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SUMMARY

Samples of shales from the Ordovician Bongabinni and Goldwyer source rock formations
were recovered from the Canning Basin (Western Australia). Attenuation was experimentally
measured on preserved plugs from these formations in the frequency range between 10~2 and
107 Hz. Samples cored with different orientations with respect to the sedimentary bedding
were prepared and tested in their native saturated state and after drying in the oven at 105 °C
for 24 hr to assess the effect of fluids and of the sediment anisotropy on attenuation. To aid the
interpretation of the experimental results, the clay-rich samples were characterized in terms of
mineralogy, water content, porosity, permeability and microstructure.

The two shales have significantly different quality factors; and this is seen to be dependent
on both the saturation state of the samples and the propagation direction of the oscillatory
signal. The attenuation coefficient for compression/extension parallel to bedding is less than
that vertical to bedding in both the preserved and partially dehydrated situations.

No frequency dependency is observed in the preserved samples within the range of fre-
quencies explored in this study. On the other hand partially saturated samples show peaks in
attenuation at around 40 Hz when the stress perturbation is transmitted normal to the macro-
scopic bedding. The interpretation of the attenuation measurements in terms of well-established
theoretical models is discussed in view of the physical characteristics and microstructure of
the tested rocks.
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1 INTRODUCTION

Seismic wave attenuation is an anelastic phenomenon that is
responsible for dissipation of the mechanical energy during the
propagation of the wave through a body of rocks. It results in the de-
cay of amplitude of the seismic wave. From a geophysical perspec-
tive, understanding attenuation in rocks is of paramount importance
as most of the information available on the structure, composition
and organization of the earth below the surface is gathered from
seismic waves. Global geodynamic models are constrained by the
attenuation of teleseismic waves (e.g. Carpenter & Flinn 1965). On
the other hand, interactions between the rock frame and the possible
pore fluids can induce attenuation, which in turn might be detected
by borehole/exploration geophysics tools providing important in-
sights into the fluid content and type in shallow porous rock bodies
(e.g. Klimentos 1995).

In porous rocks attenuation is generally associated with the pres-
ence of fluids in the pore network; moreover the capacity of fluids
to move as a consequence of transient stress perturbation induces
frequency dependency in the attenuation (Winkler & Murphy 1995;
Muller et al. 2010; Sarout 2012). Broad frequency measurements
are therefore needed to reconcile laboratory ultrasonic measure-
ments (~MHz range) and borehole (~tens of kHz) and exploration
(~10-100 Hz) geophysics. It should be noted that dispersion and
attenuation at these frequencies is typically ignored in field seismic
applications partly due to the lack of experimental data. The results
of low frequency laboratory tests are therefore relevant for applica-
tions like traditional Amplitude Versus Offset (AVO, Allen & Petty
1993) analysis.

Experimental studies on low frequency attenuation of rocks
have been reported since the 1980s (e.g. Spencer 1981; Murphy
1982; Winkler & Nur 1982). They indicated the importance of the
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pore-saturating fluids in inducing a frequency dependent seismic
response of the rock. Such behaviour contrasts with the case of a
vacuum-dried rock for which a negligible dependency of the seismic
response on frequency was observed.

Batzle et al. (2006) explained such behaviour in terms of fluid
mobility M defined as the ratio of rock permeability on fluid vis-
cosity and pore pressure distribution within porous rocks: lowering
fluid mobility (by low rock permeability, or by high fluid viscosity)
increases the relaxation time required to equilibrate the pore pres-
sure altered by a passing wave within a rock. Consequently, under
conditions where the period of the elastic perturbation is shorter
than the fluid relaxation time, the fluid saturated rock will appear
stiffer than at lower frequencies.

Experimental evidence to support this thesis has been provided
for sandstones (Batzle et al. 2006) and carbonates (Adam et al.
2006). Recently Adelinet et al. (2010) also reported a comparison
of low and high frequency elastic moduli measured on basalt sam-
ples and explained their difference through a combination of local
viscous flow (squirt flow) of pore fluid between compliant and stiff
pores and chemical interactions between the pore fluid and the rock
frame.

Experiments aimed at measuring frequency dependant attenua-
tion on shales are strikingly rare: Hofmann (2006) reported mea-
surements on two types of shales with contrasting behaviour which
was qualitatively attributed to their different pore space arrange-
ment. Sarker & Batzle (2010) also performed tests on samples of
dry and decane-saturated Mancos shale observing negligible fre-
quency dependence of the anisotropic elastic moduli on frequency
between 0.2 and 1000 Hz.

This paper reports results of direct measurements of attenuation
in the frequency range 0.1-100 Hz, on shale samples extracted
from an onshore well in Western Australia. The samples belonging
to two distinct geological formations, are first characterized in terms
of mineralogy, microstructure and porosity and permeability, and
then tested at room conditions to measure their attenuation firstly in
their preserved state and secondly in a partially saturated state after
drying in an oven for 24 hr at 105 °C. Where possible, orthogonally
oriented specimens have been tested to also assess the anisotropy
of attenuation.

These experiments indicate that attenuation is frequency depen-
dent and is higher in the partially saturated than in the preserved
state. It is also shown that attenuation has an anisotropic expression
and is higher for simulated wave propagation perpendicular to the
shale bedding plane then parallel to it. The experimental results are
interpreted in the light of well-established attenuation theories and
an attempt is made to invert the data in terms of rock microstruc-
tural parameters. The magnitude of these parameters is found to be
consistent with classical results on rock microstructures.

2 SAMPLE PROVENANCE

The shales specimen used in this study are sampled from an on-
shore well drilled in the Canning Basin (Western Australia). The
geothermal history and depth of burial constrained by apatite fission
track and vitrinite reflectance analyses, indicate that the sediment
reached the maximum burial depth of approximately 5000 m in
the Early Jurassic and witnessed maximum temperatures of 160—
180 °C (Ghori & Haines 2006).

The Middle Ordovician Goldwyer Formation is mainly of open
marine to intertidal origin (Haines 2004), while the Bongabinni
Formation is mostly an oxidised marginal marine to supratidal
deposit.
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The fine-grained nature of shales and their characteristic physico-
and electrochemistry necessitate the use of special techniques to
ensure that samples are tested in as close to a representative state as
possible. This requires therefore that precautions are taken to avoid
desiccation of shales after coring to avoid fracturing of the shale,
inducing large capillary stresses and changes of strength, particle
orientation and pore size distribution.

The parent shale cores were extracted from depths ranging be-
tween 1505 and 1852 meters (i.e. significantly shallower than their
estimated maximum burial depth) and preserved under oil in a
sealed PVC core liner to maintain their native water content. Sub-
samples for attenuation and permeability testing, were plugged and
trimmed using oil as a drilling fluid and stored under light process
oil to prevent evaporation of pore fluids. Offcuts from these samples
were used for sample characterisation in terms of grain size distri-
bution, pore size distribution, porosity, composition, grain density
and microstructural evaluation. These samples were similarly stored
and preserved under oil until tested.

3 EXPERIMENTAL METHODS

3.1 General characterization

Computed tomography (CT) images corresponding to a 2-D linear
X-ray attenuation pixel matrix were acquired with a Toshiba medical
imager. The whole core section, still sealed in its plastic liner, was
first screened by passing through the X-ray apparatus in scanogram
mode, producing a projection radiograph. This showed the bedding
orientation and the presence of fractures. The core plug sample
positions and orientations were selected based on these preliminary
observations. Once cored, the specimens were stored in a glass jar
filled with mineral oil and scanned again to visualise any additional
internal features possibly present in each specimen.

Quantitative mineralogy analysis of each sample was performed
through X-ray powder diffraction (XRD) using the same procedures
and sample preparation described in Delle Piane ef al. (2011a).

The XRD patterns were recorded with a PANalytical X’Pert
Pro multipurpose X-ray diffractometer using iron-filtered Cobalt
Ko radiation. The diffraction patterns were recorded in steps of
260 = 0.017° with a 0.5 s counting time per step, and logged to
data files for further processing and analysis. Quantitative analysis
was performed on the XRD data using the commercial package
SIRO-QUANT from Sietronics Pty Ltd. The results are normalised
to 100 per cent and hence do not include unidentified or amorphous
materials.

Results of the XRD analysis are used to calculate the clay content
(CC) and clay fraction (CF) of the shale defined as follows

CF = wt% < 2 um fraction (1)

CC =) wt% clay minerals. 2)

Interconnected porosity and pore-size distribution of the sam-
ples was quantified by mercury injection porosimetry using a Mi-
cromeritics Autopore III. This equipment is capable of injecting
mercury at user-defined pressure increments up to 60 000 psi
(~413 MPa) into a dry and porous rock sample. Cubic samples
were resin-coated on four faces such that mercury was forced to
intrude through two opposite faces of the cube, normal to the shale
bedding plane.

The determination of the pore size distribution assumes that the
rock is made of a bundle of parallel capillary tubes with different
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radii. Following Jurin (1719), the capillary pressure Pc in a circular
tube of radius r is given by

_ 2ycos0

Pec (3)

7

where y is the mercury-air surface tension and 6 is the contact angle
between the mercury and the solid phase (140°).

Water content of the shales was measured as well by weighing
a chunk of preserved rock in its (assumed) saturated state (wt,,),
followed by drying in a vacuum oven at 105 °C and remeasuring of
the dry weight (wt,;). Water content (w) is then given by
Ll AT (4)

wty

For an evaluation of the drying stage of the shale samples, their
weights were monitored as a function of time at constant temper-
ature in the oven. Each weight measurement was taken after the
sample cooled down under vacuum to room temperature. Following
Ghorbani ef al. (2009), the characteristic time (7) required to reach
thermal equilibrium is estimated as

L’c

T= T! (5)

where L is the thermal diffusion characteristic length of the sample;
c is the volumetric heat capacity and A is the thermal conductivity.
Approximately 2 hr are needed at room conditions for the sample to
cool down if one considers L 2~ 0.01 m; ¢~ 2 x 10° Jm—3 K~! and
A~ 1.5 Wm™' K~! (Ghorbani et al. 2009 and references therein).
After the weight measurement at these conditions the samples are
placed back in the oven until the next reading is taken with the same
procedure.

This procedure also allowed for the estimation of the saturation
state of the sample at each step, assuming that each sample was
initially fully saturated. The saturation state (5,) at each drying
stage is calculated as

b —w,

P
where ¢ and (w, ) are the total volumetric fractions of interconnected
porosity and water content, respectively.

Sw = (6)

3.2 Permeability measurements

The membrane efficiency screening equipment was used for the
experimental determination of the permeability of shale specimens
using the steady-state flow method (Brace 1980; Neuzil 1994; Jones
& Meredith 1998; Boisson et al. 2001). The choice of this method
for measuring permeability is dictated by its reliability since it does
not require any data processing such as model inversion; neither is
it influenced by the specific experimental setup used to perform the
measurement (e.g. downstream dead volume).

The specimens were prepared to the following dimensions: length
L ~ 12 mm and diameter D ~ 25 mm. The flow of fluid during the
test occurred over the length of the cylindrical sample, character-
izing therefore the permeability at the centimetre scale. During the
test, confining pressure was maintained constant at Pc = 20 MPa.
The tests were performed at room temperature, generally with ob-
served variations less than 0.5 °C over the course of the test
(few weeks). The preliminary resaturation and further permeability
testing of the shale samples was performed with a simulated pore
fluid with 3.5 wt% of sodium chloride simulating average sea water
composition. Such choice was made in consideration of the original
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Figure 1. (a) Schematic illustration of the experimental setup allowing for
the measurement of the water permeability of a shale sample using the
steady-state flow method. (b) Typical output dataset of a permeability test
were the volume of water injected upstream in the shale sample with time
is monitored (few tenths of millilitres over few weeks).

sedimentation environment of the Goldwyer and Bongabinni shale
formations.

Initial re-saturation of the samples was performed by imposing
an upstream fluid pressure of PY = 10 MPa for up to 10 d while
monitoring the fluid pressure at the downstream end of the spec-
imen (large volume reservoir, see Fig. 1a). At the initial stage of
the re-saturation process, the downstream reservoir (top end of the
specimen) was filled with the simulated pore fluid at room pressure.
It then experienced an increase in fluid pressure to reach 10 MPa,



equalling the pressure imposed upstream (bottom end of the sam-
ple). This procedure ensures the effective saturation of the specimen
with the simulated pore fluid.

Following the saturation stage, the downstream pressure was
maintained at PP = 10 MPa (reservoir). The upstream pressure
was suddenly increased from PY = 10 MPa to PY = 15MPa and
maintained at that value using a high accuracy volumetric pump
(DigiFlow™). The difference in fluid pressure between the up-
stream and downstream ends of the sample was therefore held con-
stant at APp = PY — PP = 5MPa throughout the test. In order
to maintain the PY = 15MPa in the upstream circuit, the pump
adjusts the rate of fluid injection into the specimen. This pump al-
lows for an accurate measurement and a stable displacement of the
injection piston for few tenths of millilitres over few weeks.

Once a steady flow was achieved (volume injected depends lin-
early on time, see Fig. 1b), the constant injection rate imposed by
the pump was used to compute the specimen’s permeability using
Darcy’s law, that is,

k APp nOL

=A4° k= i
0 L T Uaps

where Q is the pump’s steady-state injection rate in (m> s~'), k is the
sought permeability in (m?), 1 is the fluid dynamic viscosity (equal
to 1073 Pa s for water at room conditions), APy is the difference in
fluid pressure across the specimen in (Pa), 4 is the cross-sectional
area of the cylindrical specimen in (m?) and L is its length in (m).

3.3 Frequency-dependent attenuation measurements

Direct attenuation tests were performed in the rock deformation
laboratory of ETH-Zurich using the new experimental apparatus
described by Madonna & Tisato (2013). Tests were conducted ap-
plying small sinusoidal oscillatory stress (1072~10%> Hz) and mea-
suring the strain of the cylindrical sample (60 mm in length and
25.4 mm in diameter) with respect to aluminium standard in line
with the tested plug. The method employs linear variable differen-
tial transformer (LVDT) to measure a bulk strain, by recording the
displacement across the whole sample.

The current operating system (Fig. 2a) comprises three main
elements. A piezo-electric stack actuator (PZA) generates the si-
nusoidal axial compressive stress. Two displacement measurement
modules consist of linear variable differential transformers. The
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LVDTs measure the compression and extension displacement of
both the sample and the elastic standard with a nanometric resolu-
tion. The displacement across the elastic standard is the reference
signal to which we compare the displacement across the sample for
any phase shift induced by anelasticity (Fig. 2b).

Assuming that the rock behaves as a linear time invariant system,
the attenuation factor Q! is equal to the tangent of the phase shift
between the input and the output signal as shown in eq. (7) (e.g.
Nowick & Berry 1972; O’Connell & Budiansky 1978; Jackson &
Paterson 1987)

0 = X — o, ™)
2nE

where 6 is the phase shift in radians, AE is the energy loss during

each stress—strain cycle and £ is the energy introduced into the rock.

The phase shift is calculated by the difference between the input and

output signals’ phases obtained using the Fourier transform.

Preserved samples cored with different orientation with respect
to the bedding were prepared and tested first in their saturated state
and then dried in the oven at 105 °C for 24 hr to assess the effect of
partial saturation and of anisotropy on attenuation. During attenua-
tion measurements samples were sealed on their cylindrical surface
using several layers of cling film to minimize water evaporation
during testing. This procedure was tested against measurements
of weight before and after the experiments and was found to give
satisfactory results.

Due to the prototype nature of the experimental apparatus no
absolute displacement calibration could be performed as the dis-
placement signals were not amplified exactly with the same fac-
tor between different tests. Hence, it was not possible to calculate
Young’s modulus and compare it between tests. Nevertheless, be-
fore each test a relative calibration was performed to be sure that the
strain applied to the samples was between 10~° and 10~". The ac-
curacy of the experimental apparatus in terms of attenuation values
for benchmark samples is discussed in Madonna & Tisato (2013).

Following Madonna & Tisato (2013) we estimated the uncertainty
of our measurements based on the statistical error recorded during
a test with two aluminium plugs in series within the apparatus.
With such a configuration the expected phase shift between the two
plugs is zero; however during the test the maximum spread of data
recorded amounts to 9.57 x 107 rad, and this value is used as the
amplitude of error bars around our measurements (see Fig. 8)

(@) (b)

Piezo-electric

actuator
g © f LVDT
£3
z = £
R [
< )
LVDT

— Input signal
(Aluminium standard)

— — Output signal

(sample)

Time

Figure 2. (a) Schematics of the experimental set up for the measurements of frequency dependent attenuation. (b) Conceptual sketch of the experimental

measurements: see text for details.
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Figure 3. Reproducibility test run on a sample of Goldwyer shale. The
experiment was repeated twice on the same specimen removing it and re-
installing it in the experimental apparatus after the first measurement cy-
cle. Maximum difference between the two tests amounts to approximately
10 per cent at the lower end of the frequency range.

There are other factors that may induce spurious results such as
miscentering of the loading piston with respect to the sample axis
or slight lack of parallelism between the flat end surfaces of the
cylindrical specimen. These factors may induce a flexural loading
and alter the strain measurement on the LVDT, and may results in
anomalous phase shift recordings.

The above mentioned artefacts can be recognised as ‘jerky’ fluc-
tuations of the phase lag when plotted in the frequency domain and
can be easily discarded from the recorded data set.

To check the reproducibility of the experimental results we run
a broad frequency attenuation test twice on the same sample from
the Goldwyer formation. The tested plug was removed from the
experimental set-up at the end of the first frequency sweep and then
measured again over a limited frequency range. This procedure was
mainly aimed at checking that the alignment during sample set up
in the attenuation module was accurate enough to give reproducible
results as was already verified for simpler standard material (i.e.
aluminium, and Berea sandstone and PMMA by Madonna & Tisato
2013).

The tests were performed at room conditions (i.e. no confining
pressure applied to the samples), while ultrasonic and geomechan-
ical data collected at high pressure on the same rock types are
reported in Delle Piane ef al. (2011b,c).

The outcome of the test is reported in Fig. 3. The measured phase
shift angle 6 between the sample and aluminium standard for the first
and the second test is plotted against frequency. There is generally
an excellent overlap in the data recorded during the two runs, except
at the lower frequencies where a greater mismatch is observed. The
maximum difference between the two tests amounts to a value of
2.04 x 1073 rad, corresponding to approximately 10 per cent.

4 RESULTS

4.1 Sample description

The whole cores were CT-scanned and imaged as received, that
is, still in plastic liners filled with preserving oil. The Bongabinni
Formation core appears as a homogeneous dense material with no
evident sedimentary features (Fig. 4). The Goldwyer Formation core
shows thin laminations oriented normal to the core axis which can

Bongabinni

Figure 4. Bongabinni Formation microstructure as observed from the CT
scan of a core plug (insert, scale bar is 38 mm); and scanning electron
microscope (SEM).

Figure 5. Goldwyer Formation microstructure as observed from the CT scan
of a core plug (insert, scale bar is 38 mm); and SEM. Note the sedimentary
lamination at the core scale with plane of bedding oriented normal to the
sample axis. White arrows indicated material precipitated in the fracture and
partially filling it, indicating it may have been at least partially open under
in-situ conditions.

be identified as sedimentary planes (Fig. 5). CT scans of individual
specimens obtained from these cores highlight how the Goldwyer
Formation is composed of heterogeneous material with structures
repeated at the centimetre scale.

Scanning electron microscope (SEM) images of thin sections
show a very tight grain arrangement for the Bongabinni samples
with angular clasts of several tens of microns in size and clusters
of needle-shaped anhydrite crystals floating in an ultrafine grained
clay matrix; no pervasive porosity can be observed at the SEM scale
(Fig. 4), but some isolated, equant, micron-sized pores are detected
at the contacts between silt-sized clasts.

The Goldwyer sample appears as a highly laminated sediment
comprising thin strata of clay-rich minerals alternating with coarse
grained, cemented silt layers. The orientation of these alternating
laminae and of the elongated phyllosilicates defines the bedding.
Thin elongated fractures run parallel to the bedding and at times
are partially filled with pyrite and organic matter (Fig. 5). Mineral
associations in the silty layers include quartz, orthoclase, pyrite and
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Table 1. Quantitative X-ray diffraction data for the six shale specimens separated by particle size. Qz, quartz; Chl,
chlorite; Mica/Ill, mica illite; Ab, albite; Orth, orthoclase; Calc, calcite; Dol, dolomite; Pyr, pyrite; Hem, hematite;

Anbh, anhydrite.

Formation Qz Chl Mica/lll. Ab  Orth

Cale Dol Pyr Hem Anh

Bongabinni 14 1 41 <1 5
Goldwyer 25 4 56 1 6
Bongabinni 3 1 92 1
Goldwyer 6 5 84 5
Bongabinni 1 2 97
Goldwyer 3 97

29 1 9 Bulk

2 0.2-2 um fraction
<1

<0.2 um fraction

Table 2. Particle size distribution (wt%) and physical properties of the Canning Basin shales. Loss is mainly due to dissolution of carbonates during
sample preparation for XRD. CEC, cation exchange capacity; w, water content (wt%); pp, bulk density; ¢, porosity (by water evaporation); ¢y,

porosity by mercury injection.

Formation <0.2 um (Wt%)  0.2-2 um (wt%)  >2 pum (wt%)  Loss (wt%) w (Wt%) pp (2cm™>) ¢ (per cent) ¢ug (per cent)

Bongabinni 7.7 0.8 81.0 10.4 3.8 2.6 9.5 5.7

Goldwyer 10.8 335 50.5 53 4.6 2.6 11.3 3.6
minor rutile; calcite is also present as intragranular cement reducing (a)
the primary porosity; the clay rich layers are mainly composed of 12 :
ultrafine grained illite and mica with occasional chlorite. 1300m | f9.513.6 nm

— 10 Bongabinni
§ =~ Goldwyer
4.2 Mineralogy £ *
4.2.1 Bongabinni formation g . \
The cores appear red in colour with streaks of greenish reduced *
material. There is no evidence of macroscopic bedding or pervasive 21 \\/\ /_f \\1
fractures at the core scale. (b) ° | Al 1 |
Major mineralogical components are illite/mica and dolomite, 100 10 1 0.1 0.01 0.001
with subordinate quartz and anhydrite (Table 1). Minor amounts of °
disseminated hematite are responsible for the red colour. The fine- S 54
grained fraction of the sediment is dominated by illite/mica with %‘
sporadic occurrence of orthoclase and chlorite. A significant portion g 41
of material is lost during sample preparation for XRD analyses, = 5
and is thought to be mainly of carbonate composition. Particle size %
distribution indicates that the sediment is mainly composed of grains E 2
larger than 2 pm. The clay content sums up to 42 per cent while the 3
clay fraction is 19 per cent (Table 1). "
0- : e ; .
100 10 1 0.1 0.01 0.001

4.2.2 Goldwyer formation

The cores appear dark green to greyish in colour, they show very
fine lamination down to the millimetre scale and due to their fissile
nature require particular handling care.

Quantitative XRD analyses reveal that illite is the dominant phase
with abundant quartz and subordinate calcite, chlorite and ortho-
clase. Subordinate calcite occurs with content ranging between 1
and 8 percent, and pyrite is also observed. The fine-grained frac-
tion is illite/mica-dominated with chlorite as a second constituent.
50 percent in weight of the sediments is constituted of particles
larger than 2 um. The clay content is 60 per cent and the clay frac-
tion is 50 per cent (Tables 1 and 2).

4.3 Porosity and water content

The results shown in Fig. 6 were obtained from tests where mer-
cury was injected normal to the macroscopic bedding. Both the
Bongabinni and Goldwyer formations show a unimodal pore size

Pore throat diameter (um)

Figure 6. Results of mercury injection porosimetry on the two shale forma-
tion from the Canning Basin. (a) Pore volume as a function of pore throat
diameter: both samples show modal pore size with a peak around 13.6 nm.
The Goldwyer sample displays a slightly broad distribution of pore sizes
than the Bongabinni one. (b) Cumulative porosity as a function of pore
throat diameter: note that the Goldwyer sample reached full Hg saturation,
while the Bongabinni one does not show a flattening of the curve indicating
that Hg could not intrude the smallest part of the pore size fraction.

distribution: the former is dominated by pores in the range of 5—
15 nm; while the latter shows slightly broader pore size distribu-
tion with modal size at around 15 nm. The interconnected poros-
ity measured by mercury injection is 5.7 and 3.6 percent for the
Bongabinni and the Goldwyer samples, respectively. While full
Hg saturation was attained in the Goldwyer sample as testified by
the plateau in the cumulative porosity versus pore throat diameter
curve, the Bongabinni specimen did not reach this stage implying
that the reported value of 5.7 per cent likely underestimates the total
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100

—@— Goldwyer
—@— Bongabinni

Saturation (%)

50 100 150 200 250 300 350 400
Time (hours)

Figure 7. Desaturating curves of the Goldwyer and Bongabinni formations.
Saturation is plotted against time spent in the oven at 105 °C. The curves
are based on weight measurements taken after suitable thermal equilibration
of the samples under vacuum. Note that while the Goldwyer is completely
dry after approximately 120 hr, the Bongabinni Formation is still partially
saturated even after 300 hr at high temperature. The red vertical line indicates
the point in time at which the second attenuation test was performed on the
samples (see text).

Table 3. Details of the conditions and results of the permeability tests.

Formation T(°C) D(mm) L(mm) k(1072! m> =nD)
Goldwyer ~ 22.04+0.2 2531 10.36 4.0
Bongabinni  22.24+04 2524 11.26 43

interconnected porosity. The non-measurable porosity must be con-
stituted by extremely small pore throats that mercury, acting as a
non-wetting fluid, is not capable of penetrating even at the highest
intrusion pressure of 413 MPa.

In both formations total porosity measured by water evaporation
is significantly higher than the interconnected porosity measured by
mercury injection and attains values of 9.5 and 11.3 per cent for the
Bongabinni and Goldwyer formations, respectively. The outcomes
of the drying experiments for the two shales are reported in Fig. 7 in
terms of saturation versus time. This test assumes that the preserved
samples were fully saturated before the drying process is started.
The drying test indicates that the Goldwyer Formation de-saturates
significantly faster than the Bongabinni. This observation seems
consistent with the mercury porosimetry results which showed that
the dominant pore throat diameter in the Goldwyer formation is
larger than in the Bongabinni formation.

4.4 Permeability measurements

Table 3 shows the details of the testing conditions for each sample
along with the results in terms of water permeability.

4.5 Attenuation measurements

While it was possible to measure attenuation on two orthogonally
cored specimens of the Bongabinni formation; only one vertical
core plug from the Goldwyer Formation could be cored and tested.
The output of the direct attenuation measurements are plotted in
Fig. 8. Each sample was first tested in its preserved state (Fig. 8a),
then in a partially saturated state after drying in an oven at 105 °C
for 24 hr (Fig. 8b). Therefore, three samples in total were tested.
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Figure 8. Results of the experimental measurements of frequency depen-
dent attenuation: (a) results obtained on the preserved samples with native
fluid content; (b) results obtained on the partially saturated samples after
drying in the oven at 105 °C for 24 hr.

In its preserved state (Fig. 8a), assumed fully water-saturated,
vertical sample Vg (Goldwyer cored normal to bedding) displays
the lowest quality factor Q (highest attenuation O~') among the
three samples, with values of Q >~ 20. Of the two twin Bongabinni
samples the horizontal one cored parallel to the bedding and labelled
Hp has the highest quality factor (lowest attenuation) with values of
0O > 100. In contrast, the vertical twin sample V5 (Bongabinni cored
normal to bedding) displays Q values of Q ~ 70—80, indicating
an anisotropy of the quality factor. All three samples qualitatively
show no trend in the frequency dependency of the quality factor Q
or attenuation. Some scatter in the data is observed at frequencies
higher than 20 Hz: this is thought to be due to small resonance of
the apparatus influencing the measurements.

Measurements collected on the partially saturated vertical sample
Vs (Fig. 8b) show a broad asymmetric bell shape with a minimum in
quality factor QO (peak in attenuation) at f~ 30 Hz. The quality factor
is significantly lower in this situation than in the water-saturated
condition. The Bongabinni sample cored normal to bedding Vs also
displays an asymmetric bell-shaped curve with peak in attenuation
at f~ 42 Hz. The change in quality factor as a function of frequency
seems steeper than that observed for sample V.

The partially saturated sample Hg (Bongabinni cored parallel to
bedding) displays a modest frequency dependency with a quality
factor Q slightly increasing at the high end of the tested frequency
range.

Opver all, the data for all samples indicate that the quality factor
Q is higher (lower attenuation) in the saturated state than in the
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Table 4. Material parameters used for the identification of the dominant attenuation mechanism: ¢,
porosity; n, viscosity of the pore fluid; pgq, density of the pore fluid; &, permeability; E, saturated
undrained Young’s modulus; Ky, saturated undrained bulk modulus calculated from E,, and using an
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assumed Poisson’s ratio of 0.3.

Formation ¢ (%) n(Pas™!) ppkem) k(102'm>=nD) E,(GPa) K, (GPa)
Bongabinni 9.5 1073 103 43.0 6.9 5.8
Goldwyer 11.3 1073 103 4.0 42 35

partially saturated state. Moreover, the frequency dependency of the
quality factor seems to be significant only in the partially saturated
state.

5 DISCUSSION

This section discusses (1) the possible sources of attenuation in the
tested specimens and (2) the correlations between elastic, mechan-
ical and attenuation anisotropies in shales.

5.1 Attenuation mechanisms

Animportant cause of attenuation/dispersion of seismic waves prop-
agating in rocks is the presence of fluids in the pore space and their
physical interactions with the rock’s solid frame. The ability of a
fluid to move within the connected porosity is controlled by the fre-
quency of the wave. In the high frequency limit, the fluid has no time
to move following pressure gradients induced by the propagating
wave. In contrast, in the low frequency limit, fluid has the time to
flow until pore pressure is equilibrated (uniform) at all scales. Be-
tween these two limiting situations several attenuation/dispersion
mechanisms can be triggered depending on the frequency of the
propagating wave, the microstructure of the rock, the boundary
conditions and the scale of heterogeneities (Winkler & Murphy
1995; Muller et al. 2010; Sarout 2012).

Our analysis is based on the physical parameters characterizing
the Bongabinni and Goldwyer formations samples reported in Ta-
ble 4 and focuses on the following mechanisms already identified
in the literature:

(1) Fluid diffusion in the pore space at the meso- or macroscopic
scale.

(2) Transition from viscous flow of fluid to inertial drag between
solid matrix and pore fluid (macroscopic scale).

(3) Squirt-flow between different pore types (microscopic scale).

5.1.1 Macroscopic diffusion in water-saturated shales

Dimensional analysis of diffusion processes reveals that a diffusion
coefficient D (in m? s™') is proportional to a squared characteristic
length L? and inversely proportional to a characteristic relaxation
time t4 = 1/f3.

D~ 1L’ = 1 ®)
Ja

This is the fundamental relation for the estimation of the cut-
off frequencies associated with attenuation/dispersion due to fluid
motion in the pore space and it is based on the assumption that
a representative volume element exists such that diffusion occurs
across such volume in a continuous media (Cleary 1978). The diffu-
sion coefficient is well defined for fully saturated porous media (see
for example, Wang 2000) and is related to the permeability of the

porous rock k (in m?), to the fluid dynamic viscosity 1 (in Pa s™')
and to the rock bulk modulus K (in Pa),

k
D~ 7Ku- (9)
n

Two situations can be distinguished when stress perturbations are
passing through rocks: the drained regime and the undrained regime,
each corresponding to a specific bulk modulus. In the drained regime
the fluid has time to flow in response to a stress perturbation (ex-
tremely low frequency). No pore pressure changes are expected and
the fluid does not contribute to the overall stiffness of the rock,
therefore the drained and dry bulk moduli coincide Ky = Kgry.
In the undrained regime the fluid does not have enough time to flow,
that is, its mass and volume are constant within a given volume of
rock subject to a stress perturbation and contributes to the overall
stiffness of the rock and the corresponding undrained bulk modulus
Ku > Kd.

The cut-off frequency separating the drained and the undrained
regimes (f3) can be estimated combining eqs (8) and (9)
kK,

n L

where fy can be compared to the frequency range explored in the
experiments reported above (1072 to 10> Hz) using the data avail-
able in Table 4 and the samples dimensions (60 mm in length and
25.4 mm in diameter). Using eq. (10) with L equal to the half-length
(axial diffusion) or to the radius (radial diffusion) of the samples,
estimated values of f; in the fully saturated samples are between
fi=2.7 x 107* and 1.5 x 10~ Hz for the Bongabinni Formation
samples; and between f; = 1.6 x 107 and 8.7 x 10~ Hz for the
Goldwyer Formation sample. Therefore the attenuation associated
with diffusion across the water-saturated samples is expected to
occur at frequencies much lower than those explored in the experi-
ments, consistent with the lack of attenuation peak measured during
the tests (Fig. 8a). The water-saturated samples are effectively tested
in the undrained regime and no macroscopic flow occurs. Note that
fa also corresponds to the cut-off frequency associated with the “ar-
tificial attenuation’ caused by the experiment open-pore boundary
condition as extensively described by Dunn (1986).

Ja= (10)

5.1.2 Macroscopic interactions: diffusive-inertial transition

In a water-saturated rock, at frequencies higher than f;, inertial ef-
fects are expected, mainly due to the difference in density between
the fluid and solid phases. This phenomenon is predicted by Biot’s
theory of poroelasticity (Biot 1962): the cut-off frequency associ-
ated with the transition between the quasi-static (Gassmann limit)
and the dynamic (inertial) domains is called Biot’s frequency f;.
Around f3, viscous and drag forces are of comparable magnitude
and peak attenuation associated with this transition is expected. This
frequency can be expressed as

¢
o= 2mppk’

(In



512  C. Delle Piane et al.

Using the parameters reported in Table 4, f; = 3.5 x 10! Hz and
f3 = 4.5 x 10'? Hz for the Bongabinni and Goldwyer formations,
respectively. The attenuation peak associated with this transition is
outside the experimental frequency range explored in this study.
This also implies that the samples tested in range f = 1072 to
10? Hz in the laboratory lie in the viscous flow regime.

5.1.3 Mesoscopic diffusion

Mesocale defines features in the rock that have a characteristic
length sale (size and/or spacing) L,, smaller than the size of the
sample, yet larger than the characteristic size of the fluid bearing
features that constitute the rock microstructure.

Eq. (10) can be used to relate the cut-off frequency fy associ-
ated with an attenuation mechanism in the partially saturated shale
samples (Fig. 8b) to the mesoscale diffusion length L, and the pa-
rameters reported in Table 4. However, since the bulk modulus of the
shales in this partially saturated situation is not available, K, is used
instead. This is a reasonable approximation since the bulk modulus
of the shales in the partially saturated situation is not expected to
be different from K, by orders of magnitude. Inverting eq. (10) for
L,, using the peak attenuation frequencies measured during the tests
on the partially saturated samples (Fig. 8b) yields the characteristic
length L., = 77 and 22 pum for the Bongabinni and the Goldwyer
vertical samples, respectively (Fig. 9a).

These values are analysed in relation to the possible existence of
(1) fluid saturation patches (Dvorkin & Nur 1998; Johnson 2001)
and (2) mesoscopic fractures (Pride & Berryman 2003).

Patchy saturation refers to a heterogeneous spatial distribution
of fluids in the pore space, that is, the existence of several patches
where one fluid saturates the pore space, while the remaining volume
is saturated with another fluid (e.g. water and air). Fluid motion in
such a medium can be responsible for the observed attenuation if
(1) the wavelength of the stress perturbation is much larger than
a representative volume element and (2) if the patches are much
larger than the characteristic pore size.

A characteristic patch size of L, = 77 and 22 pum for the
Bongabinni and the Goldwyer vertical samples, respectively in-
dicates that the estimated patches sizes are much larger than the
modal pore size (14 nm) obtained from the mercury injection tests
on sub-samples of the two shales. The ultrasonic wave velocities
measured on these shales (Delle Piane et al. 2011c) yield a wave-
length of the order of few millimetres. Therefore in the frequency
range of stress perturbations applied in the present oscillation ex-
periments (1072 to 10? Hz), the wavelength is even larger so that
the saturation patches are also much smaller than this wavelength.
These two observations support the patchy saturation mechanism as
a possible cause of the observed attenuation peaks in the partially
saturated shales investigated.

The existence of mesoscopic fractures with a characteristic
size/spacing larger than the modal pore size (14 nm) of the two
shales can also be responsible for the observed attenuation peaks.
If such fractures are filled with water and are deformed by the
applied stress perturbation, water can diffuse into the surround-
ing porous material containing much smaller pores, cracks, grain
contacts, and/or pore throats. The relevant characteristic diffusion
length is then the average half-distance between such fractures. Us-
ing eq. (10) yields a fractures’ average half-spacing L,, = 77 and
22 pm for the Bongabinni and the Goldwyer vertical samples, re-
spectively. In Fig. 4 (Bongabinni Formation shale), no mesoscale
fracture can be observed, despite the relatively wide field of view of
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Figure 9. Inversion of the experimental results according to two of the
attenuation mechanisms discussed in the text. (a) Mesoscopic fluid flow
associated with the patchy saturation mechanism: the inclined lines are
calculated using eq. (10) and the rock specific values reported in Table 4;
vertical reference frequencies for the Goldwyer and Bongabinni samples
correspond to the attenuation peaks identified during the tests under partial
saturation state and reported in Fig. 8(b); horizontal lines indicate the patch
size (L) inverted from eq. (10). The transition between drained and undrained
fields corresponds to the characteristic frequency fg discussed in the text. (b)
Microscopic fluid flow associated with the squirt mechanism: the inclined
lines are calculated using eq. (12) and the rock specific values listed in
Table 4. Vertical reference frequencies for the Goldwyer and Bongabinni
samples correspond to the attenuation peaks identified during the tests under
partial saturation state and reported in Fig. 8(b). Horizontal lines indicate
the aspect ratio inverted from eq. (12). See text for the definition of Biot’s
critical frequency f3.

the SEM image. Therefore water diffusion out of mesoscale frac-
tures is not a likely mechanism for explaining the attenuation peak
observed in the Bongabinni Formation shale.

In Fig. 5 (Goldwyer Formation), mesoscale fractures are visible
and a half-spacing between them of the order of L,,, = 22 pm seems
reasonable. However, it is likely that these fractures are the result
of sample handling and preparation. If these fractures exist in the



preserved Goldwyer shale sample, the attenuation peak should also
be observed in the preserved sample, which is not the case. On the
other hand, if these fractures are artificially induced by the drying
process (e.g. due to clays shrinkage), they are most likely dry due to
the extremely low permeability of the porous material surrounding
the fractures and the large capillary forces keeping water inside the
small pores (~14 nm). Therefore this mesoscale mechanism is not
likely to contribute to the attenuation peak observed in the partially
saturated Goldwyer Formation test (Fig. 8b).

5.1.4 Microscopic scale: squirt-flow

At the microscopic level, fluid flow can take place between indi-
vidual pores within any representative volume element. This mech-
anism is referred to as ‘squirt flow’ and it is associated with fluid
squirting from a stress-sensitive type of pore (e.g. cracks,) into a
stiffer one (e.g. equant pore) when a stress perturbation is applied
to the rock.

Squirt flow attenuation peak occurs at a frequency f; related to the
geometry of the stress-sensitive type of pores (their aspect ratio).
Several authors provided estimates of this cut-off frequency and
most of them bear the same dependency of f; to the cubed aspect
ratio of the pores, although there are some differences regarding the
elastic modulus used in the calculation. Following Le Ravalec &
Gueguen (1996) or Sarout (2012), f; can be approximated by

O[3E0
Js = .
24n

where « is the aspect ratio of the compliant pore and E is the
Young’s modulus of the solid medium in which a single compliant
pore is embedded.

Solving eq. (12) for o using the parameters listed in Table 4, and
the peak frequencies obtained on the partially saturated samples,
one can derive a characteristic pore geometry expressed as an aspect
ratio o ~ 5 x 10~* (Fig. 9b). Such a value is consistent with the
ones reported by other authors as inverted from ultrasonic tests,
dipole wireline log investigations and low frequency laboratory
experiments (e.g. Jones 1986; Bayuk et al. 2008; Angus et al. 2009)
and numerical simulations (Mavko & Nur 1979; Palmer & Traviolia
1980).

On the other hand, if squirt-flow is to contribute significantly to
the attenuation peak observed in the partially saturated shales, it
is expected to induce an attenuation peak in the preserved shale
samples as well, which is not the case. This rationale is valid only if
the solid frame of the shales remains unchanged during the drying
process but,. as discussed above in the case of mesoscale fractures,
shales can be damaged by the drying process itself and microscale
cracks be generated in the partially saturated sample that were not
initially present in the preserved sample.

Based on the characteristic frequencies associated with five pos-
sible wave-induced attenuation mechanisms and on the measured
properties of two different shales, mesoscale diffusion associated
with patchy saturation is likely to contribute to the attenuation peaks
observed in the partially saturated samples of both shales. In con-
trast, Biot mechanism, mesoscale diffusion associated with fractures
and the artificial sample boundary condition effects are not likely to
be applicable for both preserved shale samples. It is more difficult to
reach a definitive conclusion regarding squirt-flow associated with
microscale cracks. The conditions for the microscale squirt-flow to
contribute to the observed attenuation peaks in both partially sat-
urated shales without being visible in the preserved shales can be
summarized as follows (1) microscale cracks do not truly exist in the

(12)
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preserved samples; (2) they are generated in the partially saturated
sample by the drying process. In the partially saturated samples cer-
tain microscale cracks can potentially remain filled with water to the
same extent as equant pores can; high pressure experiments would
be required to discriminate the contribution of compliant cracks to
the measured attenuation.

This analysis constitutes a first attempt in improving our un-
derstanding of the new experimental data available on shales and
provides information about the field of validity of end-member
mechanisms. Nevertheless, it seems likely that in the laboratory as
well as in field different attenuation mechanisms may be compet-
ing with variable relative contributions given that natural rocks and
shales in particular present a wide range of pore sizes, shapes and
microstructures.

5.2 Attenuation anisotropy

Rock fabric (i.e. minerals and pore space arrangement), can give rise
to significant elastic, mechanical and/or permeability anisotropy. As
rock fabric and fluid distribution in the pore space control attenu-
ation, it is expected that a macroscopically anisotropic rock will
display a directional dependency of the quality factor Q (or attenu-
ation 07 1).

Shales are known to show various degrees of elastic anisotropy
and are normally described as transversely anisotropic rocks (e.g.
Podio ef al. 1968; Hornby 1998; Sarout & Guéguen 2008). The
samples tested in this study are no exception: dynamic elastic mod-
uli measured on samples of the Bongabinni and Goldwyer from
the same parent cores used in this study indicate a significant
anisotropy of ultrasonic wave velocities, due to clay particle align-
ment and presence of bedding parallel thin cracks (Delle Piane e? al.
2011b,c).

The experimental results collected on the Bongabinni pair of sam-
ples indicate that attenuation is higher when low frequency waves
propagate across the macroscopic bedding than parallel to it. This
observation is in agreement with the ultrasonic measurements of
Stanley & Christensen (2001) and of Deng et al. (2009); the nar-
row band measurements of Domnesteanu et al. (2002) on saturated
shales from the North Sea under over pressured conditions; and the
broad band tests of Hofmann (2006) who reported higher losses
for oscillations applied along a direction normal to the bedding.
Indeed previous studies identified the symmetry axis of shales (nor-
mal to symmetry/bedding plane) as the most compliant axis from
the elastic point of view suggesting an analogy with the attenuation
case.

Anisotropy of attenuation is consistently seen in both the sat-
urated and the partially saturated situations and in both experi-
ments sample Hg (Bongabinni horizontal) shows negligible fre-
quency dependency as opposed to the two vertically cored samples.
Planar discontinuities tend to be aligned with the macroscopic bed-
ding and have high compliance when compared to the surround-
ing porous material. An oscillatory stress perturbation travelling
normal to the short axis of these discontinuities will cause them
to close and open alternatively; the relatively impermeable walls
of the discontinuities being squeezed together will induce a fluid
pressure gradients resulting in fluid movements toward regions of
lower pressures. In the opposite situation for which a stress per-
turbation is travelling along the macroscopic bedding, virtually no
load transfer occurs between the solid framework and the fluid lo-
cated in the elongated discontinuities, thus fluid motion is relatively
limited.
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6 CONCLUSIONS

Experimental measurements of attenuation were collected on sam-
ples of two shale formations in the frequency range 0.01-100 Hz.
Experiments were designed to assess the role of saturation and
anisotropy on attenuation by repeating the measurements first on
samples with their preserved native fluid content, and then follow-
ing dehydration in an oven at 105 °C for 24 hr.

Results indicate that both shale types show some degree of atten-
uation with the highest values recorded normal to the macroscopic
bedding. Moreover no frequency dependency is observed in the
preserved samples within the range of frequencies explored in this
study. On the other hand partially saturated samples show peaks in
attenuation at around 40 Hz when the stress perturbation is transmit-
ted normal to the macroscopic bedding. We interpret this behaviour
to be due to fluid motion at the meso- and microscale; that is, a com-
bination of (1) mesoscale fluid diffusion around saturated patches
of the samples; (2) microscale squirt-flow between compliant pores
(cracks, grain contacts) and neighbour cavities, either non-coplanar
compliant pores or stiffer equant pores; and possibly (3) mesoscale
fluid diffusion from fractures into the surrounding porous material
in one of the two shale samples.

This interpretation is compatible with microstructural investiga-
tion by SEM and mercury injection revealing both quantitative and
qualitative information on the pore geometry and size within the
two shales.
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