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ABSTRACT

Pore-pressure variations inside producing reservoirs result
in excess stress and strain that influence the arrival times of
reflected waves. Inversion of seismic data for pressure changes
requires better understanding of the dependence of compaction-
induced time shifts on reservoir pressure reduction. Using
geomechanical and full-waveform seismic modeling, we inves-
tigate pressure-dependent behavior of P-, S-, and PS-wave time
shifts from reflectors located above and below a rectangular
reservoir embedded in a homogeneous half-space. Our geome-
chanical modeling algorithm generates the excess stress/strain
field and the stress-induced stiffness tensor as linear functions
of reservoir pressure. Analysis of time shifts obtained from
full-waveform synthetic data shows that they vary almost
linearly with pressure for reflectors above the reservoir, but

become nonlinear for reflections from the reservoir or deeper
interfaces. Time-shift misfit curves computed with respect
to noise-contaminated data from a reference reservoir for
a wide range of pressure reductions display well-defined global
minima corresponding to the actual pressure. In addition, we
evaluate the influence of the reservoir width on time shifts
and the possibility of constraining the width using time-lapse
data. We also discuss the impact of moderate perturbations in
the strain-sensitivity coefficients (i.e., third-order stiffnesses)
on time shifts and on the accuracy of pressure inversion. Our
feasibility analysis indicates that the most stable pressure esti-
mation from noisy data is provided by multicomponent time
shifts from reflectors below the reservoir. For multicompartment
reservoirs, time shifts can be accurately modeled by linear
superposition of the excess stress/strains computed for the indi-
vidual compartments.

INTRODUCTION

Compaction-induced seismic traveltime shifts can potentially be
inverted for pressure and fluid distributions inside a producing res-
ervoir. Such an inversion contributes to the understanding of how
fluids are moving (sweeping) through a reservoir, of levels of inter-
compartment pressure communication, and whether fluid is produced
from locations away from the wells (Greaves and Fulp, 1987; Landrø,
2001; Lumley, 2001; Calvert, 2005; Hodgson et al., 2007; Wikel,
2008). Knowledge of reservoir pressure can also be used to estimate
stress and strain variations outside the reservoir (Herwanger and
Horne, 2005; Dusseault et al., 2007; Scott, 2007). Identifying those
stress patterns helps to guide drilling decisions and reduce the cost of
repairing or replacing wells snapped or sheared by high stresses.
Conventional methodologies employ poststack data and compac-

tion-induced vertical stress/strain to estimate time-lapse velocity

and volume changes (Hatchell and Bourne, 2005; Janssen et al.,
2006; Carcione et al., 2007; Hodgson et al., 2007; Roste, 2007; Sta-
ples et al., 2007; De Gennaro et al., 2008). However, migration and
stacking of data represents a complex filtering process that can cor-
rupt phase relationships and arrival times. Further, velocity/strain
estimation from field data using this approach often produces
results that disagree with laboratory experiments (Bathija et al.,
2009). Also, it has been shown that shear (deviatoric) strains gen-
erate significant time shifts, requiring the use of triaxial geomechan-
ical interpretation of time-lapse data (Schutjens et al., 2004; Sayers
and Schutjens, 2007; Herwanger, 2008; Sayers, 2010; Smith and
Tsvankin, 2012). Finally, offset dependence of P-wave time shifts
is sensitive to stress-induced anisotropy (Fuck et al., 2009).
Estimation of compaction-related time shifts requires geome-

chanical computation of excess strains, strain-induced stiffnesses,
and modeling of time-lapse wavefields. Fuck et al. (2009, 2011)
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develop a modeling methodology based on a triaxial strain formu-
lation and the nonlinear theory of elasticity, and estimate P-wave
shifts using anisotropic ray tracing. Smith and Tsvankin (2012) con-
firm the main results of Fuck et al. (2009) and analyze time shifts for
S- and PS-waves using finite-difference elastic modeling. These
studies demonstrate that volumetric (hydrostatic) and deviatoric
(shear) strains generate significant time-shift contributions for all
three (P, S, and PS) modes. According to the results of Smith
and Tsvankin (2012), sensitivity of time shifts to reservoir pressure
strongly varies with wave type and reflector location.
Here, we use geomechanical and finite-difference seismic mod-

eling to study the dependence of P-, S-, and PS-wave time shifts on
reservoir pressure. For a set of reflectors located above and below a
single-compartment reservoir, we evaluate the linearity of time
shifts expressed as a function of reservoir pressure. Time-shift mis-
fits with respect to a reference reservoir are examined for a realistic
range of pressure reductions and reservoir widths. We also study
the sensitivity of pressure estimation to noise in the input data and
to moderate errors in the third-order stiffness coefficients. We con-
clude by analyzing time shifts of P-, S-, and PS-waves for multi-
compartment reservoirs.

THEORETICAL BACKGROUND

Modeling traveltime shifts caused by production-induced
changes in a reservoir is typically treated as a three-step process
(Smith and Tsvankin, 2012). First, changes in reservoir parameters
(here, pressure reduction) result in excess stress and strain in and
around the reservoir (Figure 1). Second, the excess stress/strain per-
turbs the stiffness coefficients (Cij) that govern the velocities and
traveltimes of seismic waves. Third, the stress-induced stiffnesses
are used to model time-lapse seismic data and compute the time
shifts between the baseline and monitor surveys. In the tests below,
we compute time shifts for the reflectors shown in Figure 2 for a

wide range of pressure reductions and corresponding changes in
strain.

Strain, stiffness, and traveltime perturbation

We employ a simplified, 2D rectangular reservoir model after
Fuck et al. (2009, 2011) (Figure 1), composed of isotropic Berea
sandstone that follows standard Biot-Willis compaction theory
(Hofmann et al., 2005; Zoback, 2007). The effective pressure in
the reservoir (Peff ) changes according to a reduction in the pore
fluid pressure (Pfluid)

ΔPeff ¼ Pc − αPfluid ¼ Pc − α ðξP 0
fluidÞ; (1)

where Pc ¼ ρgz is the confining pressure of the overburden, ρ is the
density of the overburden column, g is acceleration due to gravity, z
is reservoir depth, and α is known as the effective stress coefficient
(Biot-Willis coefficient for “dry” rock, with air as the only pore in-
fill; here, α ¼ 0.85). The coefficient ξ (0 ≤ ξ ≤ 1) expresses
changes in the fluid pressure through its initial value, P 0

fluid, which
corresponds to a stress/strain equilibrium. Velocities in the model
are reduced by 10% from laboratory-measured values to account
for differences between static and dynamic stiffnesses in low-
porosity rocks (Yale and Jamieson, 1994). Pressure changes occur
only inside the reservoir block.
By definition,

α ¼ 1 −
Ka

Kg
; (2)

where Ka is the aggregate bulk modulus of the material, and Kg is
the bulk modulus of the grains (Zoback, 2007). The value of Ka

varies with pore volume and the pressure-dependent bulk moduli
of the pore fluid and matrix (Batzle and Han, 2009; Fjær, 2009).
As the material compacts and fluid is removed, the aggregate bulk
modulus of the rock approaches that of the grains (Ka → Kg), and α
tends to zero (Hornby, 1996). For the range of pressure/strain
changes used in our studies, we assume uniform fluid type (“dead
oil”), such that fluid moduli and Ka remain constant. Also, depres-
surization of the reservoir compartment is taken to be uniform.
Finally, the material is assumed to remain undamaged and to behave
in a linear fashion. Therefore, the value of α in our algorithm stays
constant. However, for cases where compaction-induced changes in
the rock are sufficiently large, α will vary with pressure, porosity, or
bulkmoduli. This will make effective pressure changes in equation 1
nonlinear in Pfluid.
The resulting displacement, stress, and strain changes throughout

the section can be computed from analytic equations discussed by
Hu (1989), Downs and Faux (1995), and Davies (2003). However,
here we perform geomechanical modeling using the finite-element,
plane-strain solver from COMSOL (COMSOL AB, 2008), which
has the ability to handle more complicated, multicompartment res-
ervoir geometries. Based on the reduction in the effective pressure,
COMSOL computes displacement changes and changes to stress
and strain as linear functions of ΔPeff and, in our algorithm, of the
fluid pressure Pfluid. The 2.0 km × 0.1 km reservoir is located in a
20 km × 10 km model space to obtain stress, strain, and displace-
ment close to those for a half-space. Here, we model a single-
compartment 2D reservoir, assuming that the reservoir length
in the X2-direction is large. Reducing the out-of-plane reservoir

P P

P P

P P

Figure 1. Reservoir geometry after Fuck et al. (2009) and Smith
and Tsvankin (2012). Pore-pressure (Pp ¼ Pfluid) reduction in-
side the reservoir results in an anisotropic velocity field due to
the excess stress and strain. The reservoir is composed of and
embedded in homogeneous Berea sandstone (VP ¼ 2300 m∕s,
VS ¼ 1640 m∕s, ρ ¼ 2140 kg∕m3) with the following third-order
stiffness coefficients: C111 ¼ −13; 904 GPa, C112 ¼ 533 GPa, and
C155 ¼ 481 GPa (Sarkar et al., 2003). The effective stress coeffi-
cient α is introduced in equation 1. The coefficient ξ scales fluid
pressure with respect to its initial value (see equation 1).
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dimensions or adding 3D structure may perturb the in-plane stress/
strain field, requiring the use of a 3D geomechanical model. Further,
pressure variations inside the reservoir or segmentation of the
reservoir volume by faults will require a multicompartment geome-
chanical model (an example is discussed below).
Typical modeled volumetric and deviatoric strains for the range

of pressures used in our study are shown in Figure 3 for reflector A
(Figure 2) and for a horizontal line through the center of the res-
ervoir. The volumetric strain (a scalar), which is equal to one-third
of the trace of the strain tensor, varies linearly with reservoir pres-
sure, as expected (Figure 3a). The components of the deviatoric
strain tensor have been summed to illustrate that its variation with
pressure reduction is also linear (Figure 3b). The modeled strains in
Figure 3 are one or two orders of magnitude higher inside the res-
ervoir than in the overburden, and are comparable to those given by
Barton (2006) for compacting reservoirs.
The strain-induced variations of the stiffness tensor cijkl can be

expressed using the so-called nonlinear theory of elasticity (Hear-
mon, 1953; Thurston and Brugger, 1964; Fuck et al., 2009)

cijkl ¼ c0ijkl þ
∂cijkl
∂emn

Δemn

¼ c0ijkl þ cijklmn Δemn; (3)

where c0ijkl is the second-rank stiffness tensor of
the background (unperturbed) medium, cijklmn is
a sixth-order tensor containing the derivatives
of the second-order stiffnesses with respect to
strain, and Δemn is the excess strain tensor.
Despite the term “nonlinear,” which applies to
Hooke’s law, equation 3 expresses the stiffnesses
cijkl as linear functions of the strainsΔemn. Thus,
because the strains Δemn in equation 3 are linear
functions of the pressure reduction ΔPeff , so are
the second-order stiffnesses cijkl.
Wave propagation through the stressed

medium is modeled using Hooke’s law with
the stiffness tensor cijkl. By applying the Voigt
convention, the tensor cijklmn can be converted
into a matrix Cαβγ , as described by Fuck and
Tsvankin (2009). For 2D models, we need only
two elements of that matrix (C111 and C112), and
employ the values measured on Berea sandstone
samples by Sarkar et al. (2003) (Figure 1). It
should be noted that measurements of C111

and C112 are rare, and both coefficients are esti-
mated with significant uncertainty. For actual
reservoir conditions, the coefficients Cαβγ can
vary with pressure, temperature, and saturation.
Such in situ changes are particularly important
should α tend toward zero, as this would com-
pound variations of the stiffnesses cijkl that de-
termine velocity. Here, however, we hold the
coefficients C111 and C112 constant, which keeps
the stiffnesses cijkl linear functions of Δemn and
reservoir pressure.
While we work with full-waveform data gen-

erated by finite differences, the influence of local
stiffness perturbations on time shifts can be

easier understood by analyzing traveltimes computed along rays.
Fuck et al. (2011) obtain the P-wave time shifts δt along a certain
raypath using a Fermat integral with the integrand linearized in the
excess strains:

Figure 3. Strains generated by geomechanical modeling of a reservoir at 1.5 km depth
(Figure 1). (a, b) Volumetric and (c, d) deviatoric strains at (a, c) reflector A and (b, d) on
a horizontal line through the center of the reservoir. Legends on each plot indicate hori-
zontal distances from the reservoir center (see diamond markers in Figure 2). In this and
the following figures, ΔP is the percentage change in reservoir fluid pressure, which can
be expressed through the coefficient ξ in equation 1 as ΔP ¼ ð1 − ξÞ100.

Figure 2. Reservoir (shaded) and reflectors (marked A, B, and C)
used in our study. Strains in Figure 3 are measured at X ¼ 0 km, 1
and 2 km on reflector A and on a horizontal line through the res-
ervoir center (marked by gray diamonds).

Sensitivity of compaction-induced time shifts T153
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δt ¼ 1

2

Z
τ2

τ1

½B1 Δekk þ B2 ðnTΔϵ nÞ� dτ; (4)

where Δekk is the change of the volumetric strain (ekk is 1∕3 of the
trace of strain tensor), Δϵ is the change of the deviatoric strain
tensor, n is the slowness vector, and

B1 ¼
C111 þ 2C112

3C 0
33

; B2 ¼
C111 − C112

C 0
33

; (5)

where C 0
33 is the background stiffness coefficient. Equation 4 is

valid only for small stiffness perturbations. The first term of the
integrand in equation 4 corresponds to time shifts due to volumetric
(hydrostatic) strains, while the second term accounts for the contri-
bution of deviatoric (shearing) strains. Clearly, the time shifts de-
scribed by equation 4 are linear in excess strains and, therefore, in
the pressure drop inside the reservoir.
In general, however, time shifts are nonlinear in the stiffness

coefficients. Indeed, even the P-wave velocity in a homogeneous,
isotropic medium is given by

ffiffiffiffiffiffiffiffiffiffiffiffi
C33∕ρ

p
, and the traveltime over dis-

tance R is

t ¼ R
ffiffiffiffiffiffiffi
ρ

C33

r
. (6)

From equations 4 and 6, we expect time shifts to vary linearly only
for small changes in stiffness (ΔCij). Therefore, it is important to
evaluate the range of pressure drops, and thus Δemn and ΔCij, for
which traveltime shifts can be accurately described as linear func-
tions of stiffnesses and reservoir pressure. Additional nonlinearity

could be introduced by a pressure/porosity-dependent effective
stress coefficient α (equations 1 and 2) or variations in the coeffi-
cients Cαβγ , but such variations are not accounted for by our mod-
eling algorithm.
The character of the pressure dependence of time shifts from spe-

cific reflectors influences the methodology one would use to invert
for reservoir pressure. Should time shifts vary linearly with reser-
voir pressure, estimation of the pressure drop ΔP is possible with
standard linear inversion techniques. Otherwise, it is necessary to
employ a nonlinear/global inversion method.

Time-shift trends versus reflector depth

Smith and Tsvankin (2012) use an elastic finite-difference algo-
rithm to model P-, S-, and PS-wave reflections for baseline
(Pfluid ¼ P 0

fluid) and monitor surveys. Time shifts for each wave type
are computed by isolating specific arrivals in the baseline and mon-
itor surveys, computing trace-by-trace crosscorrelations between
the surveys, and smoothing the resulting time-shift curves. Figure 4
shows typical time-shift surfaces (hulls) for a reservoir at 1.5 km
depth with a pressure drop of 20%, constructed using data from
22 reflectors located between the surface and z ¼ 3 km. For P-
waves (Figure 4a), the results are close to those obtained by ray
tracing (Fuck et al., 2009). Strain-induced P-wave velocity
anisotropy around the reservoir causes offset-dependent traveltime
shifts. Laterally varying P-wave time-shift patterns below the
reservoir are due to elevated shearing (deviatoric) strains at the
reservoir endcaps. The excess strain does not cause substantial
SV-wave anisotropy because the resulting symmetry of the medium
is close to elliptical.
Time shifts for various wave types/reflector combinations

exhibit different sensitivities to reservoir pressure
changes. For P-waves above and below the
reservoir, time shifts vary with offset due to
changing deviatoric stress around the reservoir
(Figure 4a). The combination of increased volu-
metric and deviatoric strains inside the reservoir
generates large S- and PS-wave time shifts from
reflectors beneath it (Figure 4b and 4c). These
trends provide useful guidance for designing a
stable pressure-inversion procedure. For this
study, reflectors A, B, and C (Figure 2) are used
to measure time shifts of P-, S- and PS-waves for
a range of pressure drops and to evaluate the lin-
earity of the pressure dependence of time shifts.
P-wave time shifts in Figure 4 are somewhat

larger than typical values measured in the field
(Guilbot and Smith, 2002; Hatchell and Bourne,
2005; Herwanger et al., 2007; Hodgson et al.,
2007; Rickett et al., 2007; Staples et al., 2007;
De Gennaro et al., 2008). Smaller values of
the third-order stiffnesses Cαβγ , or a decrease
in the effective stress coefficient (α) at larger
pressure drops will reduce the magnitude of
modeled time shifts. However, direct comparison
of our results with time shifts from real-world
reservoirs is nontrivial. In particular, we use lab-
oratory data for rock samples with an R-factor
that is much higher than that estimated from field
data (Hatchell and Bourne, 2005; Bathija et al.,

Figure 4. Typical time-shift surfaces for (a) P-waves, (b) S-waves, and (c) PS-waves,
measured using 22 reflectors around the reservoir of Figure 1 (Smith and Tsvankin,
2012). The time shifts correspond to hypothetical specular reflection points at each
(X; Z) location in the subsurface. Positive shifts indicate lags and negative shifts are
leads. Source location is indicated by the white asterisk on top; ΔP ¼ 20%. Reflectors
A, B, and C from Figure 2 are shown for reference.
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2009). Also, third-order stiffnesses obtained in a laboratory may not
be suitable for modeling reservoirs without certain adjustment.
Complex reservoir models typically incorporate multiple updates

(history matching) of geology and rock-physics properties (strain,
velocity, porosity, saturation, temperature, and R-factor) using well-
log data (Staples et al., 2007; De Gennaro et al., 2008). Although
this approach cannot be implemented here, the spatial patterns in
Figure 4 will remain largely unchanged by rock-property updates.
For example, the spatial distribution of P-wave time shifts in
Figure 4a is similar to that of the time shifts from the Stillwater
field shown by Staples et al. (2007), despite differences in time-shift
magnitudes.

METHODOLOGY

Modeling and assumptions

Here, we examine the variation of compaction-induced time
shifts for the three reflectors from Figure 2 due to the pressure drop
and the corresponding stiffness change ΔCijðx; zÞ. The initially
homogeneous stiffness/velocity field across the section becomes
heterogeneous and anisotropic as reservoir pressure is reduced. Fol-
lowing geomechanical finite-element modeling of compaction-
induced strain [Δemnðx; zÞ], changes in the stiffnesses are computed
from equation 3. These stiffnesses are used by an elastic finite-
difference code (Sava et al., 2010) to generate shot records of re-
flected waves.
Reflectors A, B, and C are inserted as density perturbations to sam-

ple traveltimes and estimate time shifts for each shot. Then, the multi-
component synthetic data are processed to isolate arrivals from the
specific reflector, and time shifts between the reference (baseline) and
monitor reservoir models are computed by crosscorrelation. P-wave
time shifts are measured from the shot records of the vertical displace-
ment, while S- and PS-shifts are measured on the horizontal compo-
nent. Additional smoothing is applied to reduce time-shift anomalies
caused by interfering arrivals that distort the wavelet shape. For all
models discussed here, the reservoir depth is 1.5 km, and the source is
located above the center of the reservoir (X ¼ 0).

Misfit (objective) functions

In the tests below, we individually vary reservoir pressure and
width. Misfits (objective functions) between P-, S-, and PS-wave’s
time shifts for a given reservoir ðΔtÞ and reference reservoir model
ðΔt refÞ are computed as the L2-norm,

μ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN
k¼1

ðΔt refk − ΔtkÞ2
vuut ; (7)

where k ¼ 1; 2; : : : ; N are the individual traces in the shot record.
The time-shift misfit between a modeled (test) reservoir and the
reference reservoir is calculated by depressurizing both reservoirs
from the zero-stress/strain initial state. Joint misfit is found as
the L2-norm of the individual wave type misfits,

μjoint ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μ2P þ μ2S þ μ2PS

q
: (8)

Misfits discussed below have not been normalized to facilitate com-
parison of results for different wave types at specific reflectors.

Computing joint misfits (equation 8) allows one to gauge the
possible advantages of combining different data types in pressure
estimation. When analyzing field data, geologic structures and in-
terference from out-of-plane events may limit the effective length of
reflecting interfaces. Similarly, strong amplitude variations with off-
set may occur due to fluid movement or partial depletion of the
reservoir (i.e., compartmentalization). In these cases, combining
time shifts from multiple reflectors and wave types may be desirable
or even necessary. Further, it is possible to assign weights to wave
types (equation 8) or individual reflectors depending on the data
quality (i.e., the number and signal-to-noise ratio of arrivals).

ANALYSIS

Time shifts and sensitivity to reservoir pressure

Figure 5 shows measured time shifts of P-, S- and PS-waves re-
flected from interfaces A, B, and C for a set of 20 reservoir pressure
drops of up to 30% of the initial reservoir fluid pressure. Positive
shifts indicate lags where monitor survey reflections arrive later
than those in the baseline survey, and negative shifts are leads. Data
for S- and PS-waves do not include time-shift estimates at X ¼ 0

due to the low amplitudes of the horizontal displacement from a
vertical force at small offsets. These time-shift curves are shown
as-is, without smoothing. Artifacts in these curves are time-meas-
urement errors due to distortions in the monitor wavelet caused by
interfering arrivals (see Smith and Tsvankin, 2012)
In general, P-wave time-shift lags at reflector A (top row) are

linear with pressure drop, and are associated with a P-wave velocity
reduction above the reservoir. S-waves reflected from interface A
experience small velocity increases and time-shift leads due to
changes in the stiffness C55 in the overburden. At small source-
receiver offsets, PS-wave shifts above the reservoir are close to zero
because P-lags are almost canceled by S-leads (Smith and Tsvankin,
2012). At reflector B, time shifts for all three modes exhibit slightly
nonlinear behavior with increasing pressure drop. Time shifts from
reflector C are clearly nonlinear as a function of pressure because of
the large stiffness perturbations inside the reservoir.
Therefore, if the data have a sufficiently high signal-to-noise ra-

tio, time shifts for reflectors above the reservoir can be inverted us-
ing standard linear inverse methods. Reflections from beneath the
reservoir produce quasi-linear time shifts for a small pressure drop,
but they become nonlinear in pressure after 10–20% depressuriza-
tion. Accordingly, time shifts of P-, S-, and PS-waves reflected
from deep interfaces should be processed by a nonlinear inversion
algorithm.
As a second aspect of our feasibility study, we evaluate the sen-

sitivity to pressure of total time shifts at all offsets for specific
modes and reflectors. For this discussion, the term “higher sensitiv-
ity” indicates a combination of high time-shift values and a steeply
sloped misfit curve with a distinct minimum at the reference (true)
pressure value (Figure 6c, for example). L2-norm time-shift misfits
(equation 7) for 20 pressure drops of up to 30% were computed with
respect to the reference reservoir in Figure 1, having a pressure drop
of 15% [halfway between 10% and 20% pressure drops shown in
Smith and Tsvankin (2012), and approximately equal to the 5 MPa
pressure drop of Fuck et al. (2009)].
The results for P-, S-, PS-waves along with joint misfits (equa-

tion 8) are shown in Figure 6. Misfit curves correlate well with
the time-shift magnitudes for each wave type and reflector depth

Sensitivity of compaction-induced time shifts T155
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in Figures 2 and 4, and the global minima coincide with the
actual 15% pressure drop. For reflector A, PS-wave time shifts
at larger offsets provide greater sensitivity to lower pressure drops
than do time shifts of P- and S-waves. At the top of the reservoir
(reflector B), P-wave time shifts change most rapidly with pressure
deviation from the reference value. The magnitudes of cumulative
P-wave shifts through the overburden are largest at reflector B, and
extend along the entire top reservoir boundary (see Figure 4a). S-
wave shifts clearly provide the largest sensitivity for all pressure
drops beneath the reservoir (reflector C). However, in all cases,
the joint misfit is more sensitive to pressure than the misfit for
any single wave type.

Sensitivity to errors in C111 and C112

As previously mentioned, there are only a few available measure-
ments of the third-order stiffness coefficients needed to compute
strain-induced changes in the second-order stiffnesses (equation 3).
The published values of C111 and C112 may also contain significant
uncertainty as they were not obtained under in situ stress and

saturation conditions. Therefore, it is important to evaluate the
sensitivity of the modeled time shifts and pressure estimation to
variation in C111 and C112 (see equation 5).
Figure 7 shows L2-norm time-shift misfits obtained in the same

way as those in Figure 6, but with distorted values of C111 and C112.
The coefficients C111 and C112 of the reference reservoir remain
fixed at the values from Figure 1. The misfits in Figure 7 are com-
puted for S-waves from reflector B, but are indicative of the general
behavior of all wave types at all reflectors. Changing C111 by�20%

causes substantial variations in the time shifts; in particular, a
higher magnitude of C111 results in larger stiffness perturbations
(Figure 7a). The sensitivity of the time shifts to C112 is much lower
because that coefficient is smaller than C111. All combined permu-
tations of distorted values of C111 and C112 (Figure 7b) cause some
deviations from the unperturbed L2-misfit curves, mostly due to
errors in C111. According to equation 3, strain-related stiffnesses
are proportional to the product of Cαβγ and the pressure drop
ΔP. Therefore, 20% perturbations in C111 cause an approximately
20% displacement of the minimum of the misfit curve along the
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Figure 5. Time shifts for reservoirs with pressure drops up to 30%. The source is located above the center of the reservoir at X ¼ 0.
(a, b, c) reflector A, (d, e, f) reflector B, and (g, h, i) reflector C. Columns correspond to (a, d, g) P-wave, (b, e, h) S-wave, and (c, f, i) PS-wave.
Plot legends indicate receiver X-coordinate.
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pressure axis (i.e., a 20% increase in C111 is com-
pensated by a 20% decrease in ΔP).

Influence of reservoir width

Whereas reservoir depth is typically well
known from borehole data, the true width of
the reservoir (or a given reservoir compartment)
may be estimated with an error. Because the
stress/strain field around the reservoir is a func-
tion of the compartment dimensions, the strain-
dependent time shifts change with reservoir
width. In particular, shear (deviatoric) stresses
are largest at the endcaps of the reservoir, even
for reservoirs of elliptical shape (Smith and
Tsvankin, 2012). The distance between these
shear-strain anomalies varies with reservoir
width, thus changing the ratio of volumetric to
deviatoric strain around the reservoir. An illustra-
tion of this variation for multicompartment
reservoirs is shown in Figure 11g and 11h below.
Figure 8 displays time shifts of P-, S- and PS-

waves at reflectors A, B, and C for reservoir
width ranging from 0.5 to 4 km. The reference
reservoir width for misfit measurements is 2 km. Time shifts above
reflector A do not vary significantly with reservoir width, except
when shearing strains from the reservoir endcaps are close to
one another. However, directly above the reservoir at reflector B,
P-wave time shifts change by up to 10 ms. The largest time shifts
occur for smaller source-receiver offsets at reflector C for wider (ex-
ceeding 3 km) reservoirs with ΔP ¼ 15%, reaching magnitudes
similar to those for the reservoir withΔP ¼ 20% shown in Figure 4.
The elevated time shifts in the region below the center of wider res-
ervoirs (at reflector C) are indicative of a more significant compac-
tion within the reservoir (i.e., the ratio of the vertical-to-horizontal
strain inside the reservoir increases with reservoir width). The sen-
sitivity curves for P-, S-, and PS-waves (Figure 9) are reasonably
smooth, with the exception of the S-wave misfit for reflector B and a
reservoir width of 3 km (this is likely due to a processing artifact).
As is the case with pressure dependence, joint misfit data from re-
flector C are most sensitive to variations in reservoir width.
We have also studied the influence of distortions in the stiffnesses

C111 and C112 on the time-shift misfits computed as functions of
reservoir width. As discussed above, the magnitude of time shifts
changes significantly for �20% variation in C111 (less so for var-
iations in C112), which results in perturbations for the misfits of all
wave types at reflector C (similar to those of the ΔP misfit
minima in Figure 7). In particular, the largest shift of the misfit min-
imum at reflector C occurs for S-waves, producing a �10%

deviation from the reference value (2 km). Little deviation of the
misfit minimum for 20% perturbations to C111 and C112 occurs
at reflectors A and B. An exception is the misfit curve for S-waves
at reflector A, where the C111 perturbation shifts the misfit mini-
mums by up to 50% of the reference width. This is due to compac-
tion-induced lateral variations of the stiffness C55 in the overburden
(i.e., between the reservoir and the surface). Similar misfit devia-
tions do not occur for P-waves at reflector A because significant
spatial variations of stiffness C33 take place primarily inside the res-
ervoir (Smith and Tsvankin, 2012).
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Figure 7. L2-norm misfits of time shifts for S-waves from reflector
B computed with distorted third-order stiffness coefficients C111
and C112. The values of C111 and C112 for the reference reservoir
(at ΔP ¼ 15%) are unchanged. The coefficients C111 and C112 are
distorted by �20% (a) independently; (b) simultaneously.
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Figure 6. L2-norm misfits of time shifts for reservoir pressure drops ranging from 0% to
30%. The reference reservoir corresponds to a pressure drop of 15%. (a) Reflector A,
(b) reflector B, and (c) reflector C.
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Figure 8. Time shifts for reservoir width ranging from 0.5 to 4 km. Pressure drops for all reservoirs are 15%. (a, b, c) Reflector A,
(d, e, f) reflector B, and (g, h, i) reflector C. (a, d, g) P-wave, (b, e, h) S-wave, and (c, f, i) PS-wave. Plot legends indicate receiver X-coordinate.
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Figure 9. L2-norm misfits of time shifts for
reservoir width ranging from 0.5 to 4 km
computed with respect to a 2 km-wide refer-
ence reservoir (Figure 1). The pressure drop
for all models is 15%. (a) Reflector A, (b) re-
flector B, and (c) reflector C (see Figure 2).
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Sensitivity to noise in reference time shifts

The influence of Gaussian noise with standard deviations of 2, 5,
and 10 ms added to the time shifts for the reference reservoir
(Figures 5 and 6) is shown in Figure 10. The largest noise level
is chosen to be sufficient to obfuscate typical P-wave time-shift val-
ues, but not so high as to be unrealistic. Time-shift misfits for 2-ms
noise (left column) do not differ significantly from the correspond-
ing noise-free estimates in Figure 6. Substantial degradation in
sensitivity is observed for reflectors A and B for 5-ms noise
(Figure 10b and 10e). The misfit curves develop local minima, in-
dicating that a linear inversion algorithm may fail at moderate noise
levels. For stronger noise reaching 10 ms (approximately 2∕3 of the
maximum P-wave time shifts for noise-free data), the misfit curves
for reflectors A and B are significantly distorted. Time shifts of all
wave types for reflector C, however, are sufficiently large to still
provide smooth sensitivity curves with a clear global minimum
and minimal degradation. Predictably, as noise levels increase,
the sensitivity to pressure reduction declines, but joint sensitivity
for reflectors B and C remains reasonably high. Hence, in the pres-
ence of substantial noise, joint and S-wave time shifts for reflectors

below the reservoir provide the most reliable input data for pressure
inversion.

Strain fields for multicompartment reservoirs

Next, we examine the possibility of modeling strain fields for
multicompartment reservoirs by linear superpositions of strains
generated by each compartment. Inversion of time-shift data for
pressure variations in multicompartment reservoirs can help evalu-
ate the pressure distribution away from the wellbore.
Following the description of subsurface displacement by Segall

(1992) as an integral of a pressure-dependent Green’s function,
Hodgson et al. (2007) invert for pressure in multicompartment
reservoirs. They express the vertical strain at a point (x; z) outside
the reservoir as the sum of the pressure changes (equation 1) in the
individual compartments multiplied by a Green’s function that
depends on the compartment stiffness, shape, and depth (Mindlin
and Cheng, 1950; Sen, 1951).
We have shown that time shifts for triaxial stress/strain geome-

chanical models are approximately linear in reservoir pressure
as long as the pressure drop and, thus, the corresponding stiffness
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Figure 10. L2-norm misfits for noise-contaminated reference time shifts as a function of reservoir pressure drop (compare with the corre-
sponding noise-free misfits in Figure 6). The reference reservoir pressure drop is 15%. (a, b, c) Reflector A, (d, e, f) reflector B, and (g, h, i)
reflector C. The standard deviation of noise increases by column: (a, d, g) �2 ms, (b, e, h) �5 ms, and (c, f, i) �10 ms.
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changes are small. Here, we verify the superposition principle
of Hodgson et al. (2007) for multicompartment geomechanical
models. The strain field of a reservoir compartment is a function
of its size and properties (i.e., of the compartment Green’s func-
tion). The addition of other compartments alters the background
medium around the first compartment and, therefore, changes that
compartment’s strain field. Thus, even for small pressure reduc-
tions, the strain field (and the resulting stiffnesses and time shifts)
of a multicompartment reservoir may somewhat differ from the sum
of the contributions of each compartment. This is a manifestation of
“crosstalk,” where the presence of other compartments influences
the response of any single compartment computed in isolation.
We compare time shifts for the single compartment, 2 km-wide

reservoir of Figure 1 to those for a 2-km wide reservoir composed of
two 1 km-wide subcompartments centered at X ¼ �0.5 km. The
pressure drop in each compartment is 20%. Time shifts for the sec-
ond multicompartment reservoir are computed by the linear super-
position of the strain fields of the smaller, 1-km wide compartments.
First, the strain fields are computed for a single, 1 km-wide reservoir
(Figure 11a, 11d, and 11g). To obtain the strains for a second, 1 km-
wide reservoir symmetric with respect to X ¼ 0, these strain fields
are mirrored across the X ¼ 0 axis. We then add the strain fields for
both reservoirs (Figure 11b, 11e, and 11h) and use them in the time-
shift modeling process prior to computing the stiffness coefficients.
While the strains e11ðþx; zÞ and e33ðþx; zÞ are symmetric with

respect to the same elements at x < 0, it is necessary to reverse
the sign of e13ðþx; zÞ to find e13ð−x; zÞ.
The strain-field patterns in Figure 11 for the single compartment,

1 km-wide (a, d, g), and 2 km-wide (c, f, i) reservoirs are quite sim-
ilar. There are slight differences in the “projection” of the element
e33 into the surrounding medium attributable to differences in res-
ervoir width (also see Fuck et al., 2011).
The time shifts of P-, S-, and PS-waves for all three reservoirs

from Figure 11 are shown in Figure 12. The 1 km-wide reservoir
centered at X ¼ 0.5 km (Figure 12a, 12b, and 12c) exhibits time-
shift asymmetry and lensing effects discussed in Smith and Tsvan-
kin (2012). The spatially varying time shifts for the 2 km-wide res-
ervoir composed of two subcompartments (Figure 12d, 12e, and
12f) and those for the single-compartment reservoir (Figure 12g,
12h, and 12i) are almost identical. Small oscillatory differences be-
tween the S-wave time shifts are due to polynomial fitting/smooth-
ing employed in postprocessing (Smith and Tsvankin, 2012).
Similar oscillations occur in the PS-wave time shifts above the
two-compartment reservoir (Figure 12f), but the PS-wave shifts be-
neath the reservoir are similar for both cases.
Although it is not feasible to perform this comparison for

a wide range of reservoir models, these results indicate that time
shifts obtained by linear superposition of the strain fields of mul-
tiple compartments are close to the time shifts of a compound,
single-compartment reservoir. This assumes that the strains are
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for one subcompartment) and a single compartment 2 km-wide (c, f, i). (a, b, c) Horizontal strain, (d, e, f) vertical strain, and (g, h, i) shear
strain. The pressure drop is 20%.

T160 Smith and Tsvankin

D
ow

nl
oa

de
d 

10
/1

4/
13

 to
 1

38
.6

7.
12

.9
3.

 R
ed

is
tr

ib
ut

io
n 

su
bj

ec
t t

o 
SE

G
 li

ce
ns

e 
or

 c
op

yr
ig

ht
; s

ee
 T

er
m

s 
of

 U
se

 a
t h

ttp
://

lib
ra

ry
.s

eg
.o

rg
/



sufficiently small, because superposition of large strains from multi-
ple subcompartments becomes inadequate due to the differences
between the corresponding Green’s functions (Mindlin and Cheng,
1950).

CONCLUSIONS

We have studied the dependence of P-, S- and PS-wave time
shifts on reservoir pressure with the goal of assessing the feasibility
of pressure and width estimation for a 2D rectangular reservoir. The
model comprises a homogeneous block of Berea sandstone, where
pore-pressure changes inside the reservoir induce heterogeneous
stress/strain and stiffness fields throughout the medium. Geome-
chanical modeling is implemented with a finite-element solver that
generates excess stress and strain as a linear function of reservoir
pressure. Multicomponent seismic data are modeled by an elastic
finite-difference code, and resulting time shifts are computed by
specialized postprocessing. Whereas the stress-induced stiffness

tensor is linear in excess strain, traveltime shifts generally depend
on the stiffness coefficients in a nonlinear fashion.
In the regions with relatively small strain, pressure-related

perturbations in the stiffnesses are not sufficiently large to cause
nonlinearity of time shifts. For example, time shifts are linear in
pressure reduction for reflectors above the reservoir. However,
strains inside the reservoir are much larger than those in the sur-
rounding medium, creating large stiffness changes. Thus, waves re-
flected from points inside and below the reservoir generally exhibit
nonlinear time-shift dependence on pressure.
L2-norm misfits of time shifts computed with respect to a refer-

ence reservoir show that S-wave reflections from interfaces beneath
the reservoir provide the most sensitive data for pressure estimation.
Misfit curves for S-wave shifts from deep reflectors have well-
defined global minima at the correct pressure value even for refer-
ence time shifts contaminated with 10-ms noise. This suggests that
inversion for reservoir pressure with noisy data should operate with
(preferably multicomponent) reflections from beneath the reservoir.
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Figure 12. P-, S-, and PS-wave time shifts for a reservoir constructed from two subcompartments 1 km-wide (a, b, c show time shifts for one
subcompartment) to form a reservoir 2 km-wide (d, e, f). Time shifts for a single-compartment reservoir 2 km-wide (g, h, i) are shown for
comparison. Pressure drop for all compartments/reservoirs is 20%. (a, d, g) P-wave, (b, e, h) S-wave, and (c, f, i) PS-wave. Plots (d, e, f) are
generated by adding the strain fields of both subcompartments prior to computing stiffnesses.
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One source of uncertainty in interpretation of time-lapse data is
the strain-sensitivity tensor (i.e., third-order stiffnesses), which is
poorly constrained by existing measurements. Although time shifts
vary substantially with the coefficient C111 (the other coefficient,
C112, is much smaller in our model), errors of up to 20% in the
third-order stiffnesses do not alter the general shape of the time-shift
misfit curves. Still, the minimum misfit moves from the correct
pressure value, with the percentage deviation close to the error
in C111.
Rock-property differences between laboratory and in situ (i.e.,

from seismic or borehole data) measurements are illustrated by
large discrepancies between lab- and field-estimated R-factors. It
may be possible to scale velocities measured on small, dry, low-tem-
perature samples in the lab to in situ velocity values. When applied
to reservoir models of the type used here, this may yield modeled
time shifts that are closer to those estimated from field data.
Another important parameter that can be potentially estimated

from time shifts is the width of the reservoir. The magnitude of time
shifts increases with reservoir width in a nonlinear fashion. Our
sensitivity analysis indicates that, as with pressure estimation, the
most reliable information for constraining reservoir width is pro-
vided by deep S-wave reflections.
Our numerical testing confirms that time shifts for multicompart-

ment reservoirs can be modeled by superposition of the strain fields
generated by the individual compartments. Such linear superposi-
tion, however, is valid only when the excess stress/strain is suffi-
ciently small. Superposition of the strain-induced time shifts
computed for each subcompartment is much less accurate because
time shifts are nonlinear in strain and stiffness.
For reservoirs composed of a single or multiple compartments, a

linear inversion method may be sufficient for pressure estimation as
long as pressure changes are small (up to approximately 10%).
However, time shifts measured at larger pressure drops should
be inverted by a more general, nonlinear (global) algorithm.
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