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Diagnostics of seismic time-lapse effects of sandstones

based on laboratory data

Bernardo Moyano', Tor Ame Johansen', Remy Sverre Agersborg?, and Kyle T. Spikes®

ABSTRACT

We evaluated a viscoelastic modeling of P- and S-wave
velocity dispersion, attenuation, pressure, and fluid effects
for a set of siliciclastic rock samples. Our analysis used a pub-
lished laboratory data set of 63 sandstones with a wide range
of compositional heterogeneities. We observed a notable cor-
relation between the (velocity and attenuation) pressure sen-
sitivity and the abundance/lack of quartz in the samples. We
included compliant pores (low-aspect ratio) proportionally
to the content of secondary minerals to account for the dif-
ferential sensitivity to pressure. The observed velocity and
attenuation were well reproduced by the applied viscoelastic
modeling. We found that pores of significantly different
scale required pore fluid relaxation time constants of propor-
tionally different magnitudes to reproduce the velocity and
attenuation measurements. The relaxation time constant
of crack-sized pores can be one order of magnitude smaller
than the constant of mesopores. Moreover, the velocity dis-
persion and attenuation signatures revealed that a pore tex-
tural model dependent on lithological composition is critical
in the prediction of time-lapse fluid and pressure responses.

INTRODUCTION

Understanding how seismic parameters vary with changes in
mixing conditions of the pore fluids and pore pressure is crucial for
using repeated seismic data (time-lapse seismic) to monitor in situ
spatial and temporal variations of the pore fluid composition during
either production of hydrocarbons or sequestration of carbon diox-
ide. The sensitivity of seismic parameters to changes in these res-
ervoir conditions depends, aside from the lithological composition
itself, upon the porosity and the pore space topology. Seismic

velocities measured in the laboratory are usually obtained at
frequencies up to four magnitudes above those used in static and
dynamic seismic reservoir characterization. To apply ultrasonic-
derived fluid and pressure sensitivity of reservoir rocks for interpre-
tation of the seismic data, we thus need to correct for velocity
dispersion effects (Gueguen et al., 2011; Gueguen and Sarout,
2011). Velocity dispersion can, however, occur due to reservoir
heterogeneities larger than the core scale but considerably less than
the seismic wavelength and due to pore fluid flow generally causing
a stiffening of the rock with increasing frequency (Cleary, 1977).
This latter dispersion effect can be estimated if the composition
of the rock specimen is known together with ultrasonic velocity
and attenuation data in combination with an appropriate viscoelastic
rock-physics model (Jones, 1986). Velocity dispersion due to pore
fluid flow strongly depends on the texture of the pore space, which
again also governs how seismic velocities change with altered pore
pressure (effective pressure).

Sandstones are composed of quartz, feldspar, clay minerals, and
many other naturally occurring minerals. The abundance of a par-
ticular mineral in sandstone depends on the availability in the prov-
enance of sediments and also on the stability of that mineral to the
weathering and erosive processes (Tucker, 1991). These complex-
ities in composition affect the elastic behavior of the rocks by
increasing the complexity of the grain-to-grain contacts and the top-
ology of the pore space. Most effective medium models used for
prediction of P- and S-wave velocities of siliciclastic rocks do not
include dispersion effects caused by attenuation related to pore fluid
flow. However, the viscoelastic model of Jakobsen et al. (2003a,
2003b) and Jakobsen and Johansen (2005) provides a unified
approach that includes velocity perturbations caused by interpore
fluid flow, pressure, and frequency.

In this paper, we analyze the potential of using this approach to
derive parameters of the pore space topology and fluid flow, which
provide modeled velocity and attenuation data consistent with
measured data of clean and heterogeneous saturated sandstones
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for various pressures. Our implementation of the model serves as a
generalization of the dual-porosity model of Xu and White (1995)
by considering viscoelastic properties of clay-sand mixtures in
which secondary minerals and cracks are added. The modeling pro-
cedure is reviewed on the basis of a comprehensive laboratory data
set of sandstones (Han et al., 2011a; 2011b) with measurements of
P- and S-wave velocities and attenuation.

DATA SET AND OBSERVATIONS

For the analysis, we used a set of recently published laboratory
measurements of 63 brine-saturated sandstone samples taken from
boreholes and quarries in the UK and China covering a wide range
of petrophysical properties (Han et al., 2011a; 2011b). The data set
consists of P- and S-wave velocity and attenuation measurements at
ultrasonic frequencies and effective pressures varying between 8
and 60 MPa. Additionally, the samples are fully characterized by
x-ray diffraction mineralogical analysis, porosity, and permeability
measurements by the helium porosimeter and nitrogen gas permea-
meter, respectively.

With invariant pore fluid, the Vp/V g ratio depends on lithological
composition (Tatham, 1982) and for sands on the degree of consoli-
dation (Dvorkin and Nur, 1996) in which poorly consolidated sedi-
ments usually show values larger than ~1.88 (Blangy, 1992). The
Vp/Vg and (Qp/Qs)~! ratios versus pressure for the 63 samples are
shown in Figure 1 colored by the volume fraction of quartz. It is
apparent that the samples with the largest content of quartz show
the lowest Vp/Vg ratios. This relates to the dominant effect of the
low Vp/V ratio of the load-bearing and cemented quartz grains, but
it can also indicate that different mineral constituents imply an in-
trinsically different pore aspect ratio spectrum. Most importantly,
this suggests that the degree of consolidation (or cementation) is
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Figure 1. The (a) Vp/Vg ratio versus pressure and (b) (Qp/Qs)™!
ratio versus pressure colored by quartz content, of the 63 sandstone
samples analyzed by Han et al. (2011a). The samples with the
greater quartz content (clean sandstones) show lower Vp/Vg values.
Conversely, the samples with a lower quartz content (heterogeneous
sandstones) show larger Vp/Vg values. The attenuation (Qp/Qs)™!
ratio does not show a similar trend.

related to mineralogy. Crossplots between the Vp/Vg ratio and
all the petrophysical properties are shown in Figure 2. The relation
between the Vp/Vg ratio and mineralogy is again evident. Correla-
tion coefficients (r) between Vp/Vg ratio and the petrophysical
parameters (Table 1) show the highest correlation for quartz content
(r = —0.74). A similar trend for the attenuation (Qp/Qs)~! ratio
versus mineralogy is, however, not obvious, and the highest corre-
lation coefficient is r = —0.29 when calcite is present together with
quartz, clay, and feldspars.

P- and S-wave velocity and attenuation normalized by values ob-
tained at highest effective pressure (60 MPa) are shown in Figure 3.
The data are colored by volume fraction of quartz. It is noticeable
that the highest pressure sensitivity is shown by the samples with
the lowest content of quartz, with a few exceptions. In other words,
clean sandstones seem to be stiffer and less pressure-sensitive than
the heterogeneous (shaly) sandstones. This trend appears to be more
consistent for the P-wave velocity than for the S-wave velocity. In
the analysis, we have used data from all the 63 samples as listed in
the original publication (Han et al., 2011a). However, because some
data overlap, they are not directly visible to the naked eye in the
plots shown. The relative significant link between the pressure
dependencies of velocity and, to some extent, attenuation to litho-
logical composition as displayed in the data, suggests that the pore
texture associated with grain contacts and pore shapes, may be char-
acterized on the basis of mineralogical composition. In the same
context as Xu and White (1995), we describe the pore texture with
the use of ellipsoidal inclusions in which two dominant textures are

a) 2.1 d)21

2 ® . . 2 ° .
»1.9 o . 1.9 . .
> o o° © . . .
a1.8 . . 218 o o,
> .C" 17 8% N R L Y

1.7 . ! 1.7 ...:o - . e

1.6 I 1.6 . ) {4

¢ * ® s

1.5 1.5

0 10 20 30 40 104 102 100 102
Porosity (%) Permeability (MDa)
b) 21 e) 2.1

2l 2 A}

19 ¢, % 1.9 o% ¢
N # N N ¢ .
<18 oo =18 o L%

Py afe | R R 2 S S |

1.7 bag £o0 . 17 . }g:...

1.60%® Se 1.6] %* g®

6¢° . ’

?
1.5 15
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Clay (%) Clay + Feldspar (%)
c) 21 f) 21
2 . 2 (e °
%%e * 1.9 ° * o f 4
o 1.9 .t . ol . .
3 1.8 L 3 1.8 8,0
§'17 ‘ool’ ’0%.’{.. §'17 3 '.o.'.°3100°
. ® _ep . o .
VT iy
161 % 1.6 o
15L2 1.5 *
0 10 20 30 40 50 60 70 20 30 40 50 60 70 80
Clay + Fd + Others (%) Quartz (%)

Figure 2. Crossplots between Vp/Vg and petrophysical properties
and mineral content for the 63 sandstone samples analyzed by
Han et al. (2011a). The Vp/Vg (a) versus porosity, (b) versus clay
content, (c) versus clay + feldspar + other minerals, (d) versus per-
meability, (e) versus clay + feldspar content, and (f) versus quartz
content. Note the strong correlation (inverse) between Vp/Vg and
quartz content seen in (f).
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sented by an aspect ratio a(r). The effective stiff-
ness tensor Cx of the medium is given by
(Jakobsen et al., 2003a, 2003b)

Figure 3. Normalized (a) P- and (b) S-wave velocity versus pressure for the 63 samples
studied by Han et al. (2011a). Note that (clean) sandstones with a large quartz content
are less stress sensitive than heterogeneous sandstones. Similarly, normalized attenua-
tion of (c) P- and (d) S-wave versus pressure show an increase in stress sensitivity with
Cx=CO 4 Cy: (L +C71:Cy)7L () increasing heterogeneities (decreasing quartz).

Table 1. Matrix of correlation coefficients for velocity and attenuation ratios (Vp/Vg, Qs/Qp) and petrophysical properties for
the 63 sandstone samples analyzed (Han et al., 2011a). Note that the Vp/V ratio is strongly correlated with quartz content
(mineralogy). In contrast, the Qs/Qp ratio is only slightly correlated to mineralogy.

Correlation matrix: for Vp/Vg, Qs/Qp ratios, and petrophysical properties

Vp/Vg Qs/Qp Phi Perm  Clay Quartz Feldspar ~ Other  Clay + Fd Clay + Fd + other

VplVs 1.00 0.23 0.10 -0.04 0.16 —0.74 0.54 0.43 0.58 0.66
Qs/Qp 0.23 1.00 0.10 -0.08 021 -0.12 -0.20 0.29 -0.09 0.08
Phi 0.10 0.10 1.00 053 -045 0.17 -0.15 -0.28 —-0.35 -0.41
Perm —0.04 —0.08 0.53 1.00  -0.39 0.13 0.01 -0.23 -0.18 —-0.26
Clay 0.16 021 -045 -0.39 1.00  -0.25 -0.09 0.09 0.39 0.34
Quartz -0.74 -0.12 0.17 0.13  -0.25 1.00 -0.78 —0.64 -0.84 -0.97
Feldspar 0.54 -0.20 -0.15 0.01 -0.09 -0.78 1.00 0.16 0.88 0.76
Other 0.43 029 -028 -0.23 0.09 -0.64 0.16 1.00 0.19 0.66
Clay + Fd 0.58 -0.09 -035 -0.18 039 -0.84 0.88 0.19 1.00 0.86

Clay + Fd + other 0.66 0.08 —-041 -0.26 034 -0.97 0.76 0.66 0.86 1.00
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In these equations, C is the elastic stiffness tensor of the matrix
material, I, is the identity for the fourth-rank tensors, »(") is the
volume concentration of the rth family of inclusions, and t*) is the
so-called 7-matrix. The term C, accounts for the two-point 1nter-
actions between the rth and sth set of inclusions. The tensor G
is obtained by integrating the strain Green’s function over an elhp—
soid having the same symmetries (aspect ratio) as p(s/r) (x — x’),
which is the conditional probability of finding an inclusion of type s
at point X’ given that there is an inclusion of type r at point x. The
T-matrix for a single inclusion of type r is given by (Jakobsen et al.,
2003a, 2003b)

t") = (C") - CO):[1, - GW: (C) =Nt (@)

where C() is the stiffness tensor of the inclusion and G(") is a
fourth-rank tensor depending only on C(©) and the shape/orientation
of the rth inclusion type. In the case of dry cavities, we may set
c =0.

For a fully fluid-saturated cavity that is allowed to exchange fluid
mass with other cavities, the effective stiffness tensor is a complex-
valued function of frequency. A detailed derivation of the fluid
dependence can be found in Jakobsen et al. (2003b). In the follow-
ing, we list the main expressions used in our modeling. In this case,
the T-matrix is given by the 7T-matrix for a dry cavity and a term
accounting for the fluid-flow effects (Jakobsen et al., 2003b):
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In these equations, tﬁf) is the T-matrix for the dry cavity of type r,
SO = (C©)~! is the compliance of the reference medium, k and
1y are the bulk modulus and viscosity of the fluid, o is the angular

frequency, 7 is the relaxation-time constant, ku and kv are the com-
ponents of the wavenumber vector, and I',,, is the component of the
permeability tensor. The repeated subscripts « and v indicate sum-
mation over u, v = 1,2, 3. The tensors I, and I are the second- and
fourth-rank identity tensor, respectively. The dyadic tensor product
is denoted by the symbol ®.

The real-valued phase velocity and attenuation are obtained
by inserting the tensor C* of effective viscoelastic stiffness in the
dispersion relation (Auld, 1990) and solving it through the eigen-
value/eigenvector method (Jakonsen et al., 2003b, Carcione, 2007).
The phase velocity is the reciprocal of the slowness and in compo-
nent form is given by (Carcione, 2007)

1\]-1s
Vphase = |:Re (V) :| 1. (1 1)

The quality factor Q is defined as the ratio of the peak strain energy
to the average loss energy density (Auld, 1990) and is defined by
(Carcione, 2007)

0=—". (12)

It is worth noticing that the above model is Gassmann consistent,
which means that modeled effects of pore fluid composition/satu-
ration on elastic properties using Gassmann (1951) are equivalent
to those from our model in the static limit when the pore space is
connected (Jakobsen et al., 2003b).

The effects of pressure

To account for the pressure dependence, we shall use the evolu-
tion laws of microstructure proposed by Jakobsen and Johansen
(2005) for a medium under finite deformation. These laws were de-
rived assuming that the applied stress is triaxial with axes coincid-
ing with the elastic symmetry of the medium, and the inclusions are
ellipsoidal so that they deform into ellipsoids under uniform loading
conditions.

The variation in volume dv(") and aspect ratio da(”) of a cavity
denoted by r (with r =1,2, ..., N) due to a small increment of
effective strain & under drained conditions is given by (Jakobsen
and Johansen, 2005)

Lk (r) a () 3 (9)
R > vioey. (13)
ay(r) N,
NG [ d* kkpq 2) d* kkpq:| (0(e) )pgr (14)
e
aa(r) r r
o = 06y —oe), (15)
and
ool . " i
a(r) = [<K51*))33p(1 - (Kfiﬂz)llpq}(a<6>(l ))pq’ (16)
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In these equations, k, p, g represent summation (k, p, g = 1,2, 3)
and KE[Q is the effective dry K-tensor (Jakobsen and Johansen,
2005) given by

K| = (I, -GU:CO) (I, + C5l:Cp) "S5 (17

Here, the fourth-rank tensors S}, = (C:‘i)‘l, C,1, and Cp, can be
calculated with the 7-matrix expression (equation 1) for dry inclu-
sions. In addition, Jakobsen and Johansen (2005) give the apparent
stress 0(0)5{) as

3o}y = 0(o) + opys. (18)

In equation 18, d(c) is the effective stress and the second-rank ten-
sor of apparent stress coefficient is

¢ =1, - (KY))'sO1,. (19)

Jakobsen et al. (2003a) show that the relaxation time constant
depends on the scale and size of the pores, properties of the matrix
mineral, permeability, and properties of the saturating fluid. Due to
the challenge of measuring all these parameters, it is suggested that
7 can be calibrated empirically for each rock and fluid type from
pressure dependent velocity and/or attenuation measurements. For
a particular pore type with a given aspect ratio, the characteristic
frequency associated with the attenuation peak, is defined as
(Jakobsen et al., 2003b)

fC = (r) N (20)
Y\t

In this equation, y(r) depends on the aspect ratio, rock properties,
and fluid modulus, as shown in equation 9. In the 7-matrix formal-
ism, 7z- is a relaxation time constant that is scale dependent. The
product between y") and 7 is the relaxation time period. Decreasing
aspect ratio will increase (") and hence would decrease character-
istic frequency. Additionally, varying pore sizes would also affect
the characteristic frequency through the z- parameter. Because (")
accounts for the dependence on the fluid bulk modulus and 7 can be
calibrated empirically, we can set (Agersborg et al., 2009)

T=0C,n, 21

where C,, is an empirical constant accounting for all the parameters
independent of the saturating fluid and # is the fluid viscosity. In the
existence of velocity and/or attenuation measurements for a rock
with a particular fluid, equation 21 can be used to estimate the re-
laxation time constant for other fluids as (Agersborg et al., 2009)

Nfluid2
Thluid2 = Tfuid1 P— (22)
fluidl

MODELING AND DATA ANALYSIS

We now use the above-described viscoelastic theory to analyze
the data of Han et al. (2011a, 2011b). The pores are considered of
ellipsoidal shapes, and they are in communication as they can ex-
change fluid-mass accounting for global and local fluid-flow effects

as described by Jakobsen and Chapman (2009). Furthermore, the
aspect ratios of the pores alter with altered pressure as given by
Jakobsen and Johansen (2005). This provides the necessary frame-
work for modeling P-wave and S-wave velocity and attenuation in-
cluding frequency and pressure dependencies.

The approach is similar to the Xu and White (1995) sand-clay
model, which divides the pore space into stiff (quartz-related) and
compliant (clay-related) pores. Essentially, Xu and White (1995)
associate the clay minerals with flatter pores (more compliant)
rather than with the quartz-related pores. In our model, we also as-
sociate the quartz content with the stiff pores. But the compliant
pores are associated with all the other secondary minerals different
from quartz, such as clay minerals, feldspars, micas, etc. We use
the T-matrix formulation to insert solid and fluid inclusions in
a homogeneous matrix of quartz. The solid inclusions are not in
communication and represent the secondary minerals that are incor-
porated as a constituent of the matrix. The quartz-related pores
are approximated by fairly stiff ellipsoids (a(;) ~ 0.15), and they
account for most of the porosity. The nonquartz-associated (com-
pliant) porosity is made up of relatively flat pores (a(,) ~ 0.05). We
also include a distribution of small-aspect-ratio pores (crack-like)
sufficiently wide to mimic the nonlinear behavior of the velocity-
pressure relationship usually observed in experimental data. For
simplicity, we shall consider all the pore inclusions to be randomly
oriented so that the medium occurs elastically isotropic. Similarly to
Xu and White (1995), we make the key assumption that the relative
pore volume of compliant pores is proportional to the content of
minerals different from quartz.

For illustration, let us consider a quartz matrix with spherical in-
clusions of isotropic clay as the only secondary mineral. The total
porosity is @ = 0.2, and the clay content is Vc = 0.1. The aspect
ratio of quartz-related pores is a(;) = 0.15, and the compliant pore
shapes are defined by a(;) = 0.05 at a given pressure state. In our
modeling, we assume an initial effective pressure of 1 MPa. A small
amount of cracklike inclusions is also included and described by a
beta distribution function of aspect ratios as was done by Agersborg
et al. (2008) and defined in Appendix A. The inclusions are
randomly oriented, so the medium is isotropic. We consider low
permeability (50 mD) to emphasize the effects of squirt flow. Fol-
lowing Jakobsen et al. (2003b), we use 7 = le~” for the relaxation
time constant and 103 Pas for the viscosity of water (Pointer
et al., 2000).

Figure 4 shows modeled P and S velocities and attenuations for a
range of frequencies at initial pressure. The presence of pores of
various shape and random orientation produces local fluid-pressure
gradients, and thereby fluid-flow, which causes velocity dispersion
and attenuation. The attenuation spectra show two attenuation peaks
related to wave-induced fluid flow among the different pore sys-
tems. The peak at high frequencies depends on the clay-related
pores () and clay content Ve, while the peak at low frequencies
depends on the crack distribution function defined by a(3) and the
crack density € (Appendix A). Increasing clay content would pro-
duce an overall decrease in velocity and a significant increase in the
maximum attenuation value of the high-frequency peak (not shown
in Figure 4). Increasing the volume fraction of cracklike pores
(crack density) causes a decrease in velocity and an increase in at-
tenuation and dispersion at low frequencies (Figure 4). Of crucial
importance is the relaxation time constant because it controls the
frequency range over which the dispersion occurs. The effect of
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reducing the relaxation time parameter is to move the attenuation
peaks toward lower frequencies while the dispersion increases.

Observed and modeled stress sensitivity

For the modeling, we divide the mineralogy into two groups: stiff
and compliant pore shape constituents. In the first group, we include
minerals associated with stiff pore shapes, which, in our case, is
defined by quartz only. The second group contains clays, feldspars,
calcite, and other occasional minerals. This allows us to model
stress dependence in terms of the volume fractions of the minerals
associated with stiff or soft pore shapes.

To analyze pressure sensitivity of the velocity and attenuation
data of Han et al. (2011a) to our modeled data, comparisons are
normalized using values at initial pressure. This restricts our analy-
sis to study observed and modeled trends of velocity and attenuation
versus pressure. We now define an “average” sandstone with matrix
composed by 90% of quartz and 10% kaolinite, porosity ® = 0.15,
quartz-related pores of aspect ratio a(;) = 0.15, clay-related pores
by a(yy = 0.025, and permeability k = 100 mD. We include a set of
randomly oriented cracks, which has a very small contribution to
the total porosity, but they play a key role in the pressure sensitivity
of velocity and attenuation (Nur and Simmons, 1969; Sayers, 1988;
Mavko et al., 1995). The crack distribution function is defined by
the following parameters: 6 = 0.8, a,, = 0.001, and p = 0.01,
where the terminology is defined in Appendix A. Crack density
is the dominant parameter controlling pressure sensitivity, and it
varies between € = 0.05 and 0.3. Following Jakobsen et al. (2003b)
and Agersborg et al. (2007), we first use a constant relaxation time
7 = 10e77 for the three pore types in the model.

Moyano et al.

Figure 5 shows modeled and observed data, in which the curves
denote crack densities varying from & = 0.05 to & = 0.30. The
higher the crack density is, the higher is the pressure sensitivity
of all the modeled data. The velocity behavior of the more dirty
sands (quartz content less than 60%) is not reproduced by the
model. S-wave velocity variations with pressure are somewhat
better reproduced than P-wave data. The model fails to reproduce
P- and S-wave attenuation data. In Figure 6, modeled velocities and
attenuations as function of frequency at initial pressure are shown
for the various crack densities. The two attenuation peaks at distinc-
tive characteristic frequencies of approximately 50 and 800 kHz are
associated with cracks and mesopores, respectively. P-wave attenu-
ation is modeled slightly larger than S-wave attenuation. The ultra-
sonic data were obtained at 1.0 MHz for the P-wave and at 0.7 MHz
for the S-wave. Consequently, this indicates that squirt flow related
to mesopores has a much stronger effect on the observed dispersion
and attenuation than the cracks. The same can be said for Figure 4.

The results above were obtained using an equal relaxation time
constant (z) for all the three pore types considered. Previous studies
have suggested that the relaxation time constant depends on the
scale of the pores (Jakobsen et al., 2003b; Agersborg et al., 2007),
and so that smaller pores imply smaller relaxation time constant. In
the next modeling, we assume a relaxation time constant (z) of the
cracks to be one order of magnitude smaller than for the mesopores.
In Figures 7 and 8, we use the relaxation time constants 7 = 10e~%
for cracks and 7 = 10e~7 for mesopores. The effect of reducing the
relaxation time constant for cracks moves the corresponding attenu-
ation peak to higher frequencies, and, consequently, the character-
istic frequencies of meso- and micropores converge and the two
attenuation peaks superimpose to produce increased attenuation.

The curves show that the modeled velocity and
attenuation data now better resemble the mea-
sured data; i.e., the signatures of the P- and S-

waves versus pressure are improved. The results
indicate that pores of different scales are likely to

be defined by different relaxation time constants
L in the viscoelastic modeling scheme.

Modeling clean versus heterogeneous
sandstones

In the previous section, we focused on how the
pore’s texture and pore scale affect pressure sig-
natures of velocity and attenuation. In the follow-

ing section, we select a subset of 10 samples
to study velocity and attenuation data in which
the mineral composition varies from almost pure
quartz to highly heterogeneous sandstone. We
consider three clean sandstones with more than
80% of quartz and approximately 5% of K-feld-
spar on average. The other seven samples have
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Figure 4. P-wave (a) velocity and (b) attenuation spectra and S-wave (c) velocity and
(d) attenuation spectra, for a sandstone with @ = 0.2 and kaolinite content of Vc = 0.1.
Three kinds of pores were included: stiff quartz-related pores, compliant clay-related
pores, and cracks. The effective pressure is 1 MPa, and a range of frequencies is shown.
Note that increasing the crack density from & = 0.01 to & = 0.3 decreases the overall
velocity and increases the attenuation peak value at low frequency. The relaxation time

constant is equal for all the pores 7 = 107",

Frequency (Hz)

between 57% and 68% of quartz, with the
remaining minerals constituted by variable
amounts of clay and feldspars. By trial and error,
we defined two elastic end members as defined in
Figure 9.

The model is constructed considering a quartz
matrix containing a volume fraction V. of
spherical inclusions of a secondary mineral with
elastic properties of gulf clays (Mavko et al.,

106 108
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2009). The values used were Vp = 3810 m/s, Vg = 1880 m/s, and
density p = 2.55 g/cc. The parameters describing the pore texture
and pore size were then defined from the volume fractions of quartz
(1 — V) and secondary mineral (V) following the procedures
from the previous section. The remaining model parameters are
given in Table 2. Figure 9 reveals that the model fairly well spans
the velocity and attenuation data for all mineral compositions. Be-
cause velocity variation with pressure is mainly controlled by the
amount (crack density) and closure of cracks, a small amount of

cracks (e = 0.02) was included in the clean sandstone model at
the initial pressure state to reproduce the data trends. Again, the
relaxation time constant 7 of cracks was set one order of magnitude
larger than for the mesopores. Relating the pore fluid relaxation
time constant to pore size was important to calibrate the modeled
and measured attenuation data. For the heterogeneous sandstones,
the volume fraction of secondary minerals was setto V. = 0.15. In
addition to the corresponding pore texture, a crack density € = 0.2
was added to adapt the significant pressure dependence seen in the

a) Quartz (%) ©) Quartz (%)  Figure 5. The modeled and experimental data pre-
1 ' 80 3 80 §ented as normalized (a) P- and (b) S-wave yeloc-
- ] : o5 ity versus pressure and normalized attenuation of
209 2 2. 70 o< 70  (c) P-and (d) S-wave versus pressure. The 63 sam-
> 095 ¥y e s g 2 ples studied by Han et al. (2011a) are included.
kS A B 60 = 60 The model consist of a quartz matrix with spheri-
X § ——€=005 ? 1 inclusion of kaolinite (10%), with ity of
S 0.9 s T ¢-010 50 S 15 50 cal inclusion of kaolinite (10%), with porosity o
€ H ——¢e=0.15 © E ® =0.15, aspect ratios of pores ay =0.15,
g ° - - -£=0.20 40 E 1 40 ap) = 0.025, permeability k = 100 m]i and a
0.85f ¢ —e=0.25 2 certain amount of cracks given by the crack den-
---£=030 30 0.5 30 sity. The different model lines are results for crack
0.8 20 0 o0 density from &= 0.05 to 0.30. The relaxation
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 time constant is equal for all the pore types in
Pressure (MPa) Pressure (MPa) the modeling (z = 10e77). Increasing crack den-
. sity increases the pressure sensitivity of the model.
b) Quartz (%) ) 3 Quartz (%) Velocities are partially well reproduced, but at-
1 80 ° 80 tenuation measurements are not matched.
__ 25 =
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ite content of Vc = 0.1. Three kinds of pores were
©4000 @ 2500 included: stiff quartz-related pores (o() = 0.15),
3 = compliant clay-related pores (@) = 0.025), and
& v cracks. The effective pressure is { f\/IPa. The relax-
3500 2000 ation time constant is equal for all the pores
7 = 1077, Note that the two attenuation peaks have
maximums at 0.05 (cracks) and 0.8 MHz (clay
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data. Figure 10 shows P and S velocities and attenuations versus

Moyano et al.

The fluid effect

frequency for the clean and heterogeneous sandstone model at

1 MPa effective pressure. The measured P- and S-wave data are also
indicated at frequency 1 and 0.7 MHz, respectively. The modeling
results reveal that the (compliant) heterogeneous sandstone has
lower seismic velocities and larger attenuation and dispersion than

the (stiff) clean sandstones.

Figure 7. The modeled and experimental data
presented as normalized (a) P- and (b) S-wave
velocity versus pressure and normalized attenua-
tion of (c) P- and (d) S-wave versus pressure.
The 63 samples studied by Han et al. (2011a)
are included. The model consist of a quartz matrix
with spherical inclusion of kaolinite (10%), poros-
ity of @ = 0.15, aspect ratios of pores o(;y = 0.15,
a(y) = 0.025, permeability k = 100 mD, and vari-
ous amount of cracks given by the crack density.
The different model lines are results for crack
density from & = 0.05 to 0.30. The relaxation time
is equal for quartz and clay associated pores
(z = 10e™7) and one order of magnitude smaller
for cracks (z = 10e7%). The velocities and attenu-
ation observation are much better reproduced
than in the model with constant relaxation time
(Figure 5).

Figure 8. P-wave (a) velocity and (b) attenuation
spectra and S-wave (c) velocity and (d) attenuation
spectra for a sandstone with @ = (.15, kaolinite
content of Vc = 0.1, and three kinds of pores:
stiff quartz-related pores (a(;) = 0.15), compliant
clay-related pores (a(;) = 0.025), and cracks. The
effective pressure is 1 MPa. The relaxation time
constant is equal for quartz and clay associated
pores (r = 10e”") and one order of magnitude
smaller for cracks (z = 10e~8). The attenuation
peaks of cracks and clay have similar characteris-
tic frequencies and increased the overall attenua-
tion and dispersion in the model.
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In the following, we model clean and heterogeneous sandstones
with different saturating fluids. We used equation 21 and the relax-
ation time constants (z) determined empirically for brine saturation
(see Table 2) to calculate the z-constant for the case of oil and gas

saturation. The fluid properties are given in Table 3. Figure 11
shows the velocity modeled dispersion and attenuation patterns
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for the clean sandstone saturated with various fluids: brine, oil, or
gas. Equation 22 shows that once a z-constant is estimated empiri-
cally for a particular fluid, the corresponding 7 for other saturating
fluids is controlled by the viscosity ratio between the new and the
initial fluid. Because 7z and the characteristic frequency f. are
inversely related, we observe that an increase in fluid viscosity
moves the attenuation peak to low frequencies. In the cases of brine,
oil, and gas saturation, with viscosity values such as 7, > #pine >
Neas» the attenuation peaks are organized along the frequency axis
with the peak of the most viscous fluid occurring at lower frequen-
cies than the less viscous fluids. Thus, when the pore fluid is oil, the
characteristic frequency is lower than when the fluid is brine or gas
(f e=oil < fe—brine < fe—gas)- This indicates that increasing the viscos-
ity of the pore fluid moves the dispersion effects to occur at lower
seismic frequencies. This agrees well with the concept of fluid
mobility, defined as the ratio between permeability and viscosity
by Batzle et al. (2006). Overall, the maximum P- and S-wave at-
tenuation values are larger for brine than for the other two fluids.
Gas saturation seems to cause the smallest attenuation peak with
dominant velocity dispersion effects occurring

only at frequencies above 1 MHz.
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occurs with gas as the pore fluid. The heterogeneous sandstone
model produces larger attenuation than the clean sandstone model.
Also, it is worth noticing that the fluid causing the largest attenu-
ation depends on the pore texture and the corresponding relaxation
time constant. Thus, it also varies with the frequency of measurement.
For instance, in the heterogeneous sandstone model (Figure 12),
we observe that brine is the most attenuating fluid at ultrasonic
(10° Hz) frequencies, whereas oil shows the largest attenuation
at sonic frequencies (10* Hz).

DISCUSSION

Previous studies of water-saturated sandstones (Tosaya and Nur,
1982; Castagna et al., 1985; Han et al.,, 1986; Klimentos and
McCann, 1990) found that P- and S-wave velocities depend upon
porosity and clay content. Hence, it was suggested that the Vp/Vg
ratio also depends on porosity and clay content (Han et al., 1986).
However, in the samples used for this study, Vp shows a strong
dependence on porosity, with a correlation coefficient of r = 0.78,

Figure 12 shows the dispersion and attenua-
tion spectra for the heterogeneous sandstone
model described in Table 2 with various saturat-
ing fluids. Similarly to the clean sandstone
model, the characteristic frequency of each fluid-
case organizes along the frequency axis accord-
ing to their relative pore fluid viscosities, with
the most viscous fluid (oil) having the least f,
and the less viscous fluid (gas) causing the great-
est f.. In contrast to the clean sandstone model,
the maximum attenuation value for P-waves

Table 2. Parameters of the model for clean and heterogeneous sandstones
presented in Figures 9 and 10. The parameters are as follows: porosity, volume
of secondary minerals, aspect ratio, and relaxation times of (1) stiff and (2)

compliant pores, cracks relaxation time, crack density, and permeability in mD.

Clean and heterogeneous sands — Model parameters
Phi Vsec (] [25] 71 2 Tcracks £ K
Clean sst 0.13 0.03 0.15 0.03 4x1077 41077 4x10"% 0.02 10
Heterogeneous sst 0.13 0.15 0.15 0.03 4%1077 4x1077 4x10"% 020 10

a) Quartz (%) c) Quartz (%)  Figure 9. Ten samples studied in laboratory with
5000 80 0.2 80 variable quartz content, along with two modeling
—— Shaly sst. results (solid lines). (a) P- and (b) S-wave velocity
W 75 —— Clean sst. 75 versus pressure and attenuation of (c) P- and (d)
4500 e®® L 0.15 S-wave versus pressure are shown. The model is
— ® o ° 70 70 constructed as a quartz matrix with inclusion of
% 8‘ 01 a secondary mineral comprised of clays. The ma-
= 4000,-# 65 = U 65 genta line is a clean sand with ® = 0.13, volume
N e 60 g0  Of secondary mineral V.. =0.03, gy = 0.15,
3500 005 @ ap) =003, 7y=10) =4 10e7", 73 =4x*
55 882 ¢ . 55 1078, crack density £ = 0.02, and k = 10 mD.
j%"_'_' The blue line is a heterogeneous sandstone with
3000 50 0 50 ® = 0.13, volume concentration of secondary
0 P20 40 MP60 0 P20 40 MP60 mineral V. = 0.15 crack density € =0.2, k =
ressure (MPa) ressure (MPa) 10 mD, and all the others parameters equal to the
o clean sand. It is noticeable that the viscoelastic
b) Quartz (%) d) Quartz (%) model for heterogeneous sandstones can reproduce
3500 80 0.2 80 most of the variability observed in the data.
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but it does not show a clear dependence on mineralogy. By contrast,
the S-wave velocity correlates with porosity (r = 0.61) and also
weakly with the quartz content (r = 0.42). Thus, the Vp/Vg ratio
shows the highest correlation coefficient with quartz content (r =
0.74); see Table 1. This suggests that the abundance/lack of quartz
in sandstone would be a critical petrophysical parameter in control-
ling the Vp/Vg ratio rather than the content of secondary minerals
such as clay, feldspars, and other associated minerals. This may be
due to the high shear modulus of quartz compared with most other
minerals, or it may be due to the presence of quartz cement.
Because the Vp/Vg ratio relates to the degree of rock consolida-
tion (Mavko et al., 2009), it is not surprising that the content of
quartz also seems to correlate with its sensitivity to altered effective
pressure as revealed by the samples shown in Figure 3. Moreover,
quartz is the most stable mineral in sedimentary rocks followed by
feldspar and clays, and its abundance/lack indicates the composi-
tional maturity of sandstones (Tucker, 1991). Therefore, the pres-
sure sensitivity of a sandstone reservoir may be predicted from its
compositional maturity. The more mature sandstones are, i.e., ho-
mogeneous composition largely dominated by quartz and some
feldspar (clean sands), the less pressure sensitive they tend to be.
Conversely, immature sandstones with heterogeneous composition
containing many labile grains of feldspars and less quartz domi-
nated (shaly sands) would cause larger pressure sensitivity. The
reason for this can be that the abundance of secondary minerals pro-
vides softer and more diverse grain contacts. This relationship
should be important to consider for the interpretation of time-lapse
seismic data. The sensitivity of the seismic parameters of rocks to
changes in effective pressure is normally associated with the closure

Agersborg et al. (2007) find that the microstructural model of
Chapman (Chapman et al., 2002; Chapman, 2003) is a special case
of the T-matrix approach of Jakobsen et al. (2003a, 2003b). They
argue that the relaxation time 7 is a constant depending on the scale
of the pores. In their model containing (fractures) macro- and micro-
pores, they assume that the relaxation constant of the microporosity,
i.e., equant pores and cracks, could be found by calibration of veloc-
ity and attenuation measurements in saturated core plugs. Afterward,
they calculated the 7 of fractures, i.e., at a macroscale, through a scale
ratio between the micropores and the fractures (Agersborg et al.,
2007). Similarly, if we assume that the cracks in our model are
much smaller (along the long axis) than the equant and ellipsoidal
pores, we can assume that those cracks have much smaller relax-
ation time constant. Our calibration to the core plug measurements
showed that this range in relaxation times is necessary to model the
range of attenuation values. Moreover, it is of critical importance to
determine the appropriate relaxation time constants for the different
pore sizes to be able to model the dispersion signature of the rocks,
i.e., the transition from low- to high-frequency behavior. Further
empirical calibration of relaxation time constants could be achieved
with velocity and attenuation measurements on various frequency
ranges. Unfortunately, these sorts of experimental data are rarely
available.

Table 3. Fluid parameters used in the modeling (Batzle and
Wang, 1992), calculated for temperature 80°C and pore
pressure 40 MPa.

of cracks and stiffening of grain contacts (Nur and Simmons, 1969; Brine Oil Gas
Nur, 1971; Sayers, 1988; Mavko et al., 1995). Therefore, the
dependence on compositional maturity observed in these samples Vp (m/s) 1554.0 1424.3 683.7
may not always be a dominant factor. Often, this could be masked Density (kg/m?) 989.1 854.2 206.5
by natural cracks or cracks formed during the extraction and Viscosity (cP) 1.0 6.4 0.029
manipulation of core samples.
Figure 10. P-wave (a) velocity and (b) attenuation a) c)
spectra, and S-wave (c) velocity and (d) attenuation 5000 3500
spectra for the clean (magenta) and heterogeneous e 3000 _—
sandstones described in Figure 9. Note that hetero- 4500 N
geneous sandstone is much more dispersive and © @2
attenuating than the clean sand model. 3 4000 £ 2500
£ 3500 2000 J
3000 1500
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Frequency (Hz) Frequency (Hz)
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The relatively large number of adjustable parameters in the model
makes the calibration challenging and interpretation nonunique.
One way of reducing this ambiguity is by collecting more measure-
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Figure 11. P-wave (a) velocity and (b) attenuation spectra, and S-wave (c) velocity and
(d) attenuation spectra for a clean sandstone model saturated by different fluids. The

brine, oil, and gas cases are represented by blue, black, and red lines. Increasing the
viscosity of the fluid produces a shift of the attenuation peak toward low frequencies.
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Figure 12. P-wave (a) velocity and (b) attenuation spectra, and S-wave (c) velocity and
(d) attenuation spectra for a heterogeneous sandstone model saturated by different fluids.
The brine, oil, and gas cases are represented by blue, black, and red lines. Note that the
attenuation is significantly larger than for the clean sandstone model (compare with
Figure 11). Increasing the viscosity of the fluid produces a shift of the attenuation peak
toward low frequencies.
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ments to constrain the parameters’ calibration. Measurements of
velocity and attenuation with varying pressure and frequency, mi-
croscope images of pore structure, porosity, permeability, compo-

sition, and sedimentary facies would constrain the
range of parameter values and increase confidence
in the interpretation. In a field case, a combination
of such a laboratory data set along with a visco-
elastic modeling of the kind proposed in this paper
would give an optimum foundation to characterize
the 4D fluid and pressure response expected
at seismic frequencies. If such a modeling
shows that viscoelastic effect are not an issue for
low frequencies, the properties of the dry rock es-
timated from viscoelastic modeling at high
frequency can be used in conjunction with the
Gassmann equation (Gassmann, 1951) to predict
fluid time-lapse effects for low frequencies.

The viscoelastic modeling of clean and
heterogeneous sandstones showed that the pore
structure, in association with the relaxation time
constant and fluid viscosity, determines the
dispersion and attenuation spectra of siliciclastic
rocks. Our modeling study has shown that for
seismic time-lapse studies to reveal calibrated
changes in pore fluid composition and pressure
it is crucial to have information about composi-
tional maturity and expected pore texture. Our
approach shows how this information can be
obtained from the dispersion and pressure signa-
tures observed in the laboratory for various res-
ervoir samples.

CONCLUSIONS

We have used a viscoelastic rock-physics
model to evaluate the dispersion and pressure
signatures measured for a suite of siliciclastic
rock samples. Fundamental in our approach is to
assign a pore texture model dependent on litho-
logical composition and size of the pores. Our
aim was to consistently model the observed ve-
locity and attenuation data. We observed that the
pressure dependency of velocity and attenuation
of sandstones increased with the concentration of
secondary minerals such as clays and feldspar
(other than quartz). This means that clean sand-
stones tend to be stiffer than heterogeneous
(shaly) sandstones. The model accounted for this
differential pressure sensitivity by associating
pores of different compliance nature to the cor-
responding mineralogy. The calibration to nor-
malized data showed that pores of different
scales such as mesopores and cracks require sig-
nificantly different squirt-flow relaxation time
constants. The relaxation constant associated
with cracks can be one order of magnitude
smaller than that of mesopores. We found that
associating pores of different scales to different
squirt-flow relaxation times improved the predic-
tive power of the model allowing to reproduce
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velocity and attenuation pressure dependencies. It is necessary to
include a small amount of cracks to reproduce the observed non-
linear behavior of velocity versus pressure in heterogeneous and
clean sandstones. We believe that complexities in rock composition
such as the presence of minerals different from quartz tend to soften
sandstones by adding diverse and softer grain contacts.
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APPENDIX A
CRACK DISTRIBUTION FUNCTION

To reproduce the variations of velocity with increasing pressure
observed in laboratory studies of rock samples, it is necessary to
include a continuous distribution of low-aspect-ratio inclusions
(cracks) in the model. Following Agersborg et al. (2008) and Tod
(2001), the crack distribution in the model can be expressed as the
product between the total crack density and a generalized beta prob-
ability function. The crack density distribution is then written as

e =¢e)Fg(a,a,6,u), (A-1)

where ¢ is the total crack density and F(a) is the generalized beta
probability function described as (Tod, 2001)

Fyla) =112+ 0) (1 _z>q‘1 (z)”‘{ (A-2)

ul'(p)l'(q) u u
with
u—a—ad?
=— - A-3
p 15 (A-3)
u—a
q=—0p- (A-4)
a

In these equations, I' is the gamma function, « is the aspect ratio
of inclusions, & is the mean aspect ratio, ¢ is a parameter controlling
the shape of the distribution, and u is the largest aspect ratio in the
distribution.
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