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ABSTRACT

This study investigates the seismic velocity anisotropy of two
organic-rich shales from the Norwegian Continental Shelf. The
tested organic-rich shale samples were from the Upper Jurassic
Draupne and Hekkingen formations collected from twowells (16/
8-3S and 7125/1-1) drilled in the central North Sea and western
Barents Sea, respectively. The two tested shales are different in
organic matter richness and thermal maturation, and they have
experienced different burial histories. The shale core plugs were
tested in a triaxial cell under controlled pore pressure. Seismic
velocities (VP and VS) were measured along different orientations
with respect to layering to identify the complete tensor of the rock
elastic moduli, and to investigate the velocity anisotropy as a
function of increasing effective stress. The measured velocity val-
ues exhibit strong anisotropy for the two tested organic-rich

shales. The anisotropy for both shales is strongest for VS. Seismic
velocities follow an increasing trend as the effective stress in-
creases. The anisotropy decreases somewhat with increasing con-
solidation, probably due to the closing of preexisting fractures
and microcracks. The reduction of anisotropy is more evident
for the P-wave because it decreases from 0.32 to 0.25 for the
Draupne sample and from 0.28 to 0.24 for the Hekkingen sample
when the vertical effective stress increases from 26 to 50 MPa. In
general, the Hekkingen sample indicates slightly higher velocity
values than the Draupne sample due to more compaction and
lower porosity. In spite of major differences between the two
shale formations in terms of organic matter content, maturity
and burial history, they indicate almost the same degree of veloc-
ity anisotropy. The outcomes of this study can contribute to better
imaging of organic-rich Draupne and Hekkingen shales by con-
straining the rock-physics properties.

INTRODUCTION

Organic-rich shales play crucial roles in petroleum systems. They
are the main type of source rocks to generate hydrocarbons, and in
parallel they act as seal/cap rock in many petroleum systems.
Although the fine-grained mudstones and shales comprise 70%–
80% of the sediments and sedimentary rocks worldwide, only a
few shale horizons can be found in sedimentary basins that are rich
in organic matter. Eustatic sea-level rise in a global scale during the
Late Jurassic time resulted in a widespread deposition of organic-
rich shales in different sedimentary basins across the world (Haq
et al., 1987; Klemme and Ulmishek, 1991; Hallam, 2001). The high
potentiality of Upper Jurassic organic-rich shales as source rocks is
documented in several prosperous petroleum provinces, such as the
Gulf of Mexico, North Sea, Middle East, Eastern Africa, Western

Siberia, Middle Asia, and Cooper Basin in Australia (Klemme and
Ulmishek, 1991). In this study, two Upper Jurassic organic-rich
shales located in the Norwegian Continental Shelf (NCS) are se-
lected to investigate their velocity anisotropy. One core is taken
from the Draupne Formation in well 16/8-3S located in the central
North Sea, and the other core is taken from the Hekkingen Forma-
tion in well 7125/1-1 located in the Norwegian Barents Sea (Fig-
ure 1). Upper Jurassic Draupne and Hekkingen formations are the
two important organic-rich shales in the NCS, which have been
source rocks to most of the hydrocarbon fields in the central North
Sea and the Norwegian Barents Sea. These shales also serve as seal/
cap rocks for their underlying sandstone reservoirs. Moreover, re-
cent advances in directional drilling and hydraulic fracturing could
bring these organic-rich shales as future unconventional resources
in the NCS.
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Most organic-rich shales show anisotropy in their acoustic, elec-
tric, and hydraulic properties (Thomsen, 1986; Vernik and Nur,
1992; Vernik and Landis, 1996; Hornby, 1998; Sondergeld et al.,
2000). The anisotropy is due to variation in intrinsic properties
of clay particles, total organic carbon (TOC), their thermal matura-
tion and tendency of clay minerals to align as plates (Jones and Nur,
1984; Vernik and Nur, 1992; Mondol et al., 2010). Due to the sig-
nificant importance of organic-rich shales in conventional and un-
conventional hydrocarbon resources, a better understanding of the
velocity anisotropy is necessary to constrain seismic velocity analy-
sis (Alkhalifah, 1996), interpretation and inversion of azimuthally
varying nonhyperbolic reflection moveout in seismic signature
analysis (Pech et al., 2003; Pech and Tsvankin, 2004; Grechka
and Pech, 2006), amplitude variation with offset analysis (Wright,
1987), interpretation of sonic log data (Vernik and Nur, 1992), and
imaging of subsurface structures (Meadows and Abriel, 1994).
Moreover, knowledge of anisotropy of the hydraulic and acoustic
properties of different shales may contribute to improved under-
standing of seal quality because the presence of fractures and micro-
cracks in shales are important parameters to influence velocity
anisotropy and pose a potential risk of cap rock failure to trap res-
ervoir fluids.
Despite the importance of anisotropy parameters in organic-rich

shales, they have not been studied extensively because shales are
rarely cored in boreholes. A few laboratory studies have investi-
gated the elastic anisotropy of organic-rich shales acquired from
different geologic settings (Jones and Wang, 1981; Vernik and
Nur, 1992; Vernik and Landis, 1996; Vernik and Liu, 1997; Hornby,
1998; Sayers, 1999; Wang, 2002; Sondergeld and Rai, 2011). By
testing 17 brine-saturated shales, Wang (2002) finds that porosity is
an important factor controlling velocity anisotropy in this rock type
such that decreasing porosity increases anisotropy. Decreasing
porosity as a result of mechanical and chemical compaction proc-
esses causes more lamination of shales, and the increased preferen-
tial orientation of the clay platelets leads to increasing anisotropy. In
general, anisotropy in shales is highly affected by stress-induced
fractures and microcracks with preferred alignment (Vernik and
Nur, 1992; Dewhurst and Siggins, 2006; Sarout and Guéguen,
2008a; Dewhurst et al., 2011; Sondergeld and Rai, 2011). In addi-
tion, the increasing kerogen content embedded in organic-rich
shales and thermal maturation of organic matter are recognized
as contributing parameters to increase the velocity anisotropy (Ver-
nik and Nur, 1992; Vernik and Landis, 1996; Vernik and Liu, 1997;
Sondergeld et al., 2000).
Most previous anisotropy studies of organic-rich shales were per-

formed under dry or unsaturated conditions. A few experimental
studies have tested organic-rich shales under brine-saturated condi-
tion, but most of these tests were performed in undrained condi-
tions. Testing shales in an undrained brine-saturated condition
may result in pressure buildup of the pore fluid filling the preexist-
ing fractures and microcracks in the tested samples unless the pore
pressure is controlled during the tests as was done in a few recent
studies (e.g., Dewhurst and Siggins, 2006; Delle Piane et al., 2011;
Dewhurst et al., 2011; Sarout et al., 2014, 2015). Therefore, the
drained brine-saturated condition with full control on pore pressure
better emulates the natural condition and is the most favorable one
to assess rock physical properties of the tested samples in a condi-
tion close to natural circumstances. Because shales have very low
permeability, testing and measurement of elastic properties in

drained condition under controlled pore pressure is time consuming
and requires an extremely slow rate of strain test protocol to avoid
pressure buildup as a function of increasing effective stresses.
In this study, the velocity anisotropy of two well-characterized

organic-rich shales (Kimmeridge equivalent Draupne and Hekkin-
gen shales) is investigated as a function of increasing effective
stress using a triaxial cell that has the capability to control the
pore pressure under a drained condition. The tested shale samples
were deposited at the same geologic time under almost the same
depositional conditions and show almost similar mineralogical
composition, although they are different in terms of kerogen con-
tent, thermal maturity, total porosity, and even burial history. The
Draupne Formation is progressively buried during its deposition
in the central North Sea, and at present it is at maximum burial
depth, whereas the Hekkingen Formation in the western Barents
Sea has been uplifted (approximately 1.3 km) compared with its
maximum burial depth (Faleide et al., 1984; Henriksen et al.,
2011). The measurement of the acoustic velocity along different
orientations of the samples under in situ stress and pore pressure
conditions will enhance our understanding of velocity anisotropy
and help to find which parameters are most important to govern
anisotropy. Moreover, the relationship between rock physical prop-
erties such as acoustic velocity and total porosity can contribute sig-
nificantly to better the understanding of organic-rich shales.

GEOLOGIC FRAMEWORK

The well 16/8-3S is in the Ling Depression located in the central
North Sea (Figure 1). This well penetrates the Upper Jurassic
Draupne Formation at a depth of 2570 m reference to the rotary
kelly bushing (RKB). The thickness of the Draupne Formation is
86 m at the well location. The Draupne Formation is a black shale
deposited in a marine environment with restricted bottom circula-
tion and often with anaerobic conditions (Harms et al., 1981). The
formation is widely deposited in the East Shetland Platform, the
Viking Graben, the Ling Depression, and over the Horda Platform.
It is a rich source rock in the North Sea and also a good seal for
Middle Jurassic sandstone reservoirs in the area. Equivalent forma-
tions are the Kimmeridge Clay Formation on the British side of the
North Sea and the Spekk Formation in the Norwegian Sea (Vollset
and Doré, 1984). Figure 2 shows the stratigraphic column of sedi-
ments deposited in the area. The Draupne Formation is bounded by
the Cretaceous shale (Cromer Knoll Group) at the top and Triassic
sandstone (Hegre Group) at the base. Early to mid-Jurassic regional
uplift resulted in the erosion or nondeposition of Lower Jurassic
strata over the study area (Cutts, 1991; Underhill and Partington,
1993). Therefore, the Upper Jurassic Draupne shales rest uncon-
formably on Triassic sandstones due to this episode of erosion.
However, no major exhumation has been reported in this area since
the Late Jurassic, and consequently, the Draupne Formation sedi-
ments are buried at their maximum burial depth presently (Faleide
et al., 2002).
The well 7125/1-1 is in the western Barents Sea located near the

Nysleppen Fault Complex between the Hammerfest and Nordkapp
Basins (Figure 1). The well penetrates the Hekkingen Formation at
a depth of 1344 m RKB, and the thickness of the formation is 55 m
at the well location. The Hekkingen Formation consists of brown-
ish-gray to very dark gray shale and claystone with occasional thin
beds of limestone, dolomite, siltstone, and sandstone (Dalland et al.,
1988). The Draupne and Hekkingen formations are characterized by
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high gamma rays due to the high organic matter content. The Hek-
kingen Formation is bounded by fine-grained sediments of the
Knurr Formation at the top and sandstones of the Stø Formation
at the base (Figure 2). The sediments deposited in the Barents
Sea region are affected by several phases of uplift and net erosion
because of opening stages of the Atlantic and Arctic oceans and also
glacial erosion during the Plio-Pleistocene period (Faleide et al.,
1993; Dore and Lundin, 1996; Henriksen et al., 2011). The amount
of exhumation is varied between 400 and 3000 m in different parts
of the greater Barents Sea (Ohm et al., 2008; Henriksen et al., 2011;
Baig et al., 2016). Henriksen et al. (2011) and Baig et al. (2016)
estimate 1300 m of exhumation for the Jurassic sediments at well
7125/1-1.

MATERIALS AND METHODS

Samples preparation and characterization

From each of the cores drilled out of the Upper Jurassic Draupne
and Hekkingen formations, two cylindrical core plugs (one
perpendicular to layering and another at 45° to the layering with
less than �1° of error) with dimensions of approximately 25 mm
in diameter and approximately 20 mm in height were prepared
(Figure 3a). The Draupne and Hekkingen core plugs were picked
from measured depths of 2582.25 and 1365.11 m RKB, respec-
tively. Bulk and clay mineral analyses were carried out by preparing
randomly oriented powder and oriented clay fraction (<2 μm),
respectively, for X-ray diffraction (XRD) analysis with the use

Figure 1. The location map and structural framework in location of wells 16/8-3S and 7125/1-1, where the organic-rich shale cores tested in
this study are taken from.
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of a Bruker D8 ADVANCE machine. Oriented clay aggregates
were prepared in the forms of Mg-saturated air-dried samples that
were subsequently treated with ethylene glycol, heating to 400°C
and 550°C as suggested by Poppe et al. (2001). The bulk and clay
mineralogical composition related to each sample is listed in
Table 1.
A helium pycnometer was used to measure the grain density of

the crushed and dried samples. The effective grain density ρg was
2.5 and 2.3 g∕cm3 for the Draupne and Hekkingen samples, respec-
tively. The bulk density of each core plug could be calculated ac-
cording to its measured weight and volume. The bulk and grain
density values were applied to calculate the total porosity of the
samples at ambient condition based on the following equation:

ϕ0 ¼
m∕ρb −m∕ρg

m∕ρb
; (1)

where ϕ0 is the initial total porosity at ambient condition. Also, m
and ρb are the mass and bulk density of the core plug, respectively.
The tested core plugs were dried after the test in an oven at 60°C to
calculate the water content of each specimen. The water content of
the tested Draupne and Hekkingen shale samples was measured at
approximately 8% and 4%, respectively. A summary of physical
properties for each shale sample is given in Table 2.
The TOC content of the Draupne shale was obtained from a pulv-

erized sample analyzed on a LECO SC-632 instrument. Also, the
hydrocarbon generation potential and thermal maturity of the
Draupne shale were determined by Rock-Eval pyrolysis of a
crushed pulverized sample. Hydrogen index (HI) was calculated
from the pyrolysis data by dividing the amount of organic matter
pyrolized in the rock over the TOC content. HI can provide a quan-
titative measure on the maturation level of the organic matter em-
bedded in the rocks. For the Hekkingen sample, the geochemical
information was adopted from the Norwegian Petroleum Director-
ates (NPD) fact pages (NPD, 2015) which provided Rock-Eval
pyrolysis data from drilled cuttings. The geochemical information
related to both tested samples is also presented in Table 2.
For permeability estimation, constant head permeability tests

were carried out by applying a constant gradient between the top
and bottom of the samples (Skurtveit et al., 2015). Permeability
was calculated using a brine density of 1.025 g∕cm3 and viscosity
of 1.085 centipoise (1085 Pa.s). The measured permeability for
tested core plugs perpendicular to the layering is extremely low
for both samples (approximately 1–2 × 10−10 mD).

Experimental setup and loading protocol

The prepared core plugs were tested in a triaxial cell at Norwe-
gian Geotechnical Institute (NGI) laboratory. The triaxial apparatus
allows controlling pore pressure, confining pressure, and deviatoric
stress on cylindrical samples independently with operational upper
limits of 64, 64, and 300MPa, respectively. Figure 3b shows a sche-
matic sketch of the triaxial cell. The specimen is mounted in a
sealed flexible membrane preventing contact between the confining
fluid (oil in this case) and the specimen. The sample deformation in
the axial direction was accurately measured by two linearly variable
displacement transducers (LVDTs). The radial displacement of
the sample was also measured by one LVDT sensor measuring

the diameter of the specimen. For the specimens
drilled 45° to the layering, the radial LVDT was
placed such that to measure the diameter of the
specimens in the same orientation as the strike of
the layering. At each stress level, the vertical (or
axial) strain was calculated by dividing the mea-
sured axial displacement over the initial height of
the specimen. The horizontal (or radial) strain
was computed by dividing the changes in the
diameter of the specimen over the initial diameter
of the specimen.
The velocity measurements were based on the

pulse transmission technique between a transmit-
ting and a receiving transducer (Birch, 1960) us-
ing a functional resonant frequency of 500 kHz.
The triaxial cell was equipped with acoustic-
measurement transducers situated at the top and
bottom of the specimen to measure the traveltime
of the P- and S-waves (blue and red waveforms in

Figure 2. Generalized lithostratigraphic column for the locations of
the wells 16/8-3S and 7125/1-1 situated in the central North Sea and
the Norwegian Barents Sea regions, modified from Dalland et al.
(1988) and Gabrielsen et al. (1990), respectively.

Table 1. Bulk and clay mineralogical composition of the tested Draupne and
Hekkingen shale core plugs.

Draupne Hekkingen

Bulk mineralogy
(%)

Clay mineralogy
(%)

Bulk mineralogy
(%)

Clay mineralogy
(%)

Quartz 22.40 Kaolinite 62.1 Quartz 24.20 Kaolinite 47

Microcline 17.8 Smectite 18 Microcline 2.9 Smectite 20.8

Albite — Chlorite 0.7 Albite 1.7 Chlorite —
Pyrite 7.7 Mica/Illite 19.3 Pyrite 5.6 Mica/Illite 32

Calcite 0.7 — — Calcite 2.8 — —
Dolomite 1.2 — — Dolomite 1.7 — —
Total clay 50.7 — — Total clay 61 — —

C64 Koochak Zadeh et al.
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Figure 4, respectively) passing through the specimen to calculate
the corresponding velocities. In addition, radial transducers were
mounted orthogonally on the membrane to measure the radial P-
and S-wave velocities along the horizontal direction of the core sam-
ple. The traveltimes associated with the radial P- and S-waves were
picked on a single waveform (the green waveforms in Figure 4). Fig-
ure 3a shows a schematic diagram of the transducers configuration
around the sample. The transit times related to the first arrivals of the
P- and S-waves were picked as indicated by the black lines in Fig-
ure 4. The reference measurements for the axial velocity were taken
under 20 MPa applied vertical stress with the transducers in contact
with each other in a “no-sample” or “head-to-head” configuration. To
find the reference measurement for the radial velocity, an isotropic
dummy specimen with known values of velocities was used to find
the time corresponding to the no-sample configuration.
By having the height or diameter of the specimen at a given ef-

fective stress and the time difference between the reference time and
the time of first arrival, one can easily calculate the velocity of the
sample at the corresponding effective stress level. The maximum ab-
solute error resulting from errors in picking the
first arrival transit times is considered to be the
same as the sampling rate of recorded waveforms
equivalent to�0.1 μs for P- and S-waves. The rel-
ative errors could be calculated as explained by
Hornby (1998) and Mondol et al. (2008). Assum-
ing the precision of the LVDT sample length
measurement as 0.25% (equivalent to 0.05 mm
for a typical sample length of 20 mm) gives maxi-
mum relative errors of �5% and �1.5% to calcu-
late the P- and S-wave velocities, respectively.
Assuming the tested shale samples to be trans-

versely isotropic (TI), five different velocity
measurements are required to derive the five
independent elastic constants (see Appendix A
for further detail). Measurements of velocity
corresponding to P- and S-waves propagating
perpendicular and parallel to layering and also
measuring velocity of a P-wave propagating at
45° with respect to the layering are required to
describe a TI medium. As sketched schemati-
cally in Figure 3a, VP0 and VS0 are the velocities
related to the P- and S-waves propagating along
the axis of symmetry (perpendicular to the layer-
ing), respectively. The VP90 is defined as the
velocity for the P-wave measured normal to

the symmetry axis (parallel to the layering). Also, VSH90 is the
velocity of the S-wave propagating perpendicular to the symmetry
axis (parallel to the layering) with polarization parallel to the layer-
ing. In addition, VP45 is the velocity of the P-wave measured either
axially or radially on the core plugs drilled 45° to the layering
(Figure 3a).
Many authors have discussed whether the measured velocities in

the laboratory are of group or phase velocity (Dellinger and Vernik,
1994; Hornby, 1998; Dewhurst and Siggins, 2006; Sarout and
Guéguen, 2008a). When the wave propagation direction is per-
pendicular to the layering, and also for wave propagation in any
azimuth of the horizontal plane, the group and phase velocities
coincide. However, the measured velocity at off-axis directions
(e.g., 45° to the layering) could be group velocity, phase velocity,
or something in between. The experimental setup used in this study
measures the velocity 45° to the layering in the same way as was
done by Vernik and Nur (1992) and Hornby (1998). According to
Auld (1973), if the transducers are very small compared with their
separation, the traveltimes likely measure the group velocity. In

Figure 3. (a) Schematic diagram of the tested samples in the triaxial cell and the trans-
ducer arrangement around the samples. (b) Schematic diagram of the vertical cross sec-
tion through the triaxial experimental setup (with courtesy of NGI). (c) A schematic
sketch of the sample cut perpendicular to layering and the three spatial axes. Axis 3
lies along the axis of rotational symmetry of the sample.

Table 2. Physical and geochemical properties of the shale samples used in this study.

Shale Depth3 (m) Physical properties Geochemical properties

RKB BSF Bulk density4

(g∕cm3)
Total porosity4

(%)
Grain density

(g∕cm3)
Water content

(%)
TOC (wt. %) HI (mgHC∕g TOC)

Draupne 2582.25 2485 2.237 9.4 2.5 8 6.8 531

Hekkingen 1365.11 1090 2.065 7.8 2.3 4 19.4 327

3The values reported here are measured depths referenced from the RKB and bottom sea floor (BSF).
4These values are measured or calculated at ambient pressure and temperature conditions.

Anisotropy of organic-rich shales C65
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contrast, the traveltimes represent the phase velocity if the transduc-
ers are relatively wide compared with their separation. For the shale
samples tested by Vernik and Nur (1992), the separation between
the transducers was more than three times greater than the transduc-
ers width and consequently, measurement of group velocity is more
likely expected in this case. Dellinger and Vernik (1994) make a
numerical model of pulse-transmission experiments carried out
by Vernik and Nur (1992), and show that the P-wave velocity mea-
sured at 45° to the layering in their tests was indeed phase velocity
with less than 1% error. Hornby (1998) made the same conclusion
about the velocity measurements at off-axis angles of his tested
shale samples. Therefore, phase velocities are directly measured
when the transducers are located at the flat ends of the cylindrical
sample cut 45° to the layering if the critical ratio of the sample
height to transducer width is not at most greater than three (Dellin-
ger and Vernik, 1994).
The core plug cut vertical to layering was primarily compacted in

the triaxial cell in unsaturated condition under anisotropic stress un-
til the horizontal stress (σh) was 17 MPa and the vertical stress (σv)
was 26 MPa, giving a K0 (σh∕σv) value of 0.65. This condition rep-
resents the in situ condition of the specimen. Afterward, the speci-
men was saturated with brine containing 37,000 ppm NaCl by
applying pore pressure up to 30 MPa while keeping the effective
horizontal and vertical stresses constant. Then, a K0 consolidation
stress was applied with a constrained rate of vertical strain equiv-
alent to 0.0091 mS∕h (milistrain [mS] is defined as strain value

times 1000). The K0 consolidation involves confining pressure
to keep radial dimensions unchanged (radial strain equal to zero)
whereas deviatoric vertical stress establishes a progressive vertical
strain with a constant rate. The strain rate should be set as a small
value (0.0091 mS∕h) to avoid any sudden failure in the sample due
to axial loading. Moreover, the low strain rate prevents the occur-
rence of pore pressure buildup in the consolidation stage due to the
low permeability. Consequently, their pore pressure is very suscep-
tible to pore volume reduction. The value of strain rate applied in
this study is calculated based on the measured permeability and
length of the specimen according to the equation established by
Wissa et al. (1971). Figure 5 shows the testing protocol of core
plugs cut perpendicular to layering.
The triaxial cell used to carry out the tests in this study is not

capable of measuring velocity in the diagonal direction. Thus,
the core plugs cut vertical to layering cannot be used to measure
the velocity of the P-wave propagation inclined to layering. Then,
a core plug cut at 45° inclined to the layering is used to measure P-
wave velocity at 45° to the layering. This core plug was initially
compacted under hydrostatic pressure to 20 MPa and then saturated
with the same brine by applying 30 MPa back pressure while keep-
ing the effective stress constant as 20 MPa. The specimen was fur-
ther hydrostatically pressured to 34 MPa effective confining
pressure, which is the ultimate capacity of the apparatus.
All the tests, either K0 consolidation or isotropic loading, were

performed in a drained condition keeping the pore pressure constant
at 30 MPa. This high pore pressure helps to better saturate the low-
permeability shale samples. The pore pressure was controlled by
applying back pressure on the specimen and allowing the excess
pore water to expel from the specimen from a drainage outlet at
the bottom of the specimen. A pore pressure sensor was used to
constantly monitor the pore pressure at the bottom of the specimen.

Figure 4. (a) The reference P-wave (blue) and S-wave (red) signals
recorded in the axial direction at head-to-head configuration under
20 MPa applied vertical stress and the reference waveform acquired
in the radial direction (green) through a dummy sample with known
velocity measured at 20 MPa radial stress. (b) Representative re-
corded signals from the brine-saturated compaction test of the Hek-
kingen shale sample acquired at 45 MPa vertical effective stress.
The first-arrival time picks on the waveform are marked by the
black solid and dashed lines for the P- and S-waves, respectively.

Figure 5. The loading pass and test progress with elapsed time for a
core plug (the Draupne sample) cut vertical to the bedding. The
sample was primarily compacted in the triaxial cell in an unsatu-
rated condition under anisotropic stress until the horizontal stress
was 17 MPa and the vertical stress was 26 MPa. The sample was
saturated with brine by applying pore pressure up to 30 MPa while
keeping the effective horizontal and vertical stresses constant. Then,
a K0 consolidation stress was applied with a constrained rate of ver-
tical strain equivalent to 0.0091 mS∕h.
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RESULTS

Stress-strain relationship

During the first phase of compaction simulating the in situ pres-
sure conditions, the unsaturated samples experienced small defor-
mations in the vertical and horizontal directions. Figure 6a shows
the amount of strain observed in both samples in response to in-
creasing the vertical and horizontal stresses. The samples show sim-
ilar strain in the axial and radial directions indicating almost the
same level of stiffness for the two samples. Both samples deform
less than 3 mS in the radial direction and approximately 7–8 mS in
the axial direction (Figure 6a). During the K0 consolidation test, the
brine-saturated samples show even higher stiffness and less com-
paction (Figure 6b). The Hekkingen shale shows less than 4 mS
deformation in the axial direction (the open diamonds in Figure 6b),
whereas the Draupne shale deforms almost 7 mS in the axial direc-
tion (the filled diamonds in Figure 6b). As expected, the radial de-

formation is approximately constant and is kept close to zero during
K0 consolidation (triangles in Figure 6b).
Variations in the K0 (σh∕σv) values during the K0 consolidation

phase reflect a different behavior of the two studied shales at differ-
ent stress levels. For both samples, K0 starts to decrease first (Fig-
ure 7). The vertical effective stress increases constantly during the
test, whereas the horizontal effective stress is controlled in response
to radial deformation. The horizontal effective stress remains at a
constant plateau until the vertical effective stress reaches 45 and
37 MPa for the Draupne and Hekkingen samples, respectively (Fig-
ure 7). The K0 parameter decreases before these stress levels are
reached (Figure 7). The K0 starts to increase gently beyond these
vertical effective stress levels because the horizontal effective stress
increases to keep the diameter of the sample unchanged (Figure 7).
This indicates a tendency of the material to expand radially at high
vertical effective stresses.

Velocity and elastic constants

The velocities measured in different directions with respect to
the bedding plane reflect the anisotropy of both shales. Because
the ultrasonic velocity measurements for each shale sample were
carried out on two different core plugs with two different stress re-
gimes, the mean effective stress was used to compare the velocity
measured along the different layering directions. The mean effective
stress (σm) is defined as

Figure 6. (a) Strain variation as a function of applied stress in the
horizontal (radial) and vertical (axial) directions for the Draupne
(filled data points) and Hekkingen (open data points) core plugs
cut perpendicular to the bedding. The samples during the early stage
compaction are in unsaturated condition to reach the original in situ
overburden stress. Both samples show almost the same horizontal
strain (triangles) in response to increasing horizontal stress. The ver-
tical strain (diamonds) is larger for the Hekkingen sample than the
Draupne sample at the same vertical stress level. (b) Strain variation
as a function of vertical effective stress in the horizontal (radial) and
vertical (axial) directions for the Draupne (filled data points) and
Hekkingen (open data points) core plugs cut perpendicular to the
bedding during K0 consolidation in saturated condition under
drained pore pressure control. The unit of strain is mS (milistrain
[mS] which is defined as strain value times 1000).

Figure 7. The K0 value development as a function of vertical ef-
fective stress for the (a) Draupne and (b) Hekkingen core plugs
cut perpendicular to the bedding.
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σm ¼ σv þ 2σh
3

: (2)

Figure 8 shows the measured velocities versus mean effective
stress for the Draupne and the Hekkingen shale samples. At rela-
tively lower mean effective stress levels, the velocities measured in
unsaturated samples increase with increasing the mean effective
stress (Figure 8). The velocities measured in the unsaturated con-
dition for the Hekkingen sample show a nonlinear trend for a mean
effective stress range from 0 to 20 MPa indicating a higher rate of
velocity increase at lower mean effective stress levels. In contrast,
the unsaturated Draupne shale core plug shows a linear velocity-
stress relation at very low effective stress levels. For the Draupne
shale, VP0 increases from approximately 2600 to 2800 m∕s (Fig-

ure 8a) and VS0 increases from approximately 1200 to 1300 m∕s
(Figure 8b) as the mean effective stress increases from 2 to
20 MPa. The Hekkingen shale shows relatively lower velocity val-
ues at lower stress levels compared with the Draupne shale. In the
Hekkingen sample, VP0 increases from approximately 2500 to
2800 m∕s and VS0 increases from approximately 1100 to
1300 m∕s along the 2–20 MPa mean effective stress interval. In
the two shales, VP90 and VSH90 show much higher values compared
with their counterparts measured along the axis of symmetry. VP45

lies between VP0 and VP90 (Figure 8a). The Hekkingen core plug
shows higher VP45 than the Draupne core plug indicating a nonlin-
ear increase of velocity trend from approximately 2800 to
3350 m∕s as mean effective stress increases from 2 to 20 MPa.
In contrast, VP45 for the Draupne shale increases linearly with
smaller rate of velocity increase (Figure 8a).
The samples became saturated at a mean effective stress equiv-

alent to 20MPa keeping the vertical and horizontal effective stresses
constant and allowing creep to take place. During K0 consolidation
of the saturated samples between 20 and 34 MPa mean effective
stress, the measured velocities increase steadily for both shales.
In general, the saturated Hekkingen sample shows higher velocities
than the saturated Draupne sample during the K0 testing phase (Fig-
ure 8). The VP0 varies from approximately 2800 to 2900 m∕s when
the mean effective stress increases from 20 to 34 MPa, whereas VP0

for the Hekkingen sample, it is approximately 100 m∕s higher than
the Draupne sample within the same mean effective stress range. As
expected for a TI medium, VP90 and VSH90 show higher values com-
pared with VP0 and VS0, respectively. However, the measured veloc-
ities along the radial direction stay constant increasing only by
5 m∕s when the mean effective stress is increased from 20 to
34 MPa (Figure 8). Along the same effective stress interval,
VP45 varies from approximately 3000 to 3100 m∕s for the Draupne
sample and from approximately 3100 to 3200 m∕s for the Hekkin-
gen sample (Figure 8a).
The elastic constants, C11, C33, C44, and C66 were calculated

based on the velocity measurements achieved for the vertical core
plug under the K0 consolidation test (equations A-2–A-6 in Appen-
dix A). Also, these parameters along with the VP measurement of
the isotropic test on the core plug cored at 45° to the layering de-
termine the elastic constant C13. However, the calculated values of
C13 in this study may carry some degree of uncertainty due to the
differences in the deviatoric stress states experienced by the core
plugs cut either perpendicular or 45° to bedding. The trends of
the calculated elastic constants as a function of mean effective stress
are plotted in Figure 9. The elastic constants related to S-wave
velocity (C44 and C66) are almost equivalent for both tested shales.
In contrast, the P-wave elastic constants (C11 and C33) for the
Draupne shale show slightly higher values than for the Hekkingen
shale (Figure 9). This means the bulk density of the Draupne shale
is large enough to compensate for the effect of higher VP values in
the Hekkingen sample.
Thomsen’s (1986) anisotropy parameters (ε, γ, and δ) calculated

from equations A-7 to A-9 (Appendix A) are plotted as a function of
the mean effective stress in Figure 10. By increasing the mean ef-
fective stress, epsilon (ε) and gamma (γ) decrease. The reduction of
anisotropy is more evident for ε because it decreases from 0.31 to
0.25 for the Draupne sample and from 0.28 to 0.24 for the Hekkin-
gen sample when the mean effective stress increases from 20 to
34 MPa (Figure 10a). No significant difference can be observed

Figure 8. The (a) VP and (b) VS measured for the Draupne (filled
data points) and Hekkingen (open data points) shale samples plotted
versus mean effective stress. The saturated Hekkingen core plug
shows slightly larger velocity than the Draupne shale. The defini-
tions of velocities (VP0, VS0, VP90, VSH90, and VP45) are visually
presented in Figure 3a. Notice that VSH90 is the shear velocity mea-
sured parallel to the bedding with polarization also parallel to the
bedding.
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between the Draupne and Hekkingen shales for ε and γ, meaning
that these shales show almost the same amount of VP and VS

anisotropy (Figure 10a and 10b). The calculated delta (δ) values
show lower values compared with the other anisotropy parameters
(Figure 10c); however, some degree of uncertainty may exist for the
calculated δ values in this study due to probable uncertainties for
calculated C13 values. The δ values calculated for the Hekkingen
shale are all positive, whereas the Draupne sample shows δ close
to zero and negative values (Figure 10c).

DISCUSSION

Velocity variations with effective stress

As expected, the measured velocities (VP and VS, axial and
radial) increase as a function of the increasing mean effective stress
in both shales (Figure 8). At low mean effective stress levels (2–
20 MPa), velocity increase in unsaturated samples shows linear
(in the Draupne sample) and nonlinear (in the Hekkingen sample)
trends in response to the stress increase (Figure 8). The nonlinearity
in velocity-effective stress trends have previously been reported for
dry or unsaturated shale tests (e.g., Johnston, 1987; Johnston and
Christensen, 1995; Vernik and Landis, 1996; Hornby, 1998; Sarout
and Guéguen, 2008a). However, this type of nonlinear trend was
also observed in the saturated condition (Jakobsen and Johansen,
2000; Dewhurst et al., 2011; Sarout et al., 2014). Beside the non-
linear trend of velocity-effective stress trends at low effective stress
levels, some authors show less sensitivity of velocity to effective
stress by observing a linear relationship between these two param-
eters even at low effective stress levels (Vernik and Nur, 1992; Ver-

nik and Landis, 1996; Dewhurst and Siggins, 2006; Sondergeld and
Rai, 2011). Rai and Hanson (1988) document a small pressure
dependence of the velocity values measured in fresh and well-pre-
served shale cores. Similar behavior is observed for the measured
velocities in the Draupne shale which is collected from a relatively
fresh core (acquired in 2013). When the core is taken out from its in
situ condition and to the surface, the overburden pressure is released
from around the core resulting in opening of preexisting fractures
and generating some microfractures along the layering. The nonlin-
ear relationship between velocity and effective stress at low effec-

Figure 10. Thomsen’s (1986) anisotropy parameters versus mean
effective stress: (a) ε, (b) γ, and (c) δ were calculated based on the
elastic stiffness constants (equations A-7–A-9) for saturated core
plugs of the Draupne (filled circles) and the Hekkingen (open
circles) shales.

Figure 9. The elastic stiffness constants calculated for the Draupne
(filled data points) and Hekkingen (open data points) shale samples
plotted versus mean effective stress during saturated consolidation
of the samples under drained pore pressure control.
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tive stresses can be attributed to the soft matrix of the rock. The
stiffness of the rock matrix and its constituent grains can determine
the trend of velocity increase at low effective stress levels. The ver-
tical strain versus vertical effective stress plot (diamonds in Fig-
ure 6a) indicates the rock compressibility in both samples. As
stress is applied on the rock, some nonlinearity is observed in
the stress-strain plot (Figure 6a). Larger deformation is observed
for the Hekkingen shale (the open diamonds in Figure 6a) compared
with the Draupne sample (the filled diamonds in Figure 6a) at the
same level of vertical effective stress. The larger deformation of the
Hekkingen sample suggests a softer rock matrix in this sample. Fig-
ure 11 shows the microscopic images taken perpendicular to the
layering of the tested core plugs at an ambient pressure condition.
The images shown in Figure 11 were taken in the same conditions
by the conventional back-scattering scanning electron microscopy
(SEM). It is evident that the Hekkingen sample contains more or-
ganic matter than the Draupne sample. TOC measurements through
routine geochemical analysis support this observation, too. The or-
ganic materials within the shale samples are aligned along the layer-
ing perpendicular to the principal applied stress (Figure 11). In
addition, SEM images of the samples show stress-relief cracks
and fractures propagated parallel to the layering (the red arrows
in Figure 11a). When the stress is applied from the vertical and ra-
dial directions, the softer organic matter is compacted and stress-
relief fractures close. After this early compaction, the sample shows
a linear trend of velocity increase with the increasing effective
stress.
In addition to the effects related to the rock matrix stiffness, the

maturity of the organic matter embedded in the shale samples may
also influence the velocity behavior in response to the increasing

effective stress (Vernik and Nur, 1992; Vernik and Landis, 1996).
According to Tissot and Welte (1978), HI values greater than
500 mgHC∕g TOC correspond to early stages of organic matter
maturation. This means that the Draupne Formation with HI value
of 550 mgHC∕g TOC may not have yet entered the oil window. In
contrast, the Hekkingen sample with HI values of approximately
300 mgHC∕g TOC is within the main stage of hydrocarbon gen-
eration and also primary hydrocarbon migration. HI shows that
some of the embedded organic matter in the Hekkingen Formation
has been transformed into oil that has possibly migrated out of the
formation. The experimental results presented by Vernik and Nur
(1992) and Vernik and Landis (1996) on a set of organic-rich shale
samples with different kerogen content and maturity revealed that
the immature or early mature organic-rich shales show a more linear
velocity-effective stress relationship when the sample is dry or
unsaturated. In contrast, the orthogonal-to-layering velocity mea-
surements of hydrocarbon-generating shales, such as the Hekkingen
in this study, are more sensitive to the effective stress and show a
nonlinear velocity-effective stress trend at lower stresses.

Velocity relationship with exhumation, organic content,
and total porosity

As already presented in Figure 8, the velocities associated with
the brine-saturated Hekkingen sample measured perpendicular, par-
allel, and at 45° relative to the layering are relatively higher than
those of the saturated Draupne sample. The differences in corre-
sponding velocity values measured for the Draupne and Hekkingen
shales are not significant (<100 m∕s). Burial depth and temperature
are the most important parameters governing the degree of compac-
tion in siliciclastic rocks. The burial depth of the tested Draupne
and Hekkingen shale samples are approximately 2485 and 1090 m
below seafloor (m BSF), respectively (NPD, 2015). Adding the
amount of Cenozoic uplift (approximately 1300 m) to the burial
depth of the Hekkingen shale gives approximately a total of 2390 m
BSF maximum burial depth for this sample. The bottom hole tem-
perature measurements adopted from NPD (2015) reveal geother-
mal gradients equivalent to 33.4°C and 31.2°C∕km at the locations
of the wells 16/8-3S (in the North Sea, penetrating the Draupne For-
mation) and 7125/1-1 (in the Barents Sea, penetrating the Hekkin-
gen Formation), respectively. Furthermore, the uplifted Barents Sea
basin probably shows a higher geothermal gradient at the present
time because the Cenozoic uplift and erosion of sediments may in-
crease the heat flux from deeper rocks (Bjørlykke, 2010). This
may indicate that the Barents Sea region has experienced a lower
paleo-geothermal gradient than at the present time. Overall, the
sample from the Draupne Formation most likely has been buried
deeper and at a higher temperature than the Hekkingen Formation
sample.
In addition to the burial depth and temperature, the tested samples

are also different with respect to the amount of TOC content em-
bedded in their texture (Table 2), although deposited in similar con-
ditions. The occurrence of low-density kerogen in shales softens the
rock and decreases its bulk density (Vernik and Nur, 1992; Vernik
and Liu, 1997). The lower TOC content in the Draupne shale (6.8%)
compared with the Hekkingen shale (19.4%) in parallel with a
somewhat deeper burial depth and higher geothermal gradient of
the Draupne Formation should produce a higher velocity.
Total porosity is another important parameter controlling the

velocity in rocks. The measured axial VP versus total porosity

Figure 11. SEM images taken in the direction of vertical to layering
for the (a) Hekkingen and (b) Draupne core plugs at ambient pres-
sure condition. The black arrows show some examples of embedded
organic matter in both samples. The red arrows in the top frame
correspond to a stress-relief microfracture in the sample.
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for the two tested shale samples during the initial compaction phase
(when the samples are still unsaturated) is shown in Figure 12. The
Hekkingen sample has a lower total porosity than the Draupne sam-
ple. It can also be inferred from the lower water content of the Hek-
kingen core plug (approximately 4%) compared with the Draupne
core plug (approximately 8%). The Hekkingen shale contains much
more soft low-density organic matter than the Draupne sample. At
the time of deposition of the Hekkingen Formation, the higher con-
tent of organic matter made the Hekkingen sediments very soft and
susceptible to more porosity reduction in response to mechanical
loading compared with the Draupne Formation.
For the unsaturated samples during the first phase of anisotropic

loading, the variation of VP0 with total porosity shows a negative
curvature in the Draupne sample (Figure 12b), whereas the VP0

porosity trend shows a positive curvature in the Hekkingen sample
(Figure 12a). The behavior of the velocity-porosity relationship in
the Draupne sample means that porosity reduction at an early stage
of compaction does not affect the velocity values much. At this
stage, the porosity reduction results in closer grain packing without
much stiffening of the grain contacts. This can be justified by finer
layering of the tested Draupne shale compared with its Hekkingen
counterpart. By further loading, the layers of the rock get closer and
finally get in contact. The velocity is then increased at a faster rate
due to more grain-to-grain contact stiffening. This kind of trend
with negative curvature for the Draupne shale expresses the lower
pressure sensitivity of the measured velocity in this sample com-

pared with the Hekkingen shale. Initially, the Hekkingen sample
shows lower axial VP than the Draupne sample though it has less
total porosity (Figure 12). The Hekkingen sample contains a high
degree of organic material aligned along the layering (Figure 11a),
which slows down the P-waves normal to the layering. By increasing
the effective stress, the low-density soft organic matter compacts re-
sulting in tighter grain-to-grain contacts in the Hekkingen sample and
consequently, VP increases rapidly and overtakes the Draupne sample
VP values at the same effective stress levels (Figure 12). Therefore,
the more intense compaction and lower total porosity found in the
Hekkingen shale results in higher velocity in this sample compared
with the Draupne shale. This can also be seen in the well log mea-
surements of the rock physical properties of the Draupne and Hek-
kingen formations at in situ conditions (Figure 13). The sonic log
acquired in well 7125/1-1 measured higher VP values for the Hek-
kingen Formation than the VP measurements for the Draupne For-
mation in well 16/8-3S. But both formations show almost the
same bulk density range (Figure 13). Because the Hekkingen Forma-
tion is more organic-rich than the Draupne Formation, it has lower
matrix density. Consequently, more total porosity is expected in the
Draupne Formation to show the same range of bulk density as the
Hekkingen Formation.

Velocity anisotropy

The Draupne and Hekkingen Shales show a high degree of
anisotropy for VP and VS (Figure 14). The difference in anisotropy
of the tested samples is not significant, although they are different in
terms of organic matter richness and maturity level and have expe-
rienced different compaction histories. Assessment of the change in
anisotropy parameters allows reconstruction of the rock texture de-
velopment. The reduction in anisotropy parameters along with the
velocity increase, particularly the velocity of the waves propagating
perpendicular to the layering, can be attributed to the closing of
microcracks and discontinuities as a result of the increasing mean
effective stress (Dewhurst and Siggins, 2006; Dewhurst et al.,
2011). It is also in agreement with the modeling results reported
quantitatively by Sarout and Guéguen (2008b), which show a sig-

Figure 12. The VP variation measured perpendicular to bedding
(VP0) versus total porosity color coded by vertical effective stress
for the (a) Hekkingen and (b) Draupne samples when primarily
compacted up to 17 MPa horizontal stress and 26 MPa vertical
stress in unsaturated condition during the early stage compaction
(notice the difference in scale of the horizontal axes in the two
plots).

Figure 13. Cross-plot of log-derived VP versus bulk density for the
Draupne and Hekkingen formations penetrated by wells 16/8-3S
and 7125/1-1, respectively. Both wells were drilled vertically.
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nificant decrease of crack density in a brine-saturated shale sample
when the confining pressure is increased from 0 to 20 MPa.
The values of the anisotropy parameters derived in this study (ex-

cept δ) are close to earlier results from the organic-rich Kimmeridge
clay from the British North Sea coast tested by Hornby (1998) (Fig-
ure 14). The Kimmeridge clay exhibits almost the same mineralogi-
cal composition as the samples tested herein. Also, the anisotropy
parameters measured by Wang (2002) for brine-saturated North Sea
shales show almost similar values of ε and δ as our tested samples,
whereas γ values in the Wang (2002) data set were lower than the
shales tested in this study. The same trend can be observed in shal-
low-buried clay-rich mudstone core plugs taken from the North Sea
tested by Mondol et al. (2010). Mondol et al. (2010) measure veloc-
ity anisotropy of two mudstone core plugs, one cut perpendicular to
the layering and another 45° to the layering. Their results show
lower ε and higher γ values than the compacted organic-rich shales
tested in this study (Figure 14). Moreover, unlike the tested consoli-
dated shales (e.g., this study; Hornby, 1998; Wang, 2002; Dewhurst
and Siggins, 2006; Sondergeld and Rai, 2011), the anisotropy of the
shallow-buried mudstone increases by increasing the mean effective
stress (Mondol et al., 2010; Figure 14). In addition, Mondol (2012)
tests the velocity anisotropy development in mechanically com-

pacted synthetic mixtures of silt and clay with different clay types
and clay proportions. According to Mondol’s (2012) results, veloc-
ity anisotropy increases by increasing the effective stress for clay-
rich samples, whereas the grain-supported samples with lower clay
content showed no clear relationship between velocity anisotropy
and further mechanical compaction. Petrographic observations
and image analysis of mechanically compacted synthetic samples
of silt-clay mixtures taken at different effective stress levels by Fa-
wad et al. (2010) clearly document that clay alignment increases in
response to the increasing effective stress for clay-supported sam-
ples, whereas no degree of alignment is reported for grain-supported
samples. In consolidated shales, however, the total porosity does not
vary significantly as a function of the increasing stress. The align-
ment of clay particles in consolidated shales is almost fixed (Dew-
hurst and Siggins, 2006) as long as the compaction does not include
clay mineral reactions precipitating new clay minerals (e.g., illite
formed perpendicular to the principal stress axis). Therefore, unlike
the unconsolidated sediments, no clear relationship has been ob-
served between burial compaction and acoustic anisotropy in con-
solidated rocks. Pervukhina and Rasolofosaon (2015) statistically
revisit a compilation of the available data sets on measured velocity
anisotropy in shales and find no statistical correlation between
anisotropy and burial compaction. Pervukhina and Rasolofosaon
(2015) highlight the effect of depositional environment and energy
as an important parameter controlling the clay particle alignment
and resulting shale anisotropy. As long as the clay alignment is
fixed, anisotropy is governed by the crack and microfracture inten-
sity within the rock framework and the amount and maturation of
the TOC. The observed anisotropy in organic-rich shales mainly
results from the interaction of these three major parameters.
Measurements of anisotropy on many core plugs from organic-

rich shales with different characteristics reveal a general positive
correlation between the anisotropy and amount of organic matter
(Vernik and Nur, 1992; Vernik and Landis, 1996; Sondergeld et al.,
2000). Plotting the data sets of anisotropy parameters generated in
previous studies indicates a background trend for anisotropy of or-
ganic-rich shales (plotted as background data in Figure 15a). Also,
anisotropy increases when the organic matter begins to mature and
generates hydrocarbons until it gets the peak maturation level at the
end of the oil and gas window (Vernik and Nur, 1992; Vanorio et al.,
2008). The anisotropy parameters derived for the tested organic-rich
shales in this study can be seen overlaid on the organic-rich shales

background trend in Figure 15a. Although the
Draupne sample contains less organic matter
and it is less mature compared with the Hekkin-
gen sample, it shows slightly higher anisotropy
in contradiction with the background trend ex-
pected for organic-rich shales. If only the amount
and maturation of the organic matter control
anisotropy in organic-rich shales, it would be rea-
sonable to expect some sort of trend between the
anisotropy parameters and a factor (such as
HI/TOC ratio) including both the amount and
maturity of the organic matter. The HI value
of organic-rich shales has a reverse relationship
with the maturity of the embedded organic mat-
ter, so HI is a good indication of the maturation
level. Based on this, a decreasing HI and an
increasing TOC and thus, a decreasing HI/TOC

Figure 14. Calculated Thomsen anisotropy parameters versus mean
effective stress for the Draupne (red) and Hekkingen (blue) shales
tested in this study compared with tests from Mondol et al. (2010)
(yellow) and Hornby (1998) (green).

Figure 15. (a) Plot of γ versus ε from the data sets provided by Sondergeld et al. (2000)
and Vernik and Nur (1992) overlaid by the data sets achieved for the Draupne and Hek-
kingen samples tested in this study. (b) The plot of γ versus ε color coded by HI/TOC
ratio for the data set from Vernik and Nur (1992).

C72 Koochak Zadeh et al.

D
ow

nl
oa

de
d 

02
/2

7/
17

 to
 1

29
.2

40
.2

6.
52

. R
ed

is
tr

ib
ut

io
n 

su
bj

ec
t t

o 
SE

G
 li

ce
ns

e 
or

 c
op

yr
ig

ht
; s

ee
 T

er
m

s 
of

 U
se

 a
t h

ttp
://

lib
ra

ry
.s

eg
.o

rg
/



ratio would be favorable for the increasing anisotropy. Figure 15b
shows the anisotropy parameters of organic-rich shales tested by
Vernik and Nur (1992) color coded by HI/TOC. Most of the data
points with lower HI/TOC exhibit higher anisotropy parameters.
However, there are some data points that do not obey this general
trend (the same as the organic-rich shales studied herein). This find-
ing indicates the importance of other parameters such as total poros-
ity and microfractures. Unlike the unconsolidated samples, the
lower total porosity does not necessarily mean larger anisotropy.
The greater anisotropy of the Draupne sample at in situ condition
could be mainly due to higher occurrence of microfractures in this
sample compared with the Hekkingen sample. Also, rock textural
properties such as grain size, sorting, and microfabric can indirectly
affect the anisotropy in organic-rich shales. The textural properties
of fine-grained particles control the extent of mechanical compac-
tion and porosity reduction before the onset of chemical compaction
and quartz cementation (Mondol et al., 2007; Mondol, 2009). The
mechanical compaction is important because it determines the in-
tergranular volume at the onset of chemical diagenesis, which is a
function of integrated time and temperature.

CONCLUSIONS

The anisotropy of acoustic velocity was investigated for two or-
ganic-rich shales of the Upper Jurassic Draupne and Hekkingen for-
mations taken from the NCS. At an early stage, the unsaturated core
plugs were compacted in a triaxial cell to reach their in situ con-
dition and were then saturated with brine by applying back pressure.
The saturated samples were then compacted mechanically applying
fixed K0 consolidation under controlled pore pressure condition.
The simultaneous measurements of deformation and acoustic veloc-
ity during consolidation help to evaluate the controls on velocity
anisotropy in studied organic-rich shales. The following conclu-
sions can be made according to the results of this study:

1) During the early stage of compaction in an unsaturated condi-
tion, the Hekkingen shale shows more vertical deformation due
to the occurrence of high quantities of low-density soft organic
matter aligned parallel to the layering, which comprises almost
half of the Hekkingen sample by volume. The susceptibility of
the organic material to applied stress results in more compaction
of the Hekkingen sample compared with the Draupne shale.

2) The higher TOC content and thermal maturity of the Hekkingen
sample lead to a nonlinear velocity-stress trend during compac-
tion of unsaturated specimens. In contrast, the velocities mea-
sured for the Draupne shale show less sensitivity to applied
stress due to its relatively stiffer framework and also less matu-
ration of its embedded organic matter.

3) The measured velocities in the tested shale samples are almost
the same in the three different orientations. Although the
maximum burial depth, geothermal gradient, and TOC content
of the Draupne shale should produce higher velocities compared
with the Hekkingen shale, we observe an opposite behavior due
to more compaction and lower porosity of the Hekkingen shale
compared with the Draupne shale.

4) Thomsen’s anisotropy parameters show a decreasing trend as a
function of increasing mean effective stress. For instance, ε de-
creases by approximately 20% for the Draupne sample and by
approximately 14% for the Hekkingen sample when the mean
effective stress increases from 20 to 34 MPa. The reduction of

anisotropy is due to closure of microcracks in well-consolidated
shales. Both shale samples show almost the same degree of
anisotropy. The Draupne shale shows slightly higher anisotropy
compared with the Hekkingen shale, but the difference is not
significant. The detection of this small insignificant difference
in anisotropy of these tested organic-rich shale samples could be
even more difficult in seismic data regarding the low resolution
of the seismic wavelength compared with the ultrasonic waves
applied in the laboratory.

ACKNOWLEDGMENTS

The authors are thankful to many NGI personnel for their help
and support during the experimental phase. E. Skurveit and L.
Grande are highly appreciated for their constructive discussion dur-
ing the laboratory work and their kind support at NGI supplying and
managing the laboratory apparatus used. We are also particularly
grateful to S. Vangbæk for preparing undamaged core plugs from
the organic-rich shales. T. Berre, R. Otter, M. Soldal, and H. De-
breczeny Wilkinson are appreciated for their support to run the ex-
periments at the NGI laboratory. The laboratory of Applied
Petroleum Technology AS is thanked for their contribution in
the geochemical analysis of the Draupne Shale sample used in this
study. S. Akhavan is specially thanked for preparing good qualified
thick polished sections to be observed in SEM imaging, and B.
Løken Berg is appreciated for her constructive help during SEM
analysis. O.Y. Ogebule is thanked for her contribution to sample
characterization and also her assistance during the tests. The authors
are thankful to M. Aerts, B. Girma Haile, and M. Kalani at the De-
partment of Geosciences for their contribution to the XRD analysis
and mineral quantification. D.A. Karlsen and M. Fawad are appre-
ciated for their constructive discussion and comments. The authors
express their gratitude to A. Pech Pérez and three anonymous re-
viewers for their positive spirit that contributed to improving this
manuscript by their constructive comments and suggestions. I.
Raave, the associate editor of GEOPHYSICS, is highly acknowledged
for taking care of this manuscript.

APPENDIX A

THEORIES RELATED TO VTI MEDIUM

According to Hooke’s law, a vertical transverse isotropic (VTI)
medium can be described by five independent elastic constants.
Therefore, five different measurements are required to determine
the elastic constants. The elastic stiffness tensor can be written
in the Voigt notation as follows (Mavko et al., 2009):

2
666664

σ11
σ22
σ33
σ23
σ13
σ12

3
777775
¼

2
6666664

C11 C12 C13 0 0 0

C12 C11 C13 0 0 0

C13 C13 C33 0 0 0

0 0 0 C44 0 0

0 0 0 0 C44 0

0 0 0 0 0 C66

3
7777775

2
6666664

ε11
ε22
ε33
2ε23
2ε13
2ε12

3
7777775
.

(A-1)

In the VTI medium, C12 is not an independent elastic constant and it
is calculated as C12 ¼ C11 − 2C66. In equation A-1, axis three lies
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along the axis of rotational symmetry of the sample (Figure 3c).
Therefore, σ11 and σ22 are normal stresses applied along parallel
to layering directions and σ33 is the normal stress applied toward
perpendicular to the layering direction. The parameters σ12, σ13,
and σ23 are the shear stresses; Cij represents the elastic stiffness
constants; ε11, ε22, and ε33 are the normal strains; and ε12, ε13,
and ε23 are the shear strains. The elastic stiffness constants are re-
lated to acoustic velocities measured along the medium in different
directions as follows (Mavko et al., 2009):

C11 ¼ ρV2
P90; (A-2)

C33 ¼ ρV2
P0; (A-3)

C44 ¼ ρV2
S0; (A-4)

C66 ¼ ρV2
SH90; (A-5)

C13 ¼ −C44

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðC11 þ C44 − 2ρV2

P45ÞðC33 þ C44 − 2ρV2
P45Þ

q
:

(A-6)

To simplify the context of anisotropy in geophysics, Thomsen
(1986) expressed five independent elastic constants in terms of three
anisotropic parameters:

ε ¼ C11 − C33

2C33

; (A-7)

γ ¼ C66 − C44

2C44

; (A-8)

δ ¼ ðC13 þ C44Þ2 − ðC33 − C44Þ2
2C33ðC33 − C44Þ

; (A-9)

where ε and γ are called the P-wave and S-wave anisotropy param-
eters, respectively. According to Sarout and Guéguen (2008a), ε
measures the differences in normal stiffness between the vertical
and horizontal directions and γ measures the differences in shear
stiffness between the vertical and horizontal directions. The param-
eters ε and γ values are always greater than or equal to zero, whereas
δ values can be zero, negative, or positive. Thomsen’s parameters
are dimensionless, and they reduce to zero in the case of isotropy.
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