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Summary 

This paper combines two topics.  Anisotropic modelling of DAS data and AVA modelling of CO2 
fluid substitution.  Axial strain along the fiber as recorded by DAS can be written using the product 
of projected phase slowness and polarization vectors, and these vectors are not simply aligned 
in anisotropic media.  Thus, there is an angle- or offset- dependent signal of anisotropy in P and 
Sv strain amplitudes.  We find that this effect may be significant and needs to be accounted for. 
 
Including anisotropy in seismic AVA simulations for CO2 monitoring is likewise important.  Sonic 
VTI logs from the Farnsworth CO2 project are used to simulate the AVA response change due to 
partial saturation of super-critical CO2 in the Morrow Sand formation.  The overlying Thirteen 
Fingers formation, which has interbedded limestone stringers and shale, exhibits both intrinsic 
and extrinsic VTI which will impact any quantitative AVA interpretation.  Using a VTI model built 
from logs and 3D VSP data, multi-offset DAS VSP data are simulated and imaged for anisotropic 
AVA inversion. 
 

Anisotropy and DAS amplitudes 

Polarization is a local wavefield property that, together with phase slowness, allows anisotropy 
estimation using downhole vector geophones and multi-offset VSP data (e.g. Leaney and Hornby, 
2007).  Downhole DAS data measure a filtered version of axial strain or strain rate along the fiber 
and so do not provide a vector recording of the polarization vector, but the polarization vector is 
present in the formula for strain, so multi-offset DAS data contain a signal of local anisotropy.  We 
investigate this using anisotropic ray theory. 
 
The axial strain amplitude, 𝑒𝑧, may be written using anisotropic ray theory for a far-field force 

source, �⃑� , as: 

𝑒𝑧(𝜔) = ∑
𝑖𝜔�̂�𝑧𝑢𝑧 ∏𝑇𝑒𝑖𝜔𝑡

4𝜋𝑐(𝜌𝜌′𝑉𝑉′𝑆)1 2⁄ �̂�′ ∙ �⃑� 𝑟𝑎𝑦𝑠 𝑠(𝜔),   (1) 

 
where the primes indicate quantities at the source, 𝒖 is displacement polarization, 𝒑 is phase 
slowness, 𝑇 is transmission and reflection coefficients along the ray, 𝑡 is the traveltime from 

source to receiver along the ray, 𝑐 is phase velocity, 𝜌 is density, 𝑉 is group velocity, 𝑆 is 
geometrical spreading and 𝑠(𝜔) is the source signal.  Caustics and anelastic absorption have 

been omitted.  The 𝑧 components of the unitary phase slowness and polarization vectors are 
projections along an arbitrary local fiber direction, �̂�, �̂�𝑧 = �̂� ∙ �̂� and �̂�𝑧 = �̂� ∙ �̂�.  Equation (1) has 
been used, including gauge length and laser pulse wavenumber filters, to simulate DAS data 
(Leaney et al, 2019; Leaney and Chapman, 2020) and as the basis for true amplitude VSP 
imaging (Leaney et al., 2021).  Here we use it to study the impact of anisotropy on angle-
dependent strain amplitudes.  
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We consider angle-dependent P and Sv strain amplitudes for a sample VTI medium and compare 
it to the isotropic case.  The VTI medium has parameters (𝑉𝑝, 𝑉𝑠, 휀, 𝛿) = (4.0,2.3,0.25,0.10).  Figure 

1 (left) shows a computation versus angle of receiver-side terms from (1), specifically 

�̂�𝑧�̂�𝑧/(𝑐𝑉
1/2).  The difference between VTI and ISO cases arises because of the misalignment of 

phase and polarization vectors in anisotropic media.  Notice the cross-over at around 20 degrees, 
where Sv amplitudes become larger than P (for equal source radiation).  Figure 1 (right) shows 
VTI minus ISO, normalized by the peak ISO value.  The difference is 7% for Sv with the maximum 
occurring at 22 degrees and 14% for P at 46 degrees.  These deviations in strain amplitude due 
to VTI anisotropy local to the virtual receivers indicate a potentially useful signal in field data, but 
also that anisotropy must be included in the simulation and quantitative interpretation of DAS data. 
 

 
 
Figure 1.  Left:  P (blue) and Sv (red) strain amplitude versus phase angle for isotropic (solid) and 
VTI media (dashed).  Right: VTI strain minus ISO strain normalized by peak isotropic values. 
 

Anisotropic seismic AVA simulation for CO2 monitoring 

We use an integrated workflow to model the anisotropic seismic AVA response due to a change 
in CO2 saturation.  Log scale VTI properties are obtained from sonic slownesses (Sinha et al., 
2008) augmented with the use of a tensor completion algorithm (Leaney and Jocker, 2018).  
Reservoir pore fluids are replaced with super-critical CO2 using a Gassmann technique (e.g. 
Smith et al., 2003), modified to account for the sensitivity of sonic data to saturation (Leaney et 
al., 1996).  The VTI logs for brine and CO2 are upscaled using Backus averaging and blocked into 
layered models which are calibrated to multi-offset VSP times.  An exact, dynamic ray tracing 
code for 1D VTI layered media is used (Leaney, 2014, Ch. 3).  Free-surface responses for source 
and receiver may be included using the technique of composite rays (Červený, 2001, ch. 5; 
Chapman, 2004, ch. 6).  Different propagation modes are available: P-p, P-sv, Sv-sv, Sh-sh – 
and DAS response can be output, including wavenumber filtering due to gauge length.  VTI ray 
tracing is used for several things: to efficiently simulate prestack seismic gathers, for NMO 
correction and for incidence phase angle binning.  We will show DAS AVA responses for brine 
and partially saturated CO2 cases.  The log + VSP data set used for demonstration comes from 
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the Farnsworth CO2 project (Ampomah et al., 2021) in North Texas and involves the Morrow sand 
reservoir.   
 
Figure 2 shows the lithology volumes from a petrophysical inversion with VTI elastic logs to the 
right.  Also shown is the 40Hz Backus upscaled version and a blocked model which will be used 
for ray tracing.   The Morrow Sand is bounded by highly anisotropic shales, and the upper shale 
grades into the Thirteen Fingers formation which has interbedded high impedance and largely 
isotropic carbonates.  This formation results in a large extrinsic anisotropy effect as can be seen 
in the increase in epsilon for the Backus-upscaled logs.  The reservoir exhibits a slightly negative 
epsilon and a more negative delta.  This is not unexpected in stress-sensitive sandstone 
formations when the maximum stress is vertical (e.g. Sayers, 2005).  The effect of this is to 
increase the contrast in anisotropy at top and based of reservoir.  Figure 3 shows exact VTI 
Zoeppritz reflection coefficient versus phase angle for the top and base Morrow sand compared 
to the isotropic case.  Beyond about 20 degrees the difference is significant.  Clearly it will be 
important to include VTI effects in any quantitative interpretation. 
 

 
 
Figure 2.  Lithology (left) and sonic VTI logs (black) with 40Hz Backus upscaled versions (red) 
and blocked model for ray trace modelling.  In the columns are Vp and Vs, density, epsilon, delta. 
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Figure 3. Anisotropic (VTI, solid) and isotropic (ISO) exact Zoeppritz AVA curves for top (blue) 
and base (red) reservoir interfaces. 
 
We now use these logs to model a pore fluid substitution of 100% brine and 70/30 super-critical 
CO2/brine partial saturation using CO2 bulk modulus properties at reservoir depth following Picotti 
et al. (2013).  Only a change in pore fluid saturation is considered here, reservoir pressure 
changes may be included in the future as the necessary laboratory velocity-versus-stress 
measurements have been made for this Morrow sand formation (McMillan et al., 2021).  Figure 4 
shows the result when ray trace modelling is used to simulate surface gathers for these two 
models, and also used for NMO correction and for offset-to-phase angle binning.  The seismic 
AVA response is complicated by the thinness of the reservoir (about 12m) and there is also a 
small time lag present for the CO2 case.  As figure 4 shows, a significant change in AVA response 
is predicted for P-p reflections, indicating that AVA inversion should be an important tool to monitor 
plume development. The reason for the relatively limited maximum angle of 33 degrees is 
because of thick, high velocity evaporites in the overburden. 
 

 
 
Figure 4.  Left: Time-based VTI model properties and P-p VTI AVA gathers for brine and partial 
CO2 saturation.  The angle binning is 3 to 33 every 3 degrees.  Model properties are: epsilon and 
delta (fixed for both cases), density, Vp/Vs, acoustic impedance for brine (blue) and CO2 (red).  
Right: reservoir zoom with time-based logs of rho, Vp/Vs and Ip. 
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We now use the CO2 model for multi-offset DAS VSP simulations in VTI and isotropic models.  
Figure 5 shows 51 receivers at 6m spacing and 11 source points from 60m to 3100m.  A gauge 
length of 6m was used and free surface radiation was included for the vertical force source. 
 

 
 
Figure 5.  Multi-offset VSP simulation for the Farnsworth model.  Left: isotropic; right: VTI. 
 
To convert the simulated data of figure 5 to AVA gathers a true amplitude processing and imaging 
workflow for DAS VSP data is followed (Leaney et al., 2021).  Processing is simple – direct 
downgoing wave estimation and subtraction followed by deterministic deconvolution.  For field 
DAS data other steps such as a frequency-space despike may be included.  The deconvolution 
operation removes the angle-dependent strain and gauge length filtering of the direct P arrival. 
This does most of the work to correct the angle-dependent DAS response of the reflections, which 
we seek to compensate.  A residual strain correction following the theory of (1) is included in the 
migration as well as a dominant frequency gauge length wavenumber ratio scaling which 
approximates the residual gauge length correction.  Also in the migration step is an option to 
output angle gathers.  For this, a translational model invariance assumption is invoked to allow 
recovery of sufficient angular aperture from offset image points.  This assumption is not needed 
when image point gathers are used (Leaney, 2015), in which case a constrained AVA inversion 
is possible.  This anisotropic processing and imaging workflow has been shown to produce AVA 
gathers from multi-offset VSP data that when inverted, reproduce measured elastic logs (Leaney 
et al., 2021).  We now apply the above workflow to synthetic from the Farnsworth CO2 model. 
 
Figure 6 compares CO2 AVA gathers from simulated DAS multi-offset VSP data when the model 
is made isotropic and when the model is VTI as discussed previously.  The angle range for all 
gathers is 1-32 degrees.  Both P-p and P-sv reflections are imaged in depth from the processed 
common shot VSP gathers.  There is an enhanced AVA response over the reservoir in the VTI 
case, particularly for the base reservoir.  Anisotropy also impacts the incident phase angle range, 
with the VTI case having a reduced range (group angles are generally greater but phase angles 
smaller than the isotropic case).  The converted wave images, which are shown in reversed 
polarity, show increased vertical resolution as expected. 
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Figure 6.  Migration AVA gathers in depth from simulated multi-offset DAS VSP data for an 
isotropic model and a VTI model.  The model properties are shown at left, then P-p ISO, P-p VTI, 
P-sv ISO, P-sv VTI.    
 

Conclusions 

Anisotropic ray theory was used to study the impact of anisotropy on axial strain amplitudes in 
DAS data.  While many factors influence recorded amplitude, anisotropy local to the receivers 
was shown to be a significant factor, perhaps opening the door to an inversion for medium 
properties at depth using multi-offset downhole DAS data. 
 
We showed a case study of anisotropic (VTI) AVA for a sandstone reservoir from the Farnsworth 
CO2 project.  Sonic anisotropy logs were upscaled to build a 1D VTI model which was then used 
for ray theory simulations.  Anisotropy in the bounding shales was high, with a significant impact 
predicted on the AVO/AVA response.  Fluid substitution was used to study the impact of partial 
super-critical CO2 saturation.  Multi-offset DAS VSP data were simulated, processed and imaged 
for P-p and P-sv angle gathers in isotropic and anisotropic models.  Significant differences were 
observed, both in amplitude and incident phase angle range.  These results indicate that:  
 

1.   Anisotropy must be included in any quantitative inversion for CO2 monitoring  
2.   Multi-offset DAS VSP data can be used for quantitative inversion, both P-p and P-sv, 
      provided anisotropic effects are handled. 
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