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SUMMARY
Anisotropic parameters, when considered in a microseismic processing, are typically inverted
using perforation shot data and/or simultaneously inverted with microseismic event locations.
Inverting using microseismic data alone usually leads to an underconstrained inverse problem
that is highly dependent on prior/initial information. We carefully processed the waveforms
from perforation shots, and picked P-, SH- and SV-wave arrival times to mitigate this issue.
Because the perforation shot locations are known, the inversion is better constrained by
reducing the number of model parameters while increasing the number of observations. We
applied both maximum a posteriori estimation and randomized maximum likelihood methods
for anisotropic parameter estimation, uncertainty quantification and trade-off analysis. Results
verified the stability of the inversion and revealed the uncertainty and trade-offs among model
parameter. In addition, attenuation is generally not considered in microseismic modelling and
processing. Our study found that hydraulic stimulation may lead strong increases in seismic
attenuation to reservoirs. The attenuation can dramatically change waveform characteristics
and cause velocity dispersion. Thus, sonic logs, which are acquired at frequencies much
higher than seismic data frequency should not be used directly for data processing in hydraulic
stimulated zones.
Key words: Fracture and flow; Probability distributions; Tomography; Induced seismicity;
Seismic anisotropy; Seismic attenuation.

1 I N T RO D U C T I O N
Traditional microseismic monitoring of hydraulic stimulation focuses on characterizing hydraulic fractures with microseismic event
locations and source mechanisms (Maxwell 2014; Shapiro 2015;
Grechka et al. 2017). Attempts have been made to use microseismic data as a source to image the structure of a reservoir and hydraulic fractures (Grechka et al. 2017). Perforation shots have been
routinely used for velocity model calibration in microseismic processing. Typically, stage-dependent isotropic velocity models are
calibrated with perforation shots before each stage to account for
heterogeneous and anisotropic effects (Pei et al. 2009). However,
shales, especially organic-rich shales, are almost always anisotropic
(Vernik 2016). A reliable estimation of anisotropic parameters at
reservoir in situ conditions not only improves microseismic event
location accuracy but also is essential for reservoir characterization
and providing information for active source surface seismic surveys
(Vernik & Nur 1992; Du et al. 2013). For instance, anisotropic parameters may be used to infer the content of kerogen in shale (Vernik
& Nur 1992). Research on anisotropic earth model characterization
has been carried out mainly on simultaneous inversion of microseismic event locations and anisotropic parameters (Grechka et al.
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2011; Li et al. 2013; Yuan & Li 2017). The simultaneous inversion
is usually considered as an underconstrained problem and its results are sensitive to prior/initial information such as well logs and
presumed anisotropic parameters. To our best knowledge, there has
been little effort on trying to construct reliable anisotropic models
using only perforation shot data. Building an anisotropic model using only perforation shot data is generally considered to be difficult,
if not impossible (Grechka & Heigl 2017; Pei et al. 2017).
In this study, we performed check-shot inversion and made efforts
to increase the number of observations while reducing the number
of model parameters to mitigate this traditionally underconstrained
problem. With careful processing, we were able to determine the
arrival times of SV waves, in addition to the traditionally used P and
SH waves, with high confidence. Using perforation shots instead of
microseismic events, source locations, which have trade-offs with
velocity parameters (Zhang et al. 2017b), do not need to be inverted.
These efforts resulted in a well-constrained inverse problem that is
insensitive to the prior model.
Another particularly challenging aspect of inverse problems is
the quantification of estimation uncertainty and trade-offs among
model parameters. While some studies try to quantify microseismic event location uncertainty (Myers et al. 2007; Templeton et al.
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of uncertainty and trade-offs. Following this anisotropy section, we
discuss the Q values obtained and their implication and potential
applications. Finally, we conclude with discussion on the limitation
of this work and the possible impact of our findings.

2 METHODOLOGY
2.1 Thomsen parameter estimation with Bayesian
inference
We have developed a Bayesian inference framework to simultaneously invert for microseismic event locations and velocity model.
The method has been successfully applied to a shallow borehole
survey in the Newberry Enhanced Geothermal System (Zhang
et al. 2017b) and a downhole survey in the Vaca Muerta Formation
(Zhang et al. 2018). In this section, we generalized this method to
anisotropic studies with a vertical transverse isotropic (VTI) model.
We assume that the perforation shot and geophone locations can
be obtained from the deviation survey with sufficient accuracy.
The earth model consists of anisotropic layers with boundaries predetermined based on sonic and gamma-ray logs. The model parameters to be estimated include those characterizing the properties of
each layer and the origin time of each perforation. For a system with
N perforations and M layers, the model parameter set m consists
of N + 5M elements:
m = [t1 , t2 , . . . , ts , . . . t N ; V1 , V2 , . . . , Vl , . . . , V M ]T ,

(1)

where ts is the origin time of the sth perforation shot. Vl =
[V p(0)l , V s(0)l , εl , γl , δl ] are the Thomsen parameters of the lth
layer (Thomsen 1986). For VTI material, V p(0) and V s(0) are the
vertical propagating P- and S-wave velocities, respectively. In the
case of weak anisotropy, ε can be seen as the fractional difference between vertically and horizontally propagating P-wave velocities. γ
can be considered as the fractional difference between vertically and
horizontally propagating SH-wave velocities. δ controls the nearly
vertical propagating P-wave velocity. T represents the transpose of
a matrix.
The observation vector dobs includes all available P-, SH- and
SV-wave arrival times that can be picked with adequate confidence.
The forward operator g(·) is to predict the observable parameters
using a given set of model parameters m. We use a 3-D anisotropic
eikonal solver developed by Belayouni et al. (2016) for forward
modelling. Specifically, it calculates the arrival times of each phase
at all geophone locations by solving an eikonal equation in VTI
medium. Detailed information about the forward modelling method
was given by Noble et al. (2014) and Belayouni et al. (2016).
According to inverse theory (Tarantola 2005; Zhang et al. 2017b),
under the Gaussian assumption the posterior probability density of
model parameters is given by

1
σ M (m) = c exp − [g (m) − dobs ]T C−1
D [g (m) − dobs ]
2

T −1 

1
(2)
− m − mprior Cm m − mprior ,
2
where mprior is the vector of prior mean values of the model parameters. The covariance matrix CD is the summation of the measurement
uncertainty part Cd and the parametrization uncertainty part CT . Cm
is the covariance matrix of the prior information. c is a normalization constant. A detailed discussion of eq. (2) was presented by
Tarantola (2005) and Zhang et al. (2017b).

Downloaded from https://academic.oup.com/gji/article-abstract/216/1/470/5136419 by Stanford Medical Center user on 28 November 2018

2014; Gesret et al. 2015), it is rarely analysed in the earth model
building process, which typically dominate the uncertainty of all
the subsequent microseismic processing results. In addition, understanding the trade-offs helps when optimizing the parametrization
strategy and provides insights into the bias introduced by model simplification. We use both deterministic and stochastic approaches to
investigate the uncertainties and trade-offs in velocity model estimation. We developed a Bayesian inversion framework based on
our previous work to include anisotropy within the process (Zhang
et al. 2017b; Zhang et al. 2018). To solve for the posterior probability density, we used the maximum a posteriori (MAP) estimation
(Tarantola 2005) and the randomized maximum likelihood (RML)
method (Oliver et al. 1996). Results show the stability of the inversion and help us to understand the uncertainty and trade-offs
between model parameters.
The importance of estimating attenuation parameters lies in several aspects. First, seismic attenuation acts as a low-pass filter that
modifies the frequency content of seismic waves. Thus, it is a requirement for understanding and making any use of the full waveform information. Secondly, the Q value can be a parameter to understand the in situ conditions of the target formation. According to
Ou & Prasad (2016), the attenuation might be a better indication of
pressure change than the P-wave velocity. Klimentos (1995) showed
that Q values may be used to distinguish gas and condensate from
oil and water. Tan et al. (2014) showed severe S-wave attenuation
caused by water-filled hydraulic fractures. Thirdly, a reliable estimation of earthquake source parameters depends on the availability
of seismic attenuation information. The seismic amplitude received
by a geophone is a coupled effect of source magnitude, radiation
pattern, seismic wave geometric spreading and path attenuation.
The estimation of attenuation parameters helps to constrain source
magnitude and source mechanism. Finally, attenuation causes velocity dispersion (Toll 1956). Due to the dispersion, the sonic logs
acquired at high frequency may not be a good representation of the
velocity at the seismic or microseismic frequency. An estimation of
attenuation gives a heads up about this possible discrepancy. There
are only a limited number of studies to investigate the Q value
changes due to fluid injection. Zhu et al. (2017) studied the spatial
and temporal attenuation changes induced by the variation of CO2
saturation when maintaining the pore pressure. Vera Rodriguez &
Stanchits (2017) investigated the spatial and temporal variations of
attenuation during hydraulic fracturing with a laboratory experiment. The determination of Q values can be from surface reflection
seismology (Shen et al. 2018a,b), crosswell (Quan & Harris 1997),
or vertical seismic profile (VSP) data (Tonn 1991). In microseismic
processing, limited attempts have been made to estimate Q values
(Eisner et al. 2013; Wcisło & Eisner 2016; Li et al. 2017; Wandycz
et al. 2017; Wcisło & Eisner 2017). However, in practical microseismic processing, the seismic attenuation is typically not considered
or the Q value is assumed to be temporal invariant. Here, we use the
spectral-ratio method to estimate Q values using perforation shots
and microseismic data (Tonn 1991). The estimated stage-dependent
attenuation reveals the possible effect introduced by hydraulic stimulation. It also suggests that downhole seismic surveys can be a
suitable tool to monitor this process with attenuation parameter
estimation.
The paper is organized as follows. In Section 2, we present the
Bayesian framework for the anisotropic problem and its MAP and
RML solutions. We also show the application of the spectral-ratio
method to the microseismic data set. Then, we review the field
setup of the survey at the Vaca Muerta formation. After that, we
show the results of anisotropic parameter estimation and analysis
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2.2 Maximum a posteriori estimation
An efficient way to solve the inverse problem formulated by eq. (2)
is to estimate the MAP point mMAP , along with its covariance matrix
Cm,MAP to characterize the posterior probability density of model
parameters (Zhang et al. 2017b):
mMAP = arg max σ M (m)
m

(3)

time pickings. mu represents an unconditional realization of the
model parameters. It can be generated by drawing a random sample
from the distribution described by mprior as the mean and Cm as
the covariance. To generate N conditional realizations of the earth
model, eq. (6) needs to be minimized N times with a different
unconditional model parameter mu and perturbed observation du
each time.

and

∂ gi
at
where GMAP is the sensitivity matrix with elements Gij = ∂m
j
the MAP point mMAP . gi is the ith element of g(·) and m j is the jth
element of m.
A more intuitive but less computationally efficient equivalent
form of eq. (4) is


−1 −1
,
(5)
Cm, MAP = GTMAP C−1
D GMAP + CM

where H = GTMAP C−1
D GMAP is known as the Gauss–Newton approximation of the data misfit Hessian (Pratt et al. 1998; Zhu et al.
2016). It is apparent from this expression that the posterior covariance matrix has the advantage over the inverse Hessian in this case
by taking the prior information into consideration.
Even though the MAP estimation is exact only when all the information is of Gaussian type and the operator g(·) is linear, which
are usually not the case, it is efficient in terms of computation
and is normally a reasonable approximation to the posterior probability density. The maximization of eq. (3) can be achieved with
various methods including steepest descent (Tarantola 2005; Aster
et al. 2011), Newton’s method (Aster et al. 2011), Gauss–Newton
method (Zhang et al. 2014; Zhang et al. 2017b,a), conjugate gradient (Aster et al. 2011) and truncated-Newton methods (Hessian-free
optimization, Nash 2000; Pan et al. 2017). In this study, the mMAP is
achieved with a Gauss–Newton method (Zhang et al. 2014; Zhang
et al. 2017a,b), which is a modification to Newton’s method to
iteratively minimize a sum of squared function values without a
computation of Hessian.
2.3 Randomized maximum likelihood method
The MAP estimation described above requires a Gaussian distribution for all the information and the linearity of the forward operator,
which is an approximation to real problems. A proper way to tackle
non-Gaussian and non-linear inverse problem is to use the Markov
chain Monte Carlo (McMC) method. However, the McMC can be
computationally expensive for problems with large model dimensions. Here, we use the RML method to approximate the McMC
method (Oliver et al. 1996). The motivation of using the RML
method is twofold: first, it allows us to test the sensitivity of the
inversion results to the prior velocity model, which is important to
make sure that the inverse problem is well constrained; secondly, it
provides an adequate approximation to the McMC method and does
not require the Gaussian and linear assumptions as is required in the
MAP estimation (Oliver et al. 1996). The RML method conditions
an unconditional realization of model parameters on the observed
arrival times by minimizing the objective function:
J (m) = [g (m) − du ]T C−1
D [g (m) − du ]
+(m − mu )T C−1
m (m − mu ) ,

(6)

where du is a set of perturbed observations obtained by adding
zero-mean Gaussian random noises with covariance CD to arrival

2.4 Spectral-ratio method for Q value estimation
The spectral-ratio method in a VSP survey estimates Q values using
the fact that high-frequency waves have greater attenuation than
low-frequency waves along the same travel path (Tonn 1991). It
has the advantage of not being affected by the radiation pattern of
the source, which is generally unknown and usually varies among
individual perforations. The microseismic monitoring project in
this study involves stimulation stages in a horizontal well and a
geophone array in a nearby vertical well (Fig. 1). This makes the
survey resemble the configuration of a walkaway VSP. We are able to
estimate the Q values using perforation shots as well as microseismic
event signals.
Consider the wave paths for a specific phase (P, SH or SV) from
the same source to two different geophones, which will be referred
as a geophone pair in the following discussion. The difference in
the two paths will cause a difference in spectrum due to attenuation,
reflection and geometrical spreading. The dependence of these two
waveform amplitudes A1 and A2 on the Q value for this specific
phase are given by


π f x1
(7)
A1 = G 1 · R1 · A0 exp −
VQ
and



π f x2
,
A2 = G 2 · R2 · A0 exp −
VQ

(8)

where G 1 and G 2 are the geometrical spreading factors, R1 and R2
are the refection coefficients, A0 is the original amplitude, x1 and
x2 are the path lengths travelled by the two seismic rays and f and
V are wave frequency and velocity, respectively.
The ratio between eqs (8) and (7) is


G 2 R2
π f x2 − x1
A2
=
·
· exp −
A1
G 1 R1
Q
V


πf
G 2 R2
t ,
(9)
·
· exp −
=
G 1 R1
Q
1
where t = x2 −x
= t2 − t1 and t1 and t2 are the traveltimes from
V
the source to the two geophones, respectively.
Taking the natural log of eq. (9) and dividing each side by t,
we get

A2
1
G 2 R2
π
π
1
ln
ln
= − f +
= − f + C,
t
A1
Q
t
G 1 R1
Q
where C =

(10)

G 2 R2
is a constant for each geophone pair. The
G 1 R1
1
relationship between t ln AA21 and f in eq. (10) is linear and the slope
is − Qπ . Seismic waves from the same source to various geophone
pairs give a set of parallel lines with the same slope − Qπ . We can
1
t

ln

compile these lines to stabilize the estimation of the slope. In this
study, we make the assumption that the Q values are independent
of frequency and homogeneous over the studied area.
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3 H Y D R AU L I C F R A C T U R I N G P R O J E C T
O V E RV I E W

Table 1. Number of triggered microseismic events within each stimulation
stage.

The hydraulic fracturing stimulation was conducted with a horizontal well in the Vaca Muerta Formation at Neuquén, Argentina.
The Vaca Muerta Formation is associated with the Late Jurassic
mixed shale lithology with calcareous and silicoclastic rocks. It is
developed along the northwestern part of the Neuquén Basin (Willis
et al. 2014). The Vaca Muerta Formation consists of three members. The lower Vaca Muerta is organic-rich shale. The middle Vaca
Muerta shows less lamination and lower TOC content. The upper
Vaca Muerta is also more organic rich and laminated like the lower
member (Garcia et al. 2013). The overlying Quintuco formation is
primarily a limestone reservoir with dolomite and anhydrite. The
underlying Tordillo is a clastic reservoir deposited through aeolian
and lacustrine mechanisms (Willis et al. 2014). The Vaca Muerta
has been targeted as a prospective tight gas and oil play. It is similar
to Eagle Ford, where there are oil, wet gas and dry gas windows
when moving from east to west. The area studied in this work lies
in the wet gas window of the play.
The side and map views of the project are shown in Fig. 1. The
stimulation well is perpendicular to the expected fracture azimuth
in the Vaca Muerta. It is completed as a cemented lateral using a
plug and perf. A total of eight hydraulic fracturing treatment stages

Stage

Number of events

1
2
3
4
5
6
7
8

66
123
53
37
44
116
42
11

were performed. Each stimulation stage follows four perforation
shots. The stimulation process was monitored with an array of 11
geophones in a nearby vertical well. The geophones and perforation
shots are almost in the same vertical plane. The vertical spacing
is approximately 30.5 m for the top four geophones and is approximately 15.2 m for the bottom eight geophones. The sampling
interval of the recording is 0.375 ms.
All the 32 perforation shots were recorded, and a total of 492
microseismic events were triggered and processed by a contractor
using standard industrial practice (Fig. 1). The numbers of microseismic events triggered in each stage are shown in Table 1. In
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Figure 1. Microseismic survey project setup (side and map views). A total of eight stimulation stages were conducted. The associated microseismic events
processed by a contractor are colour coded according to their stages. The stimulation was monitored with a 22-tool, 11-level double-stacked geophone array in
an adjacent vertical observation well.
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Figure 3. A four-layer homogenous isotropic prior/initial velocity model was used in the inversion. The layer interfaces (black lines) are positioned based on
well logs and sensitivity to arrival times. The thick bottom layer is due to lack of sensitivity to arrival times.

the contractor’s processing, an initial layered isotropic elastic earth
model was built based on sonic logs from the observation well.
Then, it was calibrated with perforation shots and early microseismic events for each stimulation stage. P- and S-wave arrival times
are picked manually. Microseismic events were located by minimizing the misfit between the picked and predicted arrival times of the
eikonal equation solver.

4 A N I S O T RO P Y
Sample waveforms from the first perforation in stimulation Stage 2
are shown in Fig. 2. They are rotated based on P-wave polarization
direction to separate P-, SH- and SV-wave components. The phase
annotated by the red arrow in the P-wave panel is a tube wave
as discussed in our previous study (Bergery et al. 2017). We can
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Figure 2. Sample waveforms from the first perforation in stimulation Stage 2. Waveforms are rotated to separate P-, SH- and SV-wave components. The blue,
orange and yellow lines are manually picked arrival times and the purple arrival times are predicted arrival times using the MAP estimated model. Thinner
lines represent pickings in other components for reference purposes. The phase annotated by the red arrow in the P-wave panel is tube wave as discussed in
our previous study (Bergery et al. 2017).
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for P-wave arrival time uncertainty and 2.0 ms for SH- and SV-wave
uncertainty.

4.3 RESULTS
4.3.1 MAP estimation

see clear shear wave splitting as indicated by the manually picked
SH- and SV-wave arrival times. This is an effect of anisotropy and
indicates the necessity of taking it into consideration.

4.1 Prior/initial model
We divided the studied area into four horizontal layers based on well
logs and sensitivities to arrival times as shown in Fig. 3. The reason
to leave the bottom layer relatively thick is the lack of sensitivity of
arrival times to wave velocities at this layer. We refer to the top layer
as the first layer and the bottom layer as the fourth layer. The initial
model is a homogeneous isotropic one. The prior mean of vertically
propagating velocities V p(0) and V s(0) are 3.5 and 2.0 km s−1 ,
respectively. Their standard deviation (SD) is 0.5 km s−1 . The prior
mean values of Thomsen parameters ε, δ and γ are all zero with an
SD of 0.5. The initial origin time of each perforation shot is 0.2 s
before the earliest picking with an SD of 3 s. The initial model used
in the MAP estimation is taken as the same as the prior model. The
unconstrained realizations used in the RML method are drawn from
their corresponding Gaussian distributions.

4.2 Observations
The observations are manually picked arrival times of P, SH and SV
waves. We picked P- and SH-wave arrival times for all perforation
shots whenever we were able to do so confidently. The SV-wave
arrival times for the 12 perforation shots in the first three stimulation
stages were also picked. The SV-wave arrival times for Stages 4–
8 were not used for two reasons: (1) the SV-wave arrival times
in the later stages can be used to quantify the prediction error of
the calibrated model; (2) it is difficult to pick the SV-wave arrival
times in these stages due to contamination of an earlier phase with
similar polarization direction with the SV waves, which may be P–
SV converted waves. The picked arrival times on the first perforation
in Stage 2 are shown in Fig. 2. The statistics of the number of picked
arrival times by stage are shown in Fig. 4. We used an SD of 1.0 ms

4.3.2 RML method
We generated 60 realizations from the posterior probability density
function with the RML method. Then, the histogram of each variable was fitted with a kernel smoother and the result is shown in
Fig. 9. The overlain orange lines represent the MAP estimation results for comparison purposes. In general, the RML result matches
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Figure 4. Number of arrival time picks in each stage used for inversion.
SV-wave arrival times from the first three stimulation stages are used for
inversion and those from the last five stages are left for prediction uncertainty
quantification.

The MAP estimated model is shown in Fig. 5 along with the sonic
and gamma-ray logs. The estimated vertically propagating P- and Swave velocities match the sonic log velocities well for the top three
layers. However, those for the bottom layer are significantly smaller
than the sonic velocities. This discrepancy might be a result of
velocity dispersion and will be discussed in Section 5. The inverted
ε, δ and γ values are almost all positive. We found that the velocities
tend to be slower in the second and the bottom layers where the
gamma-ray value (clay content) is high. This is consistent with our
knowledge of the effect of clay content on seismic wave velocities
(Han et al. 1986; Mavko et al. 2009). The anisotropic parameters
are also higher in these two layers, which mean increased anisotropy
associated with increased clay content. The predicted arrival times
using the inverted anisotropic model are shown by the purple picks
in Fig. 2 (Stage 2, Perforation 1) and Fig. 6 (Stage 6, Perforation 2).
Only SV-wave arrival times from Stages 1 to 3 are used for inversion,
so those in later stages can be used to validate the inverted model.
The predicted SV-wave arrival times in Fig. 6 match well with the
waveforms. Also note the phase indicated by the red question mark
in the SV-wave component panel, which might be P–SV converted
waves. This phase can be misinterpreted as the direct SV wave
without the prediction from the inverted model. The statistics of
the arrival time residuals of the anisotropic earth model estimation
are shown in Fig. 7. For each phase, the arrival time residuals are
nearly evenly distributed among stages. The inverted anisotropic
velocity model was also used to locate microseismic events. Only Pand SH-wave arrival times were used in the microseismic location
estimation. With the estimated locations, predictions of SV-wave
arrival times can be made and are shown in Fig. 8. Similar with
Fig. 6, the predicted SV-wave arrival times match well with the
waveforms although the SV-wave arrival times are not used for
event location.
The estimated Vp and Vs values under the assumption of isotropic
earth model are also shown in Fig. 5. The observations used in the
isotropic case are the P- and S-wave arrival times (SH- instead of SVwave arrival times from the data are used). Comparing the Vp and Vs
values in the isotropic case to the Vp (0) and Vs (0) values estimated in
the anisotropic case, even though the Vp and Vs values at the bottom
layer in the isotropic case match the sonic logs better, the Vp values
are significantly slower than the sonic logs at the top three layers.
The difference between the isotropic and anisotropic estimation
results is due to the false isotropic earth model assumption in the
former case. This point will be further illustrated in Section 4.3.3
to be attributed to the effect of forcing ε, δ and γ to be zero under
the isotropic assumption.
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Figure 6. Waveforms from the second perforation in Stage 6 stimulation. They are rotated to separate P-, SH- and SV-wave components. Even though SV-wave
arrival times are not used in the velocity model estimation, the predictions given by the estimated model match the waveforms well. The unknown phase
annotated by the question mark may be misidentified as SV wave otherwise. The phase annotated by the red arrow in the P- and SH-wave panel are reflected
waves from an underlying high velocity layer (do not be confused with the tube wave in Fig. 2).

the MAP estimation well. From the RML result, we can see increased velocity estimation uncertainty with depth. The uncertainty
for the δ value of the third layer is also large, and this corresponds
to the only near-zero anisotropic parameter. The scatter plots of

various parameter pairs from the RML estimation are shown by the
green dots in Fig. 10. Only Vp (0) of the four layers and the other four
anisotropic parameters at the fourth layer are shown for simplicity.
The overlain MAP-estimated 99 per cent confidence intervals given
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Figure 5. MAP estimated velocity model with well logs as the background. The estimated Vp (0) and Vs (0) values match the sonic log well at the top three
layers. The discrepancy at the bottom layer will be discussed in the Attenuation section. The estimated Vp and Vs values under the assumption of isotropic
earth model are also shown. The studied area is moderate anisotropy according to the inversion. Comparing to the gamma-ray log, the velocities of vertically
propagating waves tend to decrease and anisotropy tends to increase at the second and the bottom layers where the clay content (Gamma ray) is high.
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Figure 8. Waveforms from a typical microseismic event. The SH-wave components have higher signal-to-noise ratio (S/N) than those from the perforation
shot due to the shear motion dominant nature of a typical microseismic event. Even though SV-wave arrival times are not used in microseismic event location,
the predictions given by the estimated event location match the waveforms well.

by eq. (4) are represented by the black ellipses. The correlation
coefficient between each parameter pair is represented by the background colour. The MAP estimation was able to match the general
trend of the RML result. However, the RML estimated uncertainties
are significantly larger and deviate from Gaussian distribution due
to the non-linearity of the problem.

4.3.3 Trade-offs between model parameters
In simultaneous inversion of multiple parameters such as the case in
our problem, the trade-offs between model parameters may result in
unreliable estimations. MAP and RML estimation provide insight
into to these trade-offs. In addition, the quantification of tradeoffs between model parameters improve our understanding of the
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Figure 7. a) RMS of the arrival time residuals by stage and (b) histogram of arrival time residuals by phase.
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bias introduced by making unrealistic assumptions such as isotropic
earth model. Here, we give a discussion about the trade-offs of a
couple of parameter pairs for illustration purposes.
According to the correlation coefficients shown in Fig. 10, one of
the parameter pairs with the strongest trade-offs is Vp (0) and Vs (0)
(middle square with white frames in Fig. 10). This is a result of
the unknown origin times of perforation shots and the well-known
P- and SH-wave arrival time differences. The correlations among
anisotropic parameters in the fourth layer are usually strong (rectangles with white, yellow, black, and blue frames in Fig. 10). However,
the correlation coefficients between Vp (0) values at the top three layers and that at the bottom layer is not as significant (rectangles with
green frames in Fig. 10). This indicates the strongest trade-offs occur within different parameters in the same layer instead of among
the same parameter of different layers.
The Vp (0) and Vs (0) values at the fourth layer have relatively
strong negative correlation with the three Thomsen parameters ε,
δ and γ at the fourth layer. These negative correlations can be
attributed to the summation nature between the vertically propagating velocities and Thomsen parameters as shown by eqs (10v)
and (16) in Thomsen’s (1986) paper on weak elastic anisotropy.
The overestimated value of Vp (0) and Vs (0) at the fourth layer for
the isotropic case (Fig. 5) can be understood as the following: assuming an isotropic earth model means constraining the Thomsen
parameters to be zero. By forcing the values of ε, δ and γ to be
smaller than their actual values, the estimated values of Vp (0) and
Vs (0) are larger than their actual values according to their negative
correlations with the three Thomsen parameters (rectangles with
yellow frames in Fig. 10). The parameter δ has no correlation with
γ (squares with blue frames in Fig. 10) since it is unrelated to the
velocity of SH waves.

5 AT T E N UAT I O N
A zoom-in view of the P-wave component from Fig. 2 is shown
in Fig. 11(a). We can see clear change in frequency content from
the top geophones to the bottom ones. We attribute this change to

attenuation along the paths of the seismic waves. With the spectralratio method, we may estimate the Q values along the path. Due
to limitation in signal-to-noise ratio (S/N) and ray path coverage,
we assumed isotropic and homogeneous Q value within the whole
model. This represents the average Q values along the seismic paths.
A Tukey window was applied to extract the P wave from the whole
waveform. An example spectral-ratio fit is shown in Fig. 11(c). The
Q value can be estimated using the slope of the least-squares fitted
straight line. The uncertainty of the Q value can also be obtained
from the uncertainty of the fitted slope. The estimated Qp value from
this spectrum is 11.5, which means significant attenuation within
the area.

5.1 Intrinsic versus scattering Q
To investigate the origin of the attenuation, we first tried to distinguish the intrinsic Q from the stratigraphic scattering Q. Under the
assumption that the vertical heterogeneity is more significant than
the lateral heterogeneity, we constructed a 1-D layered earth model
from the sonic logs. We carried out 2-D isotropic synthetic waveform modelling with the wavenumber integration method using
Herrmann’s (2013) code. To approximate the effect of stratigraphic
scattering Q, we divided the P-wave sonic log into 154 layers as
shown by the orange line in Fig. 12. The Vs values were approximated with an assumed Vp /Vs of 1.73. The density was estimated
with the Gardner’s relation (Gardner et al. 1974). No intrinsic attenuation was used in the modelling. The P-wave portion of the
synthetic waveform is shown in Fig. 11(b), and its corresponding
spectral-ratio fit is shown in Fig. 11(d). Fig. 13 shows the whole
synthetic waveform. From Fig. 11(b), we can see that the elastic
model predicts no clear change in frequency content for difference geophones. This is also shown by the nearly flat fitted line in
Fig. 11(d). This suggests that the stratigraphic scattering attenuation
does not contribute a significant portion to the overall attenuation.
Thus, we conclude that the dispersion is mainly a result of intrinsic
attenuation.
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Figure 9. RML estimated probability density overlain by the MAP estimated result (orange lines). The estimation uncertainty at the bottom layer is large due
to the lack of sensitivity to arrival times.
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5.2 Qp values from perforation shots
We first calculate the Qp values using perforation shot signals. Due
to the explosion-dominated nature of a perforation shot’s source
mechanism, the SH-wave component suffers from low S/N. Thus,
Qs values were not analysed. To achieve a reliable estimation result,
we used only perforation shots that can give a reasonable linear
relationship between spectral ratio and frequency. Based on this
criterion, 11 out of the 32 perforation shots were automatically selected. All the perforation shots from Stages 5 to 8 are automatically
discarded due to low S/N. The Qp values estimated from these perforations are shown by the histogram in Fig. 14(a). This histogram
shows that the majority of these events give Qp values between 10
and 15, while there are three outliers whose Qp values lie around 25
or 30 that will be discussed next. Fig. 15 shows the estimated Qp
values with their perforation shot locations. The error bars stand for
the 95 per cent confidence intervals of these values. It is apparent

that the perforation shots with high Qp values (the three outliers in
Fig. 14a) are all from Stage 1, which is the only stage where no hydraulic fracturing stimulation was conducted before the perforation.
Thus, we consider these Qp values represent the original attenuation of the unstimulated reservoir. After Stage 1, the ray paths of
the perforation shots will somewhat overlap with the zones affected
by previous stimulations (Fig. 16). The significant decrease in the
Qp values estimated from later stages perforation shots may be related to the stimulation of the formation. The hydraulic stimulation
introduces changes to the formation from several aspects: creation
of new fractures or the stimulation of pre-existing fractures; change
in fluid saturation and change in in situ stress states. According to
Amalokwu et al. (2014), P-wave attenuation is not significantly increased by the presence of fractures as long as the fracture aperture
is much less than the wavelength. Thus, the increased P-wave attenuation should be attributed mainly to changes in water saturation
and stress states.
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Figure 10. Green dots represent the scatter plots of various parameter pairs from the RML estimation. Only Vp (0) of the four layers and the other four
anisotropic parameters at the fourth layer are shown for simplicity. The overlain black ellipses are the MAP-estimated 99 per cent confidence intervals. The
axis ranges for Vp (0) and Vs (0) are Vp (0)MAP ± 0.8 and Vs (0)MAP ± 0.8 km, respectively. The axis ranges for ε, δ and γ are εMAP ± 0.8, δMAP ± 0.8
and γMAP ± 0.8, respectively. The correlation coefficient between each parameter pair is represented by the background colour. While the MAP estimation
significantly underestimate the uncertainty of these values due to linear assumption, it predicts the trend and correlation correctly.
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5.3 Qp and Qs values from microseismic events

5.4 Relating dispersion to attenuation

Since the estimation of Q values does not require information on
source locations, we may also use waveforms from microseismic
events to estimate Q values. Thanks to the shear-dominated nature
of microseismic events (Fig. 8), the Qs values can also be estimated
with reasonable confidence. Here, we use the SH-wave portion of
the waveform to estimated Qs values. SV waves were not used due
to low S/N. The histogram of Qp and Qs values obtained using microseismic event signals are shown in Fig. 14(b). The Qp values
from microseismic events are similar with those from perforation
shots in Fig. 14(a). We also found that the Qs values are significantly higher than the Qp values within this region. This is not a
result of statistical uncertainty since we also found similar results
from a nearby well where there are more microseismic events with
high S/N (not shown here for simplicity). One possible explanation to this smaller than 1 value of Qp /Qs is an indication of gas
or condensate (Klimentos 1995), which is the case in this studied
area.

One possible explanation for the discrepancy between the MAP
estimated model and the sonic log at the bottom layer is a result
of velocity dispersion. Since we have observed severe attenuation
within the studied area, causality requires a corresponding velocity
dispersion (Toll 1956; Mavko et al. 2009). Thus, the sonic log may
not be a good representation of the wave velocity at the microseismic frequency range. Here, we used a nearly constant Q model to
explain the discrepancy between the MAP estimated velocity and
the sonic log at the bottom layer (Liu et al. 1976; Mavko et al.
2009). According to the nearly constant Q model,
 
ω
1
V (ω)
,
(11)
ln
=1+
V (ω0 )
πQ
ω0
where V (ω) and V (ω0 ) are velocities at two different frequencies ω
and ω0 and the Q value is assumed to be nearly constant within this
seismic frequency band.
Assuming the picks of the arrival times represent a frequency of
ω0 = 200 Hz, which is a typical resolvable frequency for microseismic survey, and the sonic log was acquired at a frequency of
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Figure 11. (a) Zoom-in view of the P-wave component of the waveform in Fig. 2. Comparing the waveforms from different geophones using the orange
P-wave windows as reference, the dominant periods in the P-wave windows at the top traces are significantly longer than those at the bottom traces, which
means the frequency contents of the P waves at the top traces are significantly lower than those at the bottom traces. This is an indication of severe attenuation.
(b) Synthetic waveforms of the same perforation shot with (a). (c) Compiled spectral ratio of the waveforms in (a). (d) Compiled spectral ratio of the waveforms
in (b). According to (b) and (d), there is no significant change in frequency content from geophones at the top to those at the bottom for the synthetic case.
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Figure 13. Synthetic seismogram from the earth model shown in Fig. 12. Significant coda wave can be observed due to the finely layered model used in the
modelling. Both P- and S-wave reflections can be observed after the direct arrivals.

ω = 20 kHz, which is a typical sonic log frequency, the left-hand
side (LHS) of eq. (11) is
LHS =

3.0 km s−1
V p (20 kHz)
V p (ω)
≈
≈ 1 + 0.15. (12)
=
V p (ω0 )
V p (200 Hz)
2.6 km s−1

Using a Qp value of 13 according to our estimation shown in
Fig. 14, the right-hand side (RHS) of eq. (11) is
 
ω
1
≈ 1 + 0.11.
ln
RHS = 1 +
π Qp
ω0

(13)

The LHS is approximately equal to the RHS of eq. (11) based on
this analysis. This shows the attenuation at least partially explain

the discrepancy between the estimated velocity and the sonic log at
the bottom layer.
Similar analysis can be made for S wave:
LHS=

1.8 km s−1
V s (ω) V s (20 kHz)
≈
≈ 1 + 0.09,
=
(ω
(200
)
Vs 0 Vs
Hz)
1.65 km s−1

and
RHS = 1 +

 
ω
1
≈ 1 + 0.05,
ln
π Qs
ω0

(14)

(15)

with a Qs value of 30 according to Fig. 14(b). The LHS is on the
same order of magnitude with the RHS. Admittedly, this is a rough
estimation given the large uncertainty of the estimated velocity at the
bottom layer (Fig. 9) and the homogenous and isotropic assumptions
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Figure 12. The model used to generate synthetic waveforms in Figs 11(b) and 13. We blocked the studied area into 154 layers as shown by the orange line
based on sonic logs. The Vs values within each layer were calculated based on the assumption of Vp /Vs = 1.73. Densities were estimated with the Gardner’s
relation (Gardner et al. 1974). No intrinsic attenuation was assumed in the modelling to study the effect of stratigraphic scattering attenuation.
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Figure 15. Estimated Qp values using waveforms from perforation shots by stage and their 95 per cent confidence intervals. The Qp values in Stage 1 (the
three outliers in Fig. 14a) are significantly larger than those in the later stages. The decrease in Qp values may result from hydraulic stimulation treatment after
Stage 1 perforation.

of Q value. However, it indeed provides a plausible explanation to the
discrepancy between the velocities from microseismic estimation
and sonic log.

6 DISCUSSION
The vertical coverage of geophone arrays in a microseismic survey is usually limited, such as the case in this study. According to
the RML uncertainty analysis, the velocity model estimation uncertainty significantly increases outside of the geophone depth range. A
strategy to improve velocity estimation accuracy in the reservoir is
to straddle the target area with a geophone array. However, this may
lead to low S/N due to strong noise in this area. Distributed acoustic
sensing, as an emerging technology (Karrenbach et al. 2017), could
provide significantly improved coverage in the vertical direction.
Thus, it has the potential to improve the accuracy of estimated earth
model, and enable the characterization of depth variant attenuation
using the method developed in this paper.

An assumption within this work is the homogenous Q model. This
is due to the limited ray path coverage that can be used in this survey.
Indeed, the effect of hydraulic stimulation should not be homogeneous along the whole seismic ray path. The Q values we obtained
here should be considered as effective quality factors. However, it
should still give an idea on how severe the attenuation induced by
hydraulic stimulation might be. In addition, it provides a motivation
to design a dedicated survey, such as crosswell, VSP or time-lapse
seismic to monitor the hydraulic stimulation process. Efforts should
be put to increase both source and receiver coverage to enable Q
value tomography. Another difficulty brought by the limited ray
path coverage lies in the estimation of stage-dependent velocity
model. Ideally, the change of velocity and anisotropic parameters
due to hydraulic stimulation can be observed by comparing the velocity model estimated using perforations in the first stimulation
stage and that estimated using perforations in the later stimulation
stages. However, the velocity model estimation using perforations
only in the first stage is an underdetermined problem due to the
limited ray path coverage, limited number of perforation shots and
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Figure 14. Histogram of Q values estimated with (a) perforation shots and (b) microseismic events. Qs values cannot be estimated from perforation shots data
due to the small portion of S-wave energy generated by explosive source. The Qp values estimated using perforation shots lie mainly between 10 and 16. The
three outliers between 23 and 30 will be discussed in Fig. 15. The Qs values estimated with microseismic data are significantly larger than the estimated Qp
values.
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the trade-offs among anisotropic earth model parameters. Simultaneous inversion for anisotropic parameters with microseismic data
might be able to add information to stabilize the inversion and will
be the next step of this work.
Both theoretical and laboratory rock physics studies need to be
carried out to understand the change in Q values and the smallerthan-one Qp /Qs . The traditional practice of treating fractures as an
effective medium (Kuster & Toksöz 1974; Cheng 1978; Hudson
1980; Hudson 1981; Cheng 1993) may be invalid for hydraulic
fractures given the large scales of these fractures and short wavelength of seismic waves observed in downhole surveys. Possible
effects that need to be considered include pore pressure change,
gas/condensate saturation, squirt flow and scattering. Bergery et al.
(2015) show that hydraulic stimulation may lead to severe S-wave
energy attenuated with a data set from a nearby well. We were not
able to extract temporally or spatially variant Qs values from this
data set with the presented method. As mentioned previously, a dedicated survey may help to improve attenuation characterization and
the understanding of this effect. In addition, attenuation results in
both amplitude loss and dispersion of seismic data (Zhu & Harris
2014). It may benefit to study attenuation from seismic wave amplitude point of view. However, the study of attenuation effect requires
an understanding of the source radiation pattern, which is not well
known for perforation shots.

7 C O N C LU S I O N S
With little requirement of sonic logs as the prior information, we
were able to build an anisotropic earth model using only perforation
shot data. RML estimation verifies the stability of the inversion
and helps us to understand the uncertainties and trade-offs among
velocity model parameters. The inverted vertically propagating Vp
and Vs velocities match well with sonic log velocity data in areas
that are unaffected by hydraulic stimulation. The magnitudes of
inverted anisotropic parameters correlate well with clay contents
from gamma-ray logs. Our work also suggests that the hydraulic
stimulation process will cause significant increases to attenuation of
seismic waves. Causality requires corresponding velocity dispersion
associated with attenuation. Thus, traditional processing practice of
using sonic logs, which are acquired at frequencies much higher than
microseismic data frequency, may be questionable. It also shows

the possibility to monitor hydraulic stimulation with attenuation
analysis.
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