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ARTICLE INFO ABSTRACT

Keywords: Understanding the effect that multiscale heterogeneities have on the wave responses of rocks at different fre-
P-wave anelasticity quencies is essential in the interpretation of seismic data. In fact, the behaviors of ultrasonic and seismic waves
Tight rocks . differ because the experiments involve different spatial scales. Then, a solution is to apply a theory that estab-
xz;/:izsz:;tlznuanon lishes a relation between the wave properties at different frequency bands considering a size range of hetero-
Fabeic heterogeneity geneities. To investigate this problem, we have measured the compressional wave (P-wave) anelasticity (velocity
Fractal and attenuation) of tight reservoir rocks at ultrasonic, sonic and seismic frequencies. The wave behavior as a

function of porosity or clay content shows a consistent trend. With increasing confining pressure, the effect of
porosity on attenuation decreases, while that of clay content gradually becomes important. To interpret the data,
we propose a double-fractal poroelasticity model by incorporating the self-similarity characteristics of cracks and
clay minerals. The comparison between the experimental data and model results reveals the fractality of the clay
inclusions and cracks, with radii range of [10’6, 10’1'5] m and [10’6, 10’3'1] m, respectively, which is
responsible for the anelastic behavior of the waves on a wide frequency band.

1. Introduction

The effects of multi spatial scale (multiscale) pores, cracks and clay
minerals on the wave properties, mainly attenuation and velocity
dispersion, at different frequency bands, is important for reservoir
characterization (to estimate the geofluid content), nuclear-waste
disposal analysis, and carbon dioxide flooding and geo-seques-
tration.' In this sense, it is essential to perform a comparative analysis
between multi-frequency data, namely, seismic (10 Hz-1 kHz), sonic-log
(1 kHz-10 kHz) and laboratory (10 Hz-1 MHz) data. Classical poroe-
lasticity theories assuming single-scale heterogeneities are not appro-
priate. Therefore, we intend to offer data and a model to interpret these
data at multiscales and multi-frequencies, in terms of wave anelasticity.

It is well-known that the wave properties are frequency-depend-
ent,” > but only few works analyzed the wave anelasticity data at
multi-frequencies. Sams et al.'* measured attenuation at seismic to ul-
trasonic frequencies and observed a relaxation peak of the P-wave
dissipation factor at sonic frequencies. Caspari et al.'® estimated the
P-wave anelasticity at log and laboratory frequencies, and interpreted
the data with the WIFF (wave-induced fluid-flow) model. The problem is
that the anelastic properties cannot be scaled from one frequency band
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to another, i.e., what we measure at MHz frequencies may not reflect the
wave response at seismic frequencies.

The WIFF loss mechanism is widely accepted as a dominant one,
which may arise at mesoscopic scales (much smaller than the wave-
length but larger than the pore size) when a wave propagates through a
fluid-saturated porous medium with heterogeneities.'®"*> The macro-
scopic WIFF loss mechanism, known as the Biot global flow, is generally
important at tens of kHzs,>>** while the microscopic WIFF loss mech-
anism acts at the pore scale, related to stiff pores, grain contacts, cracks
and clay aggregates.”?® Understanding the WIFF mechanisms, basi-
cally the effects on wave anelasticity, can be used to characterize the
geometrical properties, mineral composition and fluid content of the
rock 27-37:59,60

In this work, we carry out P-wave velocity and attenuation mea-
surements at multi-frequencies on tight reservoir rocks of the Ordos
Basin, namely, post-stack seismic (at about 30 Hz), well-log (at about 10
kHz) and laboratory (0.55 MHz) data. Then, we analyze the frequency
responses and the effects of porosity and clay content on the P-wave
anelasticity. To interpret these data sets, we propose a double-fractal
poroelasticity model, where fractality refers to the multiple size of the
crack radius and clay minerals.
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Fig. 1. (a) Multi-frequency wave data from a tight
reservoir. From top to bottom are shown the seismic
profile through Well C, the sonic-log signals from the
first receiver in Well C, and the ultrasonic waveforms
of specimen TS22 at different confining pressures
(Pc). P-wave average attenuation as a function of
porosity (b) and clay content (c) at different confining

e —— —— pressures in 38 rock specimens. Casting thin section
Soossmmm  images are shown, where the upper one exhibits the
microcracks and dissolved pores while that lower one
has interstitial materials (mostly clay).
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2. Data acquisition and processing

The Member 7 layer of the Yanchang Formation is located in the
Qingyang area of the Ordos Basin, China. The burial depth is between
1840 and 2530 m and the thickness is about 110 m. The in-situ confining
and pore pressures are about 30 and 15 MPa, respectively, while the
temperature is higher than 30 °C. The reservoir mainly consists of tight
sandstones and shales. The sandstone layer has fractures and micro/
nano pores. The data are acquired as shown in Fig. 1a.

25 30 35 40
Time (us)

Dissolved.pores

2.1. Laboratory measurements and attenuation estimation

Thirty-eight tight-sandstone samples are collected from the reservoir
to perform X-ray diffraction and casting thin section analyses. The
minerals are quartz, feldspar, clay minerals, and a small amount of
siderite and pyrite, with volume fractions in the ranges of 40-61%,
20-35%, 3-16% and 0.5-3%, respectively. The reservoir space consists
of intergranular pores, dissolved pores and microcracks/fractures. The
pore diameter lies between 0.02 and 0.05 mm. The interstitial mineral is
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Table 1
Physical properties of the tight-sandstone specimens.

Depth Sample  Density (g/  Porosity Permeability Clay
(m) cm?) (%) (mD) content (%)
1820.5 TS1 2.61 2.786 0.006 5.87
2009.5 TS2 2.60 3.136 0.003 5.23
2009.6 TS3 2.61 3.467 0.004 5.92
2036.5 TS4 2.58 3.562 0.005 6.03
2000.6 TS5 2.57 4.491 0.033 15.23
2011.9 TS6 2.57 4.512 0.007 4.08
2036.7 TS7 2.54 4.681 0.009 4.68
1995.2 TS8 2.47 4.796 0.005 8.94
2345.0 TS9 2.57 4.819 0.017 5.85
1996.7 TS10 2.43 5.029 0.010 4.84
1996.8 TS11 2.44 5.065 0.018 5.59
1825.4 TS12 2.57 5.192 0.021 12.31
1995.4 TS13 2.44 5.208 0.012 6.12
1992.0 TS14 2.54 5.235 0.015 5.29
1948.2 TS15 2.53 5.278 0.005 10.96
2030.0 TS16 2.54 5.625 0.006 5.10
2030.1 TS17 2.55 5.686 0.005 5.39
1949.4 TS18 2.51 5.787 0.020 7.84
1967.0 TS19 2.53 6.156 0.016 5.55
1819.5 TS20 2.49 6.376 0.018 6.23
1825.3 TS21 2.49 6.917 0.013 9.39
2011.8 TS22 2.49 7.220 0.020 5.87
1825.1 TS23 2.48 7.259 0.015 6.60
2341.5 TS24 2.48 7.327 0.019 10.96
1928.9 TS25 2.45 7.418 0.038 5.49
1929.0 TS26 2.46 7.547 0.043 4.34
2228.1 TS27 2.47 7.674 0.074 5.19
1979.6 TS28 2.44 7.787 0.042 4.62
2098.7 TS29 2.43 8.752 0.048 6.89
1804.0 TS30 2.43 8.791 0.056 7.16
1964.0 TS31 2.41 8.847 0.065 7.16
2121.3 TS32 2.41 8.998 0.078 4.61
1994.0 TS33 2.42 9.000 0.036 3.46
2101.8 TS34 2.44 9.201 0.038 7.12
1800.0 TS35 2.41 9.222 0.066 5.35
2099.0 TS36 2.41 9.252 0.072 6.22
2097.7 TS37 2.40 9.269 0.050 5.72
1996.0 TS38 2.37 10.165 0.096 6.07

clay with micropores.

Cylindrical specimens with a diameter of 25.2 mm and lengths in the
range 27.30-49.77 mm are cored, and aluminum plugs with the same
shape are used as reference standards. The porosity and permeability are
measured by the automated permeameter of the Core Measurement
System. The rock physical properties of the samples TS1-TS38 numbered
according to increasing porosity, are listed in Table 1. Ultrasonic mea-
surements are performed under water saturation and a pulse central
frequency of 0.55 MHz. The schematic diagram of the experimental
device is illustrated in Ma & Ba.>* The samples are first saturated with
brine by the vacuum-pressure saturation method, then sealed with a
rubber sleeve to prevent oil contamination and placed in a high-pressure
vessel. Confining pressures of 5 and 10 MPa are applied while keeping a
constant pore pressure at 5 MPa and at a temperature of about 30 °C.
Furthermore, by keeping the temperature constant, confining pressures
of 20, 30, 40, 50 and 60 MPa are applied at a pore pressure of 15 MPa.
P-waveforms are recorded after half an hour, and the velocity is
computed from first arrivals, with an error less than 0.5%.°% The
spectral-ratio method is used to determine the dissipation factor (inverse
of the quality factor Q),*°

A(f) _ X Gi(x)
ln(Ach)) = o’ TP W

where A1 (f) and Az (f) are the amplitude spectra of the rock specimen
and aluminium, respectively, f is the frequency, Qp is the quality factor,
x is the propagation distance, Vp is the P-wave velocity, and G (x)/ G2(x)
is the specimen/aluminium geometrical factor. The attenuation errors
can be caused by near-field effects and choice of the time-window
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length. Since the near-field region covers a region of 19 mm from the
source, which is shorter than the sample length, the related effects do
not affect the measurements. Moreover, the window must have a certain
length smaller than a given threshold to avoid errors. One period of the
waveform after the first arrival is used to compute the amplitude spec-
trum, avoiding the effect of multiple reflections. The attenuation error
can be estimated from the error in fitting a straight line to the spectral
ratio data points,®” which is less than 11%. The centroid frequency-shift
method?’ is used to compute the attenuation as well, to verify the
results.*’

2.2. Full-waveform sonic-log data and attenuation estimation

Six sets of log data are collected from Wells 1-6, including density
log, porosity, gamma ray (GR), velocity and full-waveform signals,
recorded at thirteen receivers, with a receiver interval of 0.1524 m and a
distance from source to first receiver of 3.12 m. The center frequency of
the signals is approximately 10 kHz.

To estimate attenuation from the full-waveform data, the Akaike
information criterion (AIC) algorithm is used to obtain the P-wave
arrival time."! As mentioned above, the attenuation estimated from the
sonic-log data is relatively sensitive to the window length among all the
processing parameters. A wide window can cause larger errors.*? We
applied a time window of 120 ps after the first arrival to extract the one
period of the signal, avoiding the S wave and multiple reflections. Then,
the selected pulses are converted into amplitude spectra through the
Fourier transform. An example of waveforms and corresponding spectra
of the windowed P-waves are given in the “Supplementary Material”,
respectively. Part of the spectra in the vicinity of the center frequencies
is used to compute the attenuation. We use the statistical average
method for the subsequent attenuation estimation,* as

A A
?,(20) — 2,(2) + Q5" (20)Tu(20)

T.0) (2)

Op(2)=

where &, = 21InA,(z,f)/f and is the matrix associated with depth and
frequency, A, is the spectrum at the nth receiver, T, is the sonic wave
travel time, z denotes depth, and the subscript O refers to a reference
depth. This method suppresses unwanted effects such as receiver
mismatch, borehole irregularity, off-centered tool, and weak geometric
spreading.

2.3. Reservoir properties and seismic attenuation acquisition

The depth interval of the field measurements in the wells is
1770-2200 m, which ensures that these data can be compared with the
seismic and laboratory data, the latter made at the in-situ pressure.
Thermal effects are not considered because their effect on velocity and
waveform in the saturated rocks is negligible at the in-situ conditions.**
The reservoir lithology includes tight-sandstone and shale rocks. An
improved frequency-shift method*’ is used to estimate the attenuation,
which removes the effects of the spectrum shape and noise. The atten-
uation estimated from seismic data can be affected by errors related to
the seismic processing (migration, deconvolution, and frequency con-
tent), and is locally dependent on the background medium reflectivity.
A strong reflection layer above the target layer is selected as the refer-
ence. The centroid frequency of the seismic wave is obtained from the
spectra with a main frequency range between 0 and 60 Hz.

3. Velocity and attenuation
3.1. Effects of confining pressure, porosity and clay content
The P-wave velocities and attenuation are given in the Supplemen-

tary Material (Figs. S1, S2 and S3). As expected, the ultrasonic P-wave
velocity increases and attenuation decreases with confining pressure.
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Fig. 2. Measured P-wave velocities and attenuation at ultrasonic, sonic, and
seismic frequencies. (a) Velocity versus porosity, (b) velocity versus clay con-
tent, (c) attenuation versus porosity, and (d) attenuation versus clay content.
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The specimens with a higher porosity undergo larger variations.

The 38 specimens are classified into three groups according to
porosity and clay content. The averages of attenuation at different
ranges of porosity (2-5%, 5-7%, and 7-11%) and clay content (3-5%,
5-8%, and 8-16%) are shown in Fig. 1b and c, respectively. The varia-
tion of the P-wave attenuation in different porosity ranges (it generally
increases with increasing porosity) diminishes with increasing pressure
due to the gradual closing of cracks. On the other hand, the variation
with respect to clay content becomes important with increasing pres-
sure. When cracks (associated with the connected pores) gradually close,
the crack-associated WIFF loss mechanism is inhibited. On the other
hand, intrapore and grain surface clays are hardly affected by pressure,
since this clay is not load bearing. The clay-associated WIFF gradually
becomes dominant.

3.2. Comparison of multi-frequency data

The confining and pore pressures of the reservoir are approximately
30 and 15 MPa, respectively. Fig. 2 compares the P-wave ultrasonic,
sonic and seismic velocity and attenuation as a function of porosity or
clay content. Generally, the velocity decreases with porosity and clay
content while attenuation increases. The wave anelasticity is affected by
the combined effects of the pore structure and clay minerals.

A strong velocity dispersion is observed. The ultrasonic velocity has
an average of 4912 m/s, compared to 4503 and 4376 m/s at sonic and
seismic frequencies, respectively. The average ultrasonic, sonic and
seismic dissipation factors (1000/Qp) are 16.22, 18.32 and 26.53,
respectively, i.e., the seismic attenuation is higher than the ultrasonic
one at constant porosity. The variation range of the sonic attenuation is
larger than those at ultrasonic and seismic frequencies.

4. Theoretical modeling
4.1. Fractal cracks and clay minerals

The shallow crust and particularly fluid-saturated reservoirs contain
cracks of different spatial scales, and the presence of clay minerals with
micropores can significantly affect the fabric structures. This complexity
can be quantitatively described by a fractal geometry, which may be
evaluated from Scanning Electron Microscope (SEM) tests.*’~*° We as-
sume that fluid-saturated cracks and clay minerals are both randomly
and sparsely distributed in an isotropic medium, satisfying a statistical
self-similarity at different scales as shown in Fig. 3. The probability
density function of the crack or clay mineral radius distribution is,*

f(a) =Dyagiya™ (1) ®

where a and ap,, are the random and minimum crack or clay mineral
radii, respectively, and Dy is the fractal dimension ranging from 1 to 2
(2D space) and from 2 to 3 (3D space).

4.2. Double-fractal poroelasticity model

The clay aggregates with a scale range from microns to meters
constitute matrix heterogeneities (Fig. 3). Moreover, the sizes of cracks
and grain contacts (soft pores) are in the similar spatial range. The host
medium, with an absolute porosity ¢, is composed of the main minerals
and stiff pores. The volume fraction of crack inclusions with radius a.
and porosity ¢, is Ver. The volume fraction of clay inclusion with the
radius a, and porosity ¢ is vq. Then, the crack or clay inclusions with
different volume fractions (dg., = ¢ dver Or dp = @ dva, where the
subscript cr or cl denotes crack or clay) are incrementally added to the
host by assuming a dilute concentration. The composite obtained after
each addition is taken as the host of the next addition. The dry-rock
moduli are determined by the following differential scheme,>!
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Fig. 3. Diagrams showing the double-fractal characterization with cracks and clay inclusions. Qz. is quartz, and Fs. is feldspar.
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where K,(Ver = 0,V = 0) = Kpy, and Gp(Ve = 0,V = 0) = Gpy. Kou
and Gy, Kper and Gy, and Kp and Gy are the dry-rock bulk and shear
moduli of the host, crack inclusion and clay inclusion, respectively, and
L; and L, are the polarization factors for the bulk and shear moduli,
respectively.

At each addition with a different scale inclusion, the double-porosity
model®%>® with the host porosity ¢ and the incremental porosity dg,, or
dgq, [dpe = 9o (aer)dae or dpy = ¢,(aq)daq), is applied to compute
the complex moduli of the composite. Then, the double-fractal equations
for wave propagation are

Wut 3R) Ve 0y (6t [ Catac)dat [ Catian)dan )
0 0
+ /:n chqo;r (aCf ) v (écr - (/'Ccr)daC\' + A acl(plcl (aCl )V (gcl - (Pfcl )dad

=ﬁ00ﬁ+ﬁm¢ﬁH+/ pozfplcr(acr)ﬁcrdacr+/ ﬁos(o;l(acl)Ucldacl
0 0

A2 )y | 200 (a0 [ 2= (a0)da
Ku 0 Ker 0 K
(8a)
0uVe + R (u+ [ olla)tudan+ [ 0l (aa)tudan)
= _01‘i +anH - _i (‘.’ - UH)
Ky
acrve + RCrv(écr - (oé‘cr) + chve + Tedv(écl - (occl) (8(:)
= P+ Pogti+ PV + 72U — 2 = U) 21 (8- 0
(aHe + RH (EH + / Ccrwlcr (aﬂ)dacr + / Ccl‘plcl (ad)dad))
e 2 (8d)
- (che + Rcr (5cr - (pCcr)) - (che + Rcl (fcl - (pz:cl))
1 Py N\ 1 Py ;
= a9, (—_fz:cr + _lé'u) + 380004 (—_fccl + _iCcl
3 Pu Ky 3 Pu Ku

where u, Uy, U and U, are the solid displacement, fluid displacement
in the host medium, fluid displacement in the crack inclusions, and fluid
displacement in the clay inclusions, respectively, and e, &y, £, and £ are
the corresponding displacement divergence fields. Scalar ¢, () rep-
resents the variation of fluid content between the host and cracks (clay
aggregates), ky, k. and k. are the permeabilities of the host, crack and
clay inclusions, respectively, and p; and 7 are the fluid density and

viscosity. The host parameters @, and &y, the stiffnesses A , N, Qy, Qcr,
Qu; Ry, Rer, and Ra, and the density coefficients pog, Po1» Pozs Poss P11» P2z
and p5 can be determined as the discretization procedure illustrated in
Zhang et al.>® The P- and S-wave complex wave numbers (kp and ks) are
obtained by a plane wave analysis.
The P-wave phase velocity is'®?’
®

and the dissipation factor is

_ 2Im(kp)

-1
0 = Relky)

(10)

4.3. Data interpretation

We use the proposed double-fractal model to interpret the multi-
frequency experimental data. The grain bulk modulus is 38.78 GPa,
based on the Hashin-Shtrikman bounds®* by assuming quartz as the host
mineral; its density is 2.65 g/cm®. The bulk/shear moduli of the dry host
medium are 26/19 GPa, 22/17 GPa, and 18/14 GPa at the porosities of
4%, 8% and 12%, respectively. The bulk modulus, density and viscosity
of the saturating fluid at the in-situ conditions are 2.273 GPa, 1.004
g/cm® and 981 Pas, respectively.”® Crack inclusions with a bulk
modulus of 0.3 GPa, a shear modulus of 0.21 GPa and a porosity of 0.09
are assumed, while the clay inclusions have a bulk modulus of 0.5 GPa, a
shear modulus of 0.17 GPa and a porosity of 0.02.>° The crack and clay
volume fractions for each radius are determined with the probability
density function Eq. (3). Uncertainties of the fractal dimension and
radius range slightly affect the predicted velocity and attenuation. A
higher fractal dimension may lead to a slightly lower P-wave velocity
and a broader frequency range of anelasticity. A fractal dimension of
2.58 for the crack is chosen, based on the analysis of pore throats of tight
sandstones in the Ordos Basin.’® The clay inclusions have a fractal
dimension of 2.43, based on the properties of clay minerals observed on
2D SEM images.57 The radius ranges are [10-® m, 10731 m] and [107°
m, 1071% m] for cracks and clay, respectively, which are determined by
matching the model with the multi-frequency data.

The multi-frequency data, compared with the model results at
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Fig. 4. Predictions of the double-fractal model as a function of porosity and
frequency, compared with the experimental data. (a) Velocity and (b) dissipa-
tion factor.

different porosities, are shown in Fig. 4. The predictions are in agree-
ment with the observed velocities and attenuation. For instance, the
deviations between the theoretical velocity and attenuation and those
experimental data of sample TS17 are 1.1% and 6.7%, respectively.
There are two attenuation peaks caused by the double-fractal clay and
crack inclusions. The attenuation at the seismic band is mostly related to
the WIFF mechanism between the clay inclusions and host medium,
while the sonic and ultrasonic attenuation are caused by the WIFF due to
the cracks and clay inclusions. Other WIFF models can only make pre-
dictions at a single frequency band, such as the squirt-flow model.’® The
proposed model offers new approaches for the seismic exploration of
reservoirs. By using a multiscale geophysical data set, the elastic prop-
erties and attenuation acquired at different frequencies can be related to
the crack and inclusions (e.g., clay) properties, leading to effective
properties. This is of importance for rock characterization based on
laboratory and well data for inferring petrophysical properties from
seismic data.

5. Conclusions

We have measured the P-wave velocity and attenuation of tight
reservoir rocks at different frequency bands. The results show that the
effect of porosity on attenuation decreases when that of clay content
increases with confining pressure at the ultrasonic scale. In general, the
effect of porosity and clay minerals have a similar effect at the different
bands. To interpret the data, we propose a double-fractal poroelasticity
model, where fractality refers to the size of the cracks and clay in-
clusions. The agreement between the predictions and the observed data
indicates that the P-wave anelasticity can be interpreted by multiscale
wave-induced fluid flow (WIFF) mechanisms caused by cracks and clay
inclusions with fractal dimensions of 2.58 and 2.43, and radii in the
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range [10°® m, 107! m] and [107® m, 107! m], respectively. The
proposed model also provides an effective tool to correlate data at
different frequency bands, which is relevant for the characterization of
petrophysical properties.

The proposed model can be applied to fluid-saturated media, but
cannot deal with partial saturation at the pore-scale level, e.g., including
effects such as capillary forces between immiscible fluids, a topic that
will be tackled in a future publication.
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