7 2551 1048
420.5 36.22 1.79 15.67 8.4 4.3 3.7 2329 1134
422.5 38.72 1.83 12.83 8.5 4.4 3.7 2525 1186
425.5 36.33 1.78 15.14 8.5 4.4 3.8 2466 1129
429.5 36.00 1.78 18.02 8.6 4.4 3.8 2228 1024
430.6 36.14 1.76 17.45 8.6 4.4 3.8 2396 1160
434.5 36.15 1.79 15.42 8.7 4.4 3.9 2284 1117
438.7 33.67 1.79 16.34 8.8 4.5 3.9 2409 1166
440.8 35.16 1.79 16.53 8.8 4.5 3.9 2433 1188
444.8 33.85 1.78 17.55 8.9 4.8 4 2415 1180
446.9 39.00 1.75 19.2 8.9 4.9 4 2307 1118
448.9 32.88 1.82 17.08 8.9 5 4 2592 1192
453 34.49 1.83 16.24 9 5 4 2249 1110
460.3 35.41 1.79 15.5 9.1 5.1 4.1 2288 1004
462.1 35.65 1.81 14.54 9.2 5.1 4.1 2553 1053
469.2 36.88 1.84 13.91 9.3 5.2 4.2 2267 1097
483.5 37.04 2.01 6.48 9.5 5.3 4.3 2339 1142
489.5 35.51 1.94 10.93 9.7 5.3 4.4 2215 1067
493.6 40.29 1.84 10.24 9.7 5.3 4.4 2462 1044
495.7 33.26 2.01 6.13 9.8 5.4 4.5 2822 1124
498.7 35.00 1.91 8.17 9.8 5.4 4.5 2369 1016
516 30.45 2.06 7.86 9.9 5.5 4.6 2516 1072
518 25.08 2.24 4.08 10.2 5.8 4.7 2572 1062
525.1 32.19 1.98 9.29 10.3 5.9 4.8 2537 1202
533.8 36.10 1.84 13.92 10.5 6.1 4.8 2492 1128
553.2 26.46 1.89 13.49 10.9 6.5 5 2780 1325
557.8 31.74 1.84 13.86 11 6.5 5 2232 992
559.3 29.50 1.85 13.68 11 6.6 5.1 2356 967
565.6 34.35 1.93 7.51 11.1 6.9 5.1 2606 1258
588 26.11 2.18 4.2 11.6 7.1 5.4 3467 2001
590 25.03 2.25 2.38 11.6 7.1 5.4 3683 1970
609.5 23.35 2.29 1.38 12.1 7.5 5.6 3519 1949

Table 2
Average acoustic properties of organic-rich chalk in Zoharim borehole.

Interval P-wave velocity [km/s] S-wave velocity [km/s] Poisson’s ratio Young’s modulus [GPa] Bulk modulus [GPa] Shear modulus [GPa]

Ghareb- Upper Mishash 2.38 ± 0.17 1.07 ± 0.09 0.37 ± 0.03 5.9 ± 1 7.8 ± 1.5 2.2 ± 0.4
Lower Mishash 3.56 ± 0.11 1.97 ± 0.03 0.28 ± 0.02 22.3 ± 0.4 16.7 ± 2.1 8.7 ± 0.0
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Fig. 5. Core-log data comparison of P wave velocity.

Table 3
Strength results from compression and tension tests. Starred porosity values are estimated from continuous coring-well log data combination and adjacent core data, where
exact core data is missing.

Depth
[m]

Porosity
[%]

TOC
[%]

Dry bulk density
[g/cc]

Triaxial compression test Brazilian test

Confining pressure
[MPa]

Peak stress difference
[MPa]

Young’s modulus
[GPa]

Bedding normal tensile
strength [MPa]

Bedding parallel tensile
strength [MPa]

339.1 38.84 10.31 1.43 3.65 9.78 1.72 0.48 2.16
360.5 38.00 9.74 1.47 4.55 17.8 1.63 1.75 2.66
388.9 38.65 10.2 1.52 6.37 19.7 e 1.32 3.13
431.5 35.92 17.72 1.38 4.9 29.2 2.14 2.41 3.69
457.5 35.57 14.6 1.45 6 31.23 2.57 2.37 3.99
517 38.7* 8.18 1.84 5.86 17.4 2.12 2.00 1.81
540 35.65* 6.74 1.68 5.6 28 3.68 2.26 3.04
559.3 29.54 13.68 1.54 6.37 42.4 2.39 2.92 5.75
588 26.15 4.21 1.92 6.77 49.66 5.36 3.72 5.24
609.5 23.35 1.3 2.03 7.54 52.8 8.28 3.53 3.89
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4. Discussion

4.1. Poroelasticity

Our goal is to understand the mechanisms that determine the
dynamic mechanical behavior of the rock, specifically the bulk
modulus (K). In order to do so, we use poroelasticity theories to
describe the features of this three-phase medium. Volumetric
fractions of minerals, kerogen and pores are derived from the
measurements of porosity, density and TOC. Modelling is based on
the computed volumes (Eq. (10) and (11)) and theoretical moduli of
the phases (Table 4).

The bulk modulus typically depends on the relative concentra-
tions of the rock constituents. Herewe treat the kerogen as amatrix
constituent; not as pore fill but rather as skeletal material. Our
results indicate that the bulk modulus of the saturated rock (Ksat) is
dependent upon the porosity (Fig. 11a) and the kerogen content
(Fig. 11b), although a better convergence of Ksat around an apparent
trend is obtained when the volume fraction of both kerogen and
pores is considered (Fig. 11c). This may imply that it is the volu-
metric fraction of the minerals (fm) that dictates the stiffness of the
chalk under dynamic loading conditions, whereas the kerogen
contributes very little to chalk incompressibility.

In addition to the relative concentration of the constituents, the
bulk modulus also depends on the geometrical arrangement of
them within the rock, which influences the pores stiffness (Mavko
et al., 2009). Pore stiffness relates to mechanical interactions at the
contacts between stiff and soft grains within a porous medium. For
example, stiff pore geometry may be encountered where the stiff
phase (here calcite) constitutes a well-connected frame, with little
interference of the soft grains (here kerogen).

Elastic moduli of multiphase materials are calculated using the
Hashin-Shtrikman (HS) bounds (Hashin and Shtrikman, 1963). The
upper and lower bounds represent the stiffest and softest pore
geometries, respectively:

Kþ
HS ¼

 Xn
i¼1

fi

Ki þ
�
4
3 mmax

�
!�1

� 4
3
mmax (13)

K�
HS ¼

 Xn
i¼1

fi

Ki þ
�
4
3 mmin

�
!�1

� 4
3
mmin (14)
where Kþ
HS and K�

HS are upper and lower HS bounds, respectively,
and mmax and mmin are the shear moduli of the phases with the
highest and lowest shear moduli, respectively. The calculations are
made using the theoretical modulus of each phase (Ki) and its in-
dividual volume (fi). We use the relationships shown in Eqs. (10)
and (11) in order to adjust this model to organic-rich source
rocks which are approximately isotropic:

Kþ=�
HS ¼

0
@ 4
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3mm=f

þ
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rk
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100Ck
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�
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1
A

�1

� 4
3
mm=f

(15)

where subscripts ‘f’, ‘m’ and ‘k’ denote fluid, minerals and kerogen,



Fig. 6. a) Vertical tensile strength (crosses) and horizontal tensile strength (circles) plotted vs. depth in the Zoharim well; b) three different orientations tested, where Op and Pp
represent the horizontal strength, and Po represents the vertical strength.

Fig. 7. Peak stress difference plotted vs. depth in the Zoharimwell, confining pressures
are given in Table 3.
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respectively. Bulk and shear moduli of the mineralogical compo-
nents are taken from the literature (Mavko et al., 2009; Wang et al.,
1998). The average moduli of the minerals are calculated based on
the concentration of each mineral, as obtained by X-Ray Diffraction
(Table 4). Elastic properties of immature type II kerogen are re-
ported in a few publications (Carcione, 2001; Yan and Han, 2013),
while no data are available on the properties of type IIS kerogen.
We take bulk modulus of kerogen Kk ¼ 5 GPa due to the high
density and immaturity of the kerogen, and shear modulus of about
half the bulk modulus (Yan and Han, 2013). We study two fluid
substitution models in order to compute the saturated bulk
modulus of the chalk: Biot-Gassmann's method and Marion's
bounding average method (BAM). By fitting model results to the
experimental data we derive the poroelasticity coefficients of the
chalk.

The Biot-Gassmann method is typically applicable when using
seismic frequencies, where the induced pore pressure is equili-
brated throughout the pore space (i.e. there is sufficient time for the
pore fluid to flow and eliminate wave-induced pore-pressure gra-
dients). The bulk modulus of the entire rock is given by:

Ksat ¼ Ksð1� bÞ þ b2KsKf

Kf ðb� 4Þ � Ks4
(16)

Kdry ¼ Ksð1� bÞ (17)

where subscripts sat, dry and s refer to the bulk modulus of satu-
rated rock, dry rock and solid phase, respectively. The Biot's coef-
ficient (b) determined for bulk modulus, is a dimensionless
coefficient ranging from 0 to 1, and also known as the effective
stress coefficient (Mavko et al., 2009; Zoback, 2010):

s0 ¼ s� bPp (18)

where s' is the effective stress, s is the total stress, and Pp is the pore
fluid pressure.

From comparisons we made between measurements of water-
saturated bulk modulus and of dry bulk modulus, the best-fit
solids effective modulus (Ks) appears to be the Voigt-Reuss-Hill
(VRH) average (Mavko et al., 2009):

Ks;VRH ¼

�Pn
i¼1

fi
Kið1�4Þ

��1

þPn
i¼1

fi
1�4

Ki

2
(19)



Fig. 8. Vertical tensile strength (circles in (a)), horizontal tensile strength (crosses in (a)), and compressive strength (b) show decrease linearly with porosity. Symbols in bold
represent porosity calculated according to Eqs. (12) and (6), due to missing core porosity data.

Fig. 9. Vertical tensile strength (circles in (a)), horizontal tensile strength (crosses in (a)), and compressive strength (b) show weak or no relationship with kerogen volume.

Fig. 10. Static Young's modulus regression against porosity (a), kerogen volume (b) and the sum of them.
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Marion's bounding average method (BAM) argues that the ver-
tical position between the experimental value and the theoretical
Hashin-Shtrikman bounds is ameasure of the pore geometry, and is
independent of the pore fluid (Marion, 1990). This characteristic is
defined by the normalized stiffness factor w:
w ¼
Ksat � K�

sat;HS

Kþ
sat;HS � K�

sat;HS
(20)

The normalized stiffness factor ranges between 0 and 1, where
the bulk modulus coincides with the lower and the upper bound,
respectively. Yan and Han (2011) validated that the difference



Table 4
Average minerals distribution and individual bulk modulus (K) and shear modulus
(m) of each phase. Minerals average volumetric concentrations (%v) are provided by
IEI Ltd.

Mineral %v K [GPa] m [GPa]

Kaolinite 1 1.5 1.4
Illite 1 48 22
Smectite 7 9.3 6.9
Calcite 60 71 30
Dolomite 1 80 48
Quartz 4 37 45
K-spar 1 37.5 15
Plag 1 75.6 25.6
Pyrite 1 147 132
Apatite 23 85 54
Minerals average 59 38
Kerogen 5 2.5
Brine 2.32 0

Fig. 11. Results from Ghareb Fm. (circles) and Mishash Fm. (diamonds): saturated bulk modulus (Ksat) vs. fractional volume of porosity (a), kerogen (b) and the sum of them (c).

Fig. 12. Saturated bulk modulus vs. the sum of kerogen and pores volumetric fractions:
measured results plot between upper and lower Hashin-Shtrikman bounds. Best-fit of
BAM and Biot-Gassman models are also shown in continuous curves.
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between the w in dry and water-saturated conditions is negligibly
small, thus it is reasonable to use this approach for fluid substitu-
tion modelling.

Both models yield fair to good correlation with the measured
values of the water-saturated bulk modulus (Fig. 12). BAM results
show that the best fit to the experimental data is obtained with
w ¼ 0.21 (R2 ¼ 0.64). Biot-Gassmann model results are best-
correlated with the measured bulk modulus when using Biot's
coefficient of b ¼ 0.87 (R2 ¼ 0.58). These values are the best-fit
coefficients for the entire GharebeMishash sequence. The poroe-
lasticity coefficients derived from both models indicate that the
organic-rich chalk is an appreciably soft rock, whereas the
measured values are close to the lower HS bound (expressed by the
low normalized stiffness factor). The average Biot coefficient ob-
tained here also indicates the chalk softness, being appreciably high
with respect to other rock types (e.g. Table 4 in Detournay and
Cheng, 1993). BAM predictions appear to be slightly more accu-
rate than Biot-Gassmann in our case, and therefore more suitable
for fluid substitution modelling here.

The values presented above are recommended for rock-physics
modelling of the GharebeMishash complex. By tracking the vari-
ations of these coefficients with depth we can track pore-stiffness
variations, which may explain the porosity decrease with depth.
It is typically assumed that during compaction porosity decreases,
but b remains close to unity, as compaction only rearranges the
grains relative to each other (Alam et al., 2010). Pore-stiffening is
assumed to be caused by contact cementation among other
mechanisms, and consequently b declines, independently of
porosity. To explore these expected trends, the poroelasticity co-
efficients are determined here discretely for each measured core
using our analytical derivation and experimental results. It should
be noted that the normalized stiffness factor (of BAM) has been
very rarely discussed and documented, although we expect it to
increase with depth, most likely due to cementation and/or pres-
sure solution.

The relationship between the two poroelasticity coefficients as
obtained by us is shown in Fig. 13, where a 2nd order polynomial is
fitted to the data (as in Olsen, 2007). According to the principles
discussed above, we see a general trend of pore stiffening in the
Mishash formation (Fig. 14), although there are some abnormally
stiff samples within the upper Ghareb. It can be seen that pore-
stiffness is generally reduced in the organic-rich lower Ghareb in-
terval. The upper Mishash part is a bit stiffer than the upper Ghareb
part, despite the similarity in organic richness. It is therefore
concluded that the pore stiffness is influenced by both the degree of



Fig. 13. Relationship between Biot’s coefficient and BAM normalized stiffness factor.

Fig. 14. Depth profiles of the poroelasticity coefficients b (a) and w (b), in the Zoharim well.
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cementation as well as the kerogen content.
4.2. Microstructure from SEM

A sample taken from 430.6 m depth (lower part of the Ghareb
formation) was scanned in SEM (Fig. 15). This sample is very rich in
organic matter (TOC ¼ 17.45%), porosity is 36.5%, and minerals
constitute only ~39% of the rock volume. Another sample, taken
from 553.2 m depth (upper part of the Mishash formation) was
scanned in SEM (Fig. 16). This sample contains a little less organic
matter (TOC¼ 13.49%), and is much less porous (4¼ 26.5%). In both
backscatter SEM images (Fig.15a) we notice the bedding directivity,
which is prominent only at the 10e1000 mm scale. Bedding direc-
tivity is assumed to be caused by initial depositional environment,
where elongated particles (mainly detrital particles) tend to orient
horizontally when first precipitated due to the gravity. Most of the
pores are inter-particle rather than intra-particle, the amount of
inter-particle pores is very large, and that causes the softness that is
typical to chalks. Pore size is within the micropore -nanopore range
(Loucks et al., 2012), but the pores within the kerogen are not
visible thus kerogen intra-particle porosity is within the nanopore-
picopore range. Kerogen is identified as cumulates that tend to
align in parallel to the bedding direction (Fig. 15b), also marking
bedding directivity. As claimed before, we suggest that the kerogen
constitutes part of the solid skeleton, and that is evident by the
scattered distribution of the kerogen in the matrix. That distribu-
tion is believed to interfere with the continuity of the mineralogical
network, thus the organic-rich chalk is softer than non-organic
chalks. It can be further deduced that the mixture of kerogen and
microcrystalline calcite particles constitute the load supporting
matrix of the chalk.

The main differences between the samples from the Ghareb
formation (Fig. 15) and from the Mishash formation (Fig. 16) are the
skeleton stiffness and the porosity. This may be due to size of the
calcareous aggregates that ‘float’ in the matrix. The aggregates in
the Mishash sample are coarser than in the Ghareb sample, and
that may cause the increased mineralogical abundance that also
increases material stiffness in that zone. No difference in kerogen
texture can be observed in the SEM images, and in order to study
processes that occur within the kerogen intra-particle porosity
higher resolution tools are required. The postulated mechanisms
for porosity decreasewith depth that we suggested before (kerogen
contents, cementation, silica enrichment) can be implied from the
scans, but stronger conclusions require further investigation.

Inspection of SEM micrographs reveals that the kerogen cu-
mulates are dispersed within the matrix rather than located in



Fig. 15. SEM images of core from 430.6 m depth (lower part of the Ghareb formation). Properties: 4 ¼ 0.364, kh ¼ 0.1 mD, kh/kv ¼ 2.9, fk ¼ 0.244, fm ¼ 0.391, b ¼ 0.95, w ¼ 0.12.
Bedding directions are marked by dashed lines in (a) and kerogen aggregates are marked by arrows in (b).

Fig. 16. SEM images of core from 553.2 m depth (upper part of the Mishash formation). Properties: 4 ¼ 0.265, kh ¼ 0.02 mD, fk ¼ 0.218, fm ¼ 0.517, b ¼ 0.82, w ¼ 0.25. Bedding
directivity is hardly recognized in (a), and better recognized in (b). Dashed rectangle in (b) marks a matrix-representative zone which mainly contains kerogen microcrystalline
calcite, with some quartz and apatite.
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layers, and by that differ from organic-rich shales, which typically
exhibit a laminated structure (Carcione et al., 2011; Vernik and Nur,
1992). As a result, the degree of anisotropy in organic-rich chalks is
lower than in organic-rich shales. Kerogen morphology frequently
exhibits some elongation in parallel with bedding direction. That
can be caused by deformation due to the lithostatic overburden,
and by the original orientation when first deposited. Røgen (2002)
showed that the North Sea chalks (Ekofisk, Ekofisk tight, Tor and
Tuxen Formations), which do not include organic matter, exhibit
velocity isotropy of P and S waves over a wide range of porosities
(20e50%). Hence, we can conclude that the mineralogical matrix of
the organic-rich chalk can also be approximated as isotropic. By
recalling that kerogen is also assumed to be isotropic, we infer that
the mineralsekerogen complex is nearly isotropic (Carcione et al.,
2011), and we have preliminary acoustic velocity data to support
this (Gordin et al., 2016). The transverse isotropy seen in tensile
strength (Fig. 6) is explained by bedding-parallel microcracks and
the preferred orientation of elongated particles. Probing into
acoustic anisotropy and stress sensitivity in this rock are planned
for future research.
5. Summary and conclusions

We investigate the rock physics of thermally immature kerogen-
rich chalk from the Shefela basin, based on core and well log data.
Kerogen effects are at the focus of this paper. The most important
development provided here is the poroelasticity model for the
organic-rich chalk, which is examined with respect to non-organic
chalks and organic-rich shales. As expected, the organic-rich chalk
exhibits a relatively soft pore-geometry, characterized by low
values of the normalized stiffness factor and high values of Biot's
coefficient. We observe that both values are influenced by kerogen
content, but it is assumed that these are controlled also by the grain
size and degree of cementation. This is in agreement with matrix
appearance in SEM images. The lower porosity in the Mishash
formation is caused by compaction, cementation, coarser grains
and silica enrichment in this zone. The poroelasticity models pro-
posed here are derived assuming isotropy, and found to be suffi-
cient for fluid substitution modelling. Comparison between
acoustic velocities measured on core samples and sonic well log
data detects gas in the upper Ghareb interval. The model we show
here simplifies estimation of gas saturation in this zone.

We obtain relationships between kerogen and physical
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parameters such as density, acoustic velocity, bulk modulus and
Young's modulus. On the other hand, it appears that the kerogen
influence on porosity, compressive or tensile strengths, is minor or
even non-existent. Kerogen density is relatively high due to high
sulfur contents. The water-saturated bulk modulus of the chalk is
reduced upon increasing volume of porosity and kerogen. Kerogen
seems to have influence also on the static Young's modulus of the
chalk, although the magnitude of its effect needs to be further
investigated.

Mechanical strength of the organic-rich chalk is similar, but
somewhat lower, than in chalks with no or negligible organic
matter content of the same porosity. Both compressive strength
and tensile strength depend on the porosity of specimen. Hori-
zontal tensile strength is higher by a factor of ~1.5 than the vertical
tensile strength, due to preliminary bedding-parallel
discontinuities.
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