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ABSTRACT

Rock physics modeling and time-lapse geophysical modeling are effective methods to better
understand the influence of hydrogen on rock properties and visualize hydrogen plume distribution
and its migration direction. We study rock physics responses of hydrogen in a wedge model and a
small field test scenario under different injection conditions. In doing so, we develop and test an
integrated workflow that uses geologic data and dynamic flow simulation of H> plume migration
to simulate corresponding time-lapse geophysical responses, namely, surface (prestack and
poststack), cross-hole seismic, and electrical resistivity tomography (ERT) responses. Results from
this study will help design effective time-lapse monitoring surveys, in terms of parameter including
optimal rate/amount of H: injection, survey geometry, sensor locations. We investigate the
influence of signal-to-noise ratio (SNR), injection location, lithology, permeability, and residual
gas saturation on hydrogen monitoring. The choice of rock physics models has a profound impact

on the resultant simulations that one can use to effectively design the monitoring surveys.

INTRODUCTION

Hydrogen storage in the subsurface is a viable option for energy supply and decarbonization.
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(Shuster et al., 2021; Heinemann et al. 2021). Hydrogen storage in the depleted reservoirs, gas
storage fields, and salt caverns has gained much of attention in North America and Europe. The
suitability of a formation for safe and secure hydrogen storage depends on its porosity, permeability,
reactive nature of the rock (and cement), integrity of the confining rocks, and fluid characteristics.

Monitoring time-lapse geophysical responses of hydrogen-saturated rock is essential for
ensuring safety, efficiency, and environmental compliance in hydrogen storage projects (Zivar et
al., 2021). This monitoring becomes challenging, especially in the case of subsurface hydrogen
storage, as it presents unique technical challenges, in terms of hydrogen’s high buoyancy, diffusion,
potential reactions with rocks, well casing, and cement, and leakage. Therefore, the practical
experimentation for long-term geological hydrogen storage is still limited (Abdellatif et al., 2023;
Chabab et al., 2020; Zeng et al., 2022).

Pfeiffer et al. (2016) conducted a numerical geophysical monitoring for a porous media
hydrogen storage at a synthetic heterogeneous field site via full waveform inversion (FWI), ERT,
and gravity methods, successfully revealing the subsurface variations. Yang et al. (2024) proposed
a new method to monitor underground hydrogen storage migration and distribution using acoustic
full waveform inversion and got promising results. Faud et al. (2023) analyzed the seismic
responses of hydrogen-bearing sandstone and demonstrated its implication for natural hydrogen
exploration and storage. Furthermore, with the increasing popularity of deep learning (DL) in
seismic exploration, Gao et al. (2024) developed a DL-based method for hydrogen leakage
monitoring by associating the seismic response differences with velocity changes caused by
hydrogen and produced satisfactory results. Later, Zhang and Li (2024) illustrated the role of
geophysics in geologic hydrogen resources and indicated that multi-geophysical methods, efficient

data acquisition, and machine learning in geologic hydrogen help to pursue research in the future.



Li and Bhattacharya (2024) presented preliminary results from rock physics modeling of a
hydrogen-nitrogen-brine saturated rock; however, the study lacks various geologic and operational
controls on hydrogen plume movement and corresponding geophysical responses.

In this study, we develop a rock-physics model for hydrogen-saturated rock and analyze the
influence of hydrogen on both poststack and prestack synthetic seismic data (a wedge model) in
the presence of diffusion effect. We then analyze the effects of different brine and hydrogen
saturation and lithology on the seismic velocity of rocks. Furthermore, we test a generalized
workflow for time-lapse multi-physics forward modeling that integrates geology, rock physics,
and reservoir simulation from a potential reservoir for small-scale hydrogen storage. Bhattacharya
et al. (2024) developed and tested the workflow in a carbon sequestration site. We compare and
contrast results from surface seismic (poststack and prestack), crosshole ERT, and crosshole
seismic under various hydrogen injection scenarios and signal-to-noise ratio (SNR). The hydrogen
injection scenarios include: injection at the bottom of the reservoir, different realization of
permeability and residual gas saturations, and injection at the middle of the reservoir. Multiple
simulations demonstrate the influence of permeability, residual saturation, injection depth position,
and varying SNR at the field setting on hydrogen monitoring.

Effective acquisition and interpretation of 4D geophysical data is hard in the field setting due
to various challenges, including uncertainties in rock physics, co-locating 4D datasets due to
survey and source/receiver configurations, spatial position, ground conditions, timing, wavelet
phase, amplitude, and SNR. Not all time-lapse monitoring data are optimally collected and useful.
Therefore, we need to plan properly and in advance to collect meaningful 4D geophysical data
effectively. We expect our proposed workflow along with published programing codes will help

to an extent.



The paper is organized as follows. In the methodology section, we first introduce the rock
physics to generate the Vp, Vs, and density models for hydrogen-saturated rocks. Next, we review
seismic and ERT modeling theory for further analysis. Finally, we test the integrated reservoir
simulation-to-geophysical modeling workflow to analyze the influence of hydrogen on subsurface

media in a geologic setting.

THEORY AND METHODOLOGY

Elastic properties estimation of hydrogen-saturated rocks and model boundary conditions

We adopt a rock physics model used to describe hydrogen’s influence on porous rocks to
describe the property changes caused by hydrogen. We use Madagascar (Fomel et al., 2013) and
Matlab 2023b for rock physics modeling and seismic simulation (codes are in the appendix). Note
that our model does not consider the complex interactions among hydrogen, brine, rock matrix,
and cement (including microbial consumption). We assume that the rock matrix is isotropic and
the pore network within the rock is fully connected. Moreover, we also assume that hydrogen and
the in-situ brine comprise a two-phase fluid saturation. We do not use nitrogen (commonly used
as a cushion gas for efficient production of injected gas) in the rock physics model. Let denote
Shrine, and Sh2 as the saturation of brine and hydrogen, where Srine +St2= 1.

According to the theory of rock physics, we can calculate the effective bulk modulus, shear
modulus, and density of the fluid-saturated medium to estimate the properties of the rocks. For
mineral grain, the bulk modulus and shear modulus can be determined by the Voigt-Reuss Hill

(VRH) average model (Hill, 1952) as
KVoigt = Z?:lfi Kis (1)

KReuss = Z?=1(fi/Ki)—1a (2)
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KVRH = 2 (KVoigt + KReuss)a (3)

Wvoigt = ?=1fi Hi» (4)

HReuss = Z?=1(fi/ui)_la (5)
1

HvrRH = E (UVoigt + UReuss)a (6)

where n is the total number of mineral types. f;, K;, and |; represent the volume fractions, bulk
modulus, and shear modulus of the ith mineral constituent.

Then, we adopt Hertz—Mindlin contact theory (Mindlin, 1949) and Hashin—Strikman (H-S)
lower bound (Hashin and Shtrikman, 1963) to estimate the elastic modulus of dry rock matrix.

Specifically, the dry rock frame modulus K, and pg,, can be expressed as

1
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where K, and . stand for the effective bulk and shear modulus of a dry, dense, random pack of
identical spherical grains under critical porosity ¢, = 0.3. C = 2.8/¢.. is the average number of
contacts per grain and v is the grain Poisson’s ratio. P.g is the effective pressure. With the above
rock physics parameters, we can calculate the saturated bulk and shear modulus K, and p,; via

low-frequency Gassmann theory (Gassmann, 1951) and Brie mixing (Brie et al., 1995) are

calculated, as follows
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Hsat = Hdry> (13)

Kﬂ = (Kbrine - KHz)Sberine + Kl-lza (14)

where Kyine and Ky, denote the bulk modulus of brine and hydrogen. e is a patchiness exponent,
ranging from 1 to 40. For instance, e = 1 represents patchy mixing, and e = 40 stands for
uniform mixing. Commonly, the value of e is tuned to match the case for hydrogen-brine mixture.
Furthermore, the effective density of the hydrogen-brine saturated rocks can be estimated by

Perr = (1 — d)p; + dpy, (15)

P = St,PH, T SbrinePbrines (16)

where p, is the density of the rock matrix. According to equations 12-16, the velocity of the

hydrogen-brine saturated rocks can be calculated by
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Note that v}, and v, are determined by elastic modulus, and the density of rocks and hydrogen
with different saturations will lead to the variations of velocities. Once we derive the elastic
parameters (e.g., Vp, Vs, and density) of hydrogen-saturated reservoir, we can generate the

corresponding seismic and ERT responses. More details will be illustrated in the next subsection.

Poststack and prestack seismic forward modeling for hydrogen-saturated rock

Poststack seismic responses d can be cast as the convolution between a wavelet and



reflectivity series (Robinson, 1967), which has the following expression

d=Wr, (19)
where W is the wavelet convolution matrix and 7 represents the reflectivity series. Note that in
the case of normal incidence, the reflectivity series can be calculated from the acoustic impedance
(A using the following equation

Al(t) = V,(Dp(2), (20)

AL+ —AI(D)
A+ +AID)”

r(t) 1)

Based on the rock physics model, we can get velocity and density and substitute them into
equation 21, it is easy for us to get reflectivity series r(t) and convolve r(t) with a source wavelet
to generate poststack seismic data using equation 19.

As for prestack amplitude versus angle (AVA) seismic response, we adopt a Zoeppritz

approximation equation (Shuey, 1985), the reflection coefficient R,,(8) (0 < 6 < 30°) can be

written as
R,,(8) = R, + Ry sin 6, (22)
-t
Ry = (RyAg +2°22), (24)
o= 231 )i

where R, represents the zero-offset reflection coefficients for P wave and o is Poisson’s ratio of
the subsurface media. It is noticeable that R,,,(0) has a linear relationship with sin? @ and we can
refer to R, as the intercept and Ry, as the gradient. Combining equations 22~25 with the rock

physics model, we can analyze the influence of hydrogen on prestack reflection coefficients.



Diffusion effect on seismic responses

As discussed above, hydrogen has a high diffusivity, and can escape from reservoir to
caprocks. Diffusion loss means the net movement of H» generally from a region of
higher concentration to a region of lower concentration (e.g., from reservoir to confining layer),
which the diffusion coefficient can parameterize. A larger diffusion coefficient means it is easier
for gas to escape the reservoir and net loss of hydrogen which is not economical. The diffusion
effect will influence the H» saturation of the confining layer and reservoir in the long-term. To
estimate the influence of the diffusion effect on subsurface properties, the diffusion coefficient is
integrated into the rock physics model, enabling an understanding of the behavior of the
subsurface variations better. There are no equations incorporating the diffusion effect into the
rock physics model yet, as it is a complex molecular dynamics phenomenon. We attempt to do it
at a macro-scale.

Assuming the volume and porosity of confining layer and reservoir are V., Vies, ®con and

e, then the total Ho storage capacity of confining layer M, can be expressed as

Mcon = Veon®con PH,- (26)

When the storage capacity of confining layer reaches M,,, it means that the hydrogen

saturation SiP" of confining layer will be 1. Therefore, for simplicity, the time-varying Si" has

the following form

SeN(t) = dcoeftL’ 7

2 Mcon
where d,ef represents the diffusion coefficient (e.g., ranging from 1x1071° m?/s to 6 x10~® m?/s),
which can be measured in the laboratory (Strauch et al., 2023; Borello et al., 2024). t represents
time after injection and L is the cross-sectional area between the confining layer and reservoir.

As for the reservoir, due to the influence of diffusion, the corresponding hydrogen saturation



will decrease over time, and we can derive a time-varying saturation S with the following form

Sﬁes(t) _ Sifrilzivresq)ressz_dcoeftL
2

, (28)

VresPresPH, Si-rllzl

where Sj} is the initial hydrogen saturation of reservoir. Equations 27 and 28 are the key steps to

estimate the time-varying subsurface model. We can just incorporate the time-varying saturation
of confining layer and reservoir to estimate the subsurface model over time and conduct poststack

and prestack seismic analysis to evaluate the variation of seismic responses.

Theory of electrical resistivity tomography
In this part, we will briefly review the basic theory of ERT. ERT is a geophysical imaging
technique used to map subsurface resistivity distribution by injecting electrical currents into the
ground and measuring resulting voltage differences. Commonly, the potential voltage
measurements at the surface do not directly represent the resistivity structure. Instead, inversion
algorithms are used to reconstruct the subsurface resistivity model that best explains the observed
data. Let denote d,.s as the measured data and m as the subsurface resistivity model, then the
subsurface resistivity model can be estimated by solving such as an objective function p
p = IF(m) — dyel13, (30)
where operator F represents the forward modeling process. Given an initial subsurface resistivity
mode mg, we can update the model in an iterative manner as follow
m;,; = m; +Am, (31)
(J™WJ WyJ + cR)Am = —JTW{ (F(m) — d,s) — cRm, (32)
where J is the Jacobian matrix, which can be estimated by conducting the derivative of measured

data d .. with respect to resistivity model m. Wy is a diagonal data weight matrix with values



1/0;, where o; is the standard deviation of measurement i. R is the roughness matrix, controlling
the smoothness of the inverted result and c is the corresponding trade-off, which aims to mitigate

the influence of noise during inversion process and lead to a more reliable result.

Theory of crosshole seismic forward modeling
Crosshole seismic forwarding is a commonly used method for subsurface monitoring, where
the sources and receivers are set in the borehole. Based on the theory of wave equation, we can

generate crosshole seismic responses. Usually, acoustic wave equation has the following form

lau(x,t) )
— o = vV ux 1), (33)

where v is the velocity, u(x,t) represent the wavefield, and S,,,,,, is the source wavelet. Note that
according to the low rank approximation scheme, the relationship between the adjacent time step
can be expressed as
u(x,t + At) = [k, t)el?Ekxr0 gk, (34)
where x and k stand for spatial coordinates and wavenumber, @i(K,t) is the spatial Fourier
transform of u(x, t), and e/ ®®&*28) represents the wavefield extrapolation matrix. To determine
eiPkXA8 and implement wave propagation, we adopt a lowrank approximation scheme, which
is more flexible and computationally efficient, and the detailed derivation can be found in Fomel
et al. (2013). Once we get the propagation matrix, we can calculate wavefield slice at each time
step and obtain the complete wavefield u(x,t) by merging all the slices. Consequently, it is
convenient for us to extract crosshole seismic responses from u(Xx,t) based on the receiver’s
locations. Mathematically, such extraction process can be formed as
deross = Eu(x,t), (35)

where d,,ss 1S the corresponding crosshole seismic data and operator E works to extract signals



at receivers’ locations.

RESULTS AND DISCUSSIONS
The influence of hydrogen on Vp, Vs, and density under different conditions

In this section, we use synthetic data and a pilot experiment at a proposed hydrogen injection
site to demonstrate the influence of hydrogen on the subsurface media over time. Figure 1 shows
the detailed workflow of rock physics forward modeling and the corresponding seismic simulation.
Based on the properties of minerals (e.g., clay, quartz, and so on) and fluids (e.g. brine, hydrogen,
and so on), we will first estimate the grain matrix modulus using the VRH average model. Then
the soft sand model is incorporated to calculate the modules of the rock frame. Next, we apply the
Gassmann substitution equation to calculate the effective modulus of hydrogen saturated rock. It
is noticeable that when the diffusion effects are neglected, we can just use a constant hydrogen
saturation for modeling. However, if diffusion effects are considered, we can estimate a time-
varying hydrogen saturation for both confining layers and reservoir via equations 27 and 28 and
then conduct poststack (e.g., equations 19-21)) and prestack (e.g., equations 22-25) modeling for
further analysis.

Figure 2 shows the basic properties of hydrogen at T=35°C under different pressures, where
we can see that both the velocity and density of hydrogen increase with increasing pressure.
Hydrogen has a relatively high velocity and extremely low density, leading to different responses
during geophysical monitoring. We first discuss the hydrogen influence on vy, v, and p variations,
respectively. Table 1 shows the parameters we use. In our experiment, the volume fraction ratio of

clay and quartz as 1:7 assumed constant.



Table 1: Properties of minerals and fluids

Constituents Bulk modulus, K (GPa) | Shear modulus, mu (GPa) | Density (g/cm®)
Clay 21 6.85 2.6
Quartz 39 45 2.65
Brine 2.49 0 1.03
Hydrogen 0.015 0 0.0045

Figure 3 shows the velocity and density variation under different porosities and hydrogen

saturations. We fix the patchiness exponent e = 3. Obviously, we can see that the v, will decrease
with the increasing hydrogen saturation. Specifically, v, decreases more rapidly when the
hydrogen saturation is less than 50% and then decreases slower, indicating that v, is more sensitive
to low hydrogen saturation. Moreover, v, behaves negatively in correlation with porosity at a fixed

saturation. As for vg and p, we can see that they vary linearly with different hydrogen saturations.
According to equation 18, the shear modulus remains unchanged, but the denominator decreases,
leading to the increasing vg. Figure 3¢ shows the variations of p. Although p shows a similar trend
with the increasing hydrogen saturation under different porosities, it decreases more quickly when
the porosity is higher, allowing the possibility of using p and v, jointly to estimate hydrogen
saturation.
Wedge model seismic responses influenced by hydrogen

Based on the influence of hydrogen on elastic parameters (e.g., velocity and density), we build
a wedge model to further analyze the influence of hydrogen on seismic responses. Because

hydrogen is more sensitive to v, compared with vs and p, here we will first focus on the variation

of v, induced by hydrogen on poststack data. A wedge model is created as shown in Figure 4,



where the confining layer is completely brine-saturated before hydrogen injection, the volume
fraction ratio of clay and quartz as 9:1, and the porosities corresponding to the top and bottom
layers are 8% and 4%. As for the reservoir, the porosity is 20%, the volume fraction ratio of clay
and quartz as 1:7, and the temperature and pressure are 35°C and 6MPa. Moreover, the saturations
corresponding to hydrogen, and brine are 40%, and 60%, respectively. Using the rock physics
model, Figures 4b and 4c¢ are the v, models before and after hydrogen injection. The velocity in
the reservoir decreases significantly from 2.7 km/s to 2.3 km/s, indicating a change of -15%.
Similarly, we can estimate the density model before and after hydrogen injection and multiply
density with velocity to build the acoustic impedance model as shown in Figures 5a and 5b.
Without considering diffusion and leakage of hydrogen from the reservoir to the confining layer,
there are no apparent changes in the confining layers. Accordingly, we can generate poststack
seismic data based on equations 19-21 with a 60 Hz source wavelet. Figures 5c and 5d are the
generated seismic data before and after hydrogen injection. Noticeably, that the reflection seismic
amplitude between the confining rock and reservoir increase a lot. The injected hydrogen
dramatically decreases the reservoir velocity and density, leading to an increasing impedance
difference at the top and bottom interfaces of the reservoir. Therefore, the reflection amplitude at
the top and bottom interfaces will increase, which means that hydrogen injection can cause a bright
spot on the poststack seismic profile, which can indicate hydrogen.

Effect of diffusion on seismic response in the wedge model

Furthermore, based on the experiment above, The impact of the diffusion influence on
hydrogen storage is investigated. Using equations 26-28, time-varying hydrogen saturation for
both confining layers and reservoir at a fixed time are calculated. Then the time-varying subsurface

models substituted in time-varying saturations into the rock physics modeling framework are



calculated. The initial hydrogen saturation is assumed to be 40% (e.g., 1.25%10° kg hydrogen
injected), and the diffusion coefficient is 2x107® m?/s (Borello et al. 2024). Figure 6 shows the
synthetic monitoring results over time, and it is evident that due to the influence of diffusion,
hydrogen will move from the reservoir to the confining layers. Consequently, the velocity of the
confining layer will decrease from 2.82 km/s to 2.79 km/s, and the velocity of the reservoir will
increase gradually from 2.28 km/s to 2.35 km/s. The confining layer and reservoir velocity
variation rates are -1% and 3%, respectively. To intuitively demonstrate diffusion influence on
seismic data, we use a similar scheme to generate time-varying impedance model and the
corresponding seismic data as shown in Figure 7, the impedance of the confining layer and the
impedance of the reservoir show tiny difference. Based on the time-varying impedance models,
we then estimate the reflectivity series and convolve them with a 60 Hz source wavelet to
synthesize seismic responses. With the increasing time, we see that the seismic responses at the
top interface of the reservoir are almost unchanged. Therefore, diffusion may not be a significant
concern in monitoring, especially in case of cyclic injection and production of hydrogen, where it
might be difficult to determine such small-scale changes.

We show prestack seismic responses before and after hydrogen injection under different
porosities and saturations in Figure 8. The confining rock is assumed impermeable and equations
22-25 are used to calculate the reflection coefficient versus incident angle from 0° to 30°, for fixed
hydrogen saturation in the range of 0% to 70%. The top left panel in Figure 8 is the estimated
R,,(8) under ¢ = 20%, the results indicate that with the increasing incident angle, R,,,(8) will
decrease, especially for larger incident angle (e.g., 6 > 15°). The top right panel in Figure 8 is the
calculated reflection coefficients under ¢ = 30%. Note that when porosity increases, the hydrogen

decreases the impedance of the reservoir with respect to that of the confining rock, resulting in



more negative reflection coefficients for normal incidence compared with those of ¢ = 20%. To
provide an intuitive comparison, we extract single curve at different Suz (e.g., 10%, 20%, and 30%)
and the results are displayed in the bottom panels of Figure 8. The three curves show similar

descent trends. Specifically, beginning from -0.07, R,,(6) increases negatively and such case

corresponds to the AVA class III (Castagna et al., 1998). The bottom right panel of Figure 8 shows
the reflection coefficient variations under variable hydrogen saturations when ¢ = 30%. Note that
the reflection coefficient at & = 0° is more negative and the curves show a flat trend, indicating
weak AVA when porosity increases. We can find that AVA characterization will concentrate at class
IV in the case of ¢ = 30%.

Moreover, the saturation state (uniform vs. patchy) of hydrogen will also affect the AVA
response. As we mentioned above, the saturation state can be determined by patchiness exponent
e in equation 14 (e.g., e = 1 for patchy saturation and e = 40 for uniform saturation). We fix ¢ =
20% and then estimate the reflection coefficients under different conditions, and the results are
displayed in Figure 9. It is clear that when Su» 1s low (e.g., less than 20%), AVA will be close to
class II under patchy saturation and convert to class III gradually with the increasing Su2. In
addition, we can also see that R,,,,(8) will increase negatively at low Snz with increasing patchiness,
which demonstrates that AVA is close to class II or class III under uniform saturation. Similar to
poststack seismic response, prestack AVA will also be influenced by diffusion effect. Therefore,
using the same parameter as the poststack experiment, the time-varying AVA responses are
calculated at the top interface of the wedge model at Distance=750 m after hydrogen injection.
Figure 10 shows the time-lapse AVA over time, where we can see that the reflectivity becomes
larger after injection and increases negatively with the increasing incident angle. Influenced by the

diffusion effect, the blue curve moves towards the AVA response before injection (red). Notably,



although the amplitude of AVA will get smaller than the AVA response after injection over time, it
still concentrates in class III. Based on Figures 6, 7, and 10, we can find that the injected hydrogen
has significant influences on seismic responses, and the influence of diffusion is very limited (e.g.,
about 7.6% hydrogen loss after 10 years).
Effect of lithology on rock physics response in the wedge model

We also investigate the influence of lithology on the velocity variation under different
hydrogen saturations. In the first case, we assume that the reservoir is a clean sandstone (100%
quartz) and saturated with hydrogen and brine and then change the hydrogen saturation
sequentially to estimate the velocity by performing fluid substitution. Then we introduce
heterogeneity in the reservoir by adding a clay fraction of 25%, i.e., the ratio between clay and
quartz being 1:3. We use the same workflow to calculate the corresponding velocity at different
hydrogen saturations (Figure 11). Increasing hydrogen saturation will decrease the velocity
significantly in both experiments. By comparing the blue curves in both experiments (100% brine),
we can see that if we increase the clay fraction, the velocity of the reservoir will decrease more
due to both lithology and fluid effect.
Dynamic reservoir simulation-guided geophysical modeling

In this section, we discuss five synthetic simulation cases of a small volume of hydrogen
injection in a sandstone reservoir, which could be used as a potential field test. In the model, the
reservoir is gently dipping and unfaulted. For all cases, the temperature of reservoir is about 35°C,
and the pressure is 4.5 MPa. Moreover, we set the porosities of top layers, reservoir, and bottom
layers are 8%, 20%, and 4%, respectively. The clay fractions of top layers, reservoir, and bottom
layers are 90%, 0%, and 90%. To make the modeling more realistic, we consider the effects of

solubility, diffusion, vaporization, and hysteresis and the corresponding saturation models are



created by CMG-GEM software (Machado et al., 2024).

The synthetic cases aim to determine the key factors of hydrogen storage from different
perspectives (e.g., permeability, residual gas saturation, injection position as well as SNR). Tables
2 and 3 show some basic parameters used for the experiments and the key difference of each

experiment.

Table 2. Basic parameters of the numerical experiments

Parameters Most likely values
Dip angle 2.5 deg
Permeability, md 50 mD
Residual Water Saturation 0.24
Kv/Kh 0.1
Duration of injection, days 3 days
Amount H> Injected, kg 2,000 kg
Interval of injection, ft 15 ft
Location of injection bottom
Depth, ft 1,550-1,600 ft
Thickness, ft 50 ft
Numerical model grid 210x216x50




discretization

Residual saturation 0.2

SNR Free of noise

Table 3. Summary of each simulation case.

Cases Conditions

Case 1 Hydrogen injection at the bottom of the reservoir (Table 2)

Case 2 Same as Case 1 but with different realizations of permeability

Case 3 Same as Case 1 but maximum residual gas saturation of 0.06, compared to
original 0.2

Case 4 Hydrogen injection at the middle of the reservoir

Case 5 Same as Case 1 but with different SNR

Case 1: Injection of hydrogen at the bottom of the reservoir

Case 1 focuses on the influence of injection of H; at the bottom of the reservoir. Figure 12
shows the simulated hydrogen saturation for the baseline, injection after 100 days and 365 days.
Comparing the saturation models, we find that the saturation of the hydrogen plume will decrease
from 70% to 40% and with time, the hydrogen plume will migrate upward and the shape of the
plume will change. The source wavelet used in convolutional model for surface seismic is a 60
Hz Ricker wavelet. A bright spot appears in the poststack seismic responses, which can indicate
the shape of the hydrogen plume. We also extract one trace in the middle of the plume (e.g., white

dot line in Figure 12) to generate prestack AVA responses. Figure 13 displays the prestack AVA



responses of baseline, after 100 days, and after 365 days. Compared to the baseline, we find that
the injected hydrogen can lead to small reflectivity series within the hydrogen plume. Additionally,
it is obvious that with the increasing time, the amplitude of the extra small reflectivity increases.
We experimented with what frequencies we could detect the H> plume in finer detail and found
that we need at least 200 Hz for that, which is not feasible in the field settings.

ERT results are shown in Figure 14. We use an open-source Python-based ResIPy tool to
conduct ERT modeling (Blanchy et al., 2020). For ERT experiments, the injection well is located
in the middle of the hydrogen plume, and an observation well is located at distance of ~20 ft (~6
m) from the injection well. 50 electrodes are distributed from -490 m to -505 m with an interval
of 0.3 m. For ERT inversion, we set value for tolerance to 1, the maximum number of iterations
to 10, and smoothing factor to 50. The left panels shown in Figure 14 are the real resistivity model
generated by Archie’s law (Archie, 1942), which is commonly used to relate the resistivity of a
porous medium to the saturation and resistivity of the pore fluid. In our experiments, we set
formation water resistivity to 0.04 ohm.m, saturation exponent to 2, and cementation factor to 2,
and tortuosity as 1. The right panels shown in Figure 14 are the zoomed inversion results.
Compared to the real model, we can see that ERT is very sensitive to higher resistivity (e.g.,
marked by the black dot rectangles), which can effectively reveal the positions with higher
saturation. However, it is noticeable that the ERT results after 365 days are not promising. The
inverted result only shows positions with higher saturation at edge areas, and it is mainly caused
by the fact that the thickness of the layers with higher resistivity is only about 0.3 m and the
resolution of ERT cannot reach a good accuracy in the middle of the plume.

Figure 15 depicts the acoustic model-based crosshole seismic responses, the left panels are

the velocity model, where the blue circles and triangles stand for the source and receiver positions.



We use a 1,000 Hz Ricker wavelet as the source and the source locations are marked by the black
circles in Figure 15. Due to the crosshole seismic survey principles, we can see that the seismic
responses are transmission dominated. From the baseline (Figure 15), we can see transmission
and reflection waves from the bottom of the reservoir. It is evident that hydrogen plume can lead
to a low-velocity area in the middle of the reservoir, and the plume will migrate horizontally over
time. Multiple small events appear to be due to the transmission of the wave through the hydrogen
plume. Figures 15a, b, c are the crosshole seismic responses of baseline, injection after 100 days,
and injection after 365 days. Intuitively, there are apparent differences between the crosshole
seismic responses of baseline and hydrogen injection. Nevertheless, the crosshole seismic

difference between injection after 100 days and 365 days is slight.

Case 2: Injection at the bottom of the reservoir but with different realization of permeability

Case 2 aims to investigate the influence of permeability on time-lapse monitoring. The
permeability model in case 2 conforms to Gaussian distribution with the same mean value of 50
md but different standard deviations from case 1. Like case 1, we can also estimate the
corresponding poststack seismic responses by conducting rock physics modeling and convolving
the reflectivity series with a 60 Hz source wavelet (Figure 16). Poststack seismic responses in
Figures 16 show the formation of a bright spot after hydrogen injection. Figures 17 represents the
prestack AVA responses corresponding to the locations. We find the injected hydrogen can cause
more small reflectivity series within the plume over time. Figure 18 indicates that ERT is more
sensitive to high resistivity and shows the positions with higher saturation within the hydrogen
plume. Nevertheless, the decreasing hydrogen saturation leads to low resistivity, which makes it
challenging to reveal the saturation distribution in the middle of the plume. Figure 19 represents

the acoustic crosshole seismic responses of case 2. However, the crosshole seismic differences



are limited, indicating that crosshole seismic response is not sensitive to hydrogen plume when
saturation ranges from 40% to 70%. Notably, permeability model is important for hydrogen
storage.

Case 3: Injection at the bottom of the reservoir, with the effect of residual gas saturation

Case 3 mainly investigates the influence of residual gas saturation, which is the fraction of
pore space in the reservoir that remains filled with hydrogen after another fluid has displaced
hydrogen, typically brine. To elaborate, the parameter examined here is the maximum residual
gas saturation, which is the increasing value of gas saturation due to hysteresis. Understanding
how residual gas saturation affects hydrogen behavior is crucial for optimizing the performance
of underground hydrogen storage systems. Compared to the baseline (case 1), the residual gas
saturation in case 4 decreases to a maximum of 0.06. However, the poststack, prestack, ERT, and
crosshole seismic responses of case 4 (Figures 20-23) are almost identical to case 1, which means
that residual gas saturation has a small influence on geophysical responses. It is noticeable that
residual gas saturation reduces the effective pore space available for hydrogen storage. Once
hydrogen is injected into the reservoir, a portion of it may become trapped as residual gas, limiting
the amount that can be recovered during withdrawal. Therefore, if we would like to design a
cyclical hydrogen storage system, a low residual gas saturation helps to reduce the hydrogen loss.
Case 4: Injection in the middle of the reservoir

Case 4 shows the influence of the injection of Hz in the middle of the reservoir. Using the
same workflow as case 1, we generated poststack seismic responses of Case 4 as shown in Figure
24 also shows bright spot, which can describe the edge of the plume. Figure 25 shows the prestack
AVA response of case 4, and we can see that the hydrogen plume results in strong reflection

amplitude at the top interface of the reservoir as well as some interval small reflectivity series.



Figure 26 shows the resistivity model of baseline, injection after 100 days, and injection after
365 days as well as the corresponding ERT results, where we can see the hydrogen will
concentrate under the caprock, causing high resistivity. As expected, ERT is more sensitive to
high resistivity, enabling ERT to reveal the locations with higher hydrogen saturation (e.g.,
marked by the black dot rectangles). However, injection at the middle of the reservoir facilitates
hydrogen to reach the confining layer, increasing the risk of hydrogen loss due to diffusion and
geochemical interactions. Therefore, effective and real-time geophysical monitoring is required
to better manage hydrogen storage if the injection is in the middle of the reservoir (in this case).

Figure 27 shows the crosshole seismic responses of Case 4, where we can see the velocity
variation before and after hydrogen injection. We use a 1,000 Hz Ricker wavelet to generate
crosshole seismic responses at the black circle. Notably, the difference between Figures 27d and
27f is too small to be distinguished, indicating that crosshole seismic survey is not sensitive to
hydrogen plume variation when saturation ranges from 70% to 40%.
Case 5: Injection at the bottom of the reservoir, with varying SNR

Next, we discuss the noise effect on seismic responses from dynamic simulation-guided
geophysical modeling results. To evaluate the noise level, we define signal to noise ratio (SNR)
with the following form

SNR = 20l0g10(lISciean|l2/INnoill2), (36)

where S.;.qn and N, ,; represent clean data and noise, respectively. Next, based on case 1, we add
noise into the poststack, prestack, and crosshole seismic responses, and the results are displayed
in Figures 28-30. For each situation, we keep the noise level unchanged during post-injection
monitoring after 100 days and 365 days. However, due to the energy variation of original clean

seismic responses, the calculated SNRs after 100 days and 365 days are not the same. As for



poststack data, we can see that although the bright spot is still visible with the increasing noise
level, the data quality decreases, and the seismic responses corresponding to the top hydrogen
plume are blurred, making it more challenging to distinguish the top boundary of hydrogen plume.
Regarding prestack seismic, when SNR is about 5 dB (e.g., Figures 29a and 29¢), the quality of
prestack data is acceptable. However, when SNR decreases to about -5 dB (e.g., Figures 29b and
29d), the continuity of event will be deteriorated, and some useful signals will be masked by the
noise. Figure 30 depicts the noisy crosshole seismic responses after 100 days and 365 days. Similar
to prestack data, when SNR equals to about 5 dB, we can see transmission wave and reflection
wave from the bottom reservoir (Figure 30). Nevertheless, with the increasing noise level, it is
obvious that noise can degrade the quality of crosshole seismic data, leading to weak signals and
potential misinterpretations. In view of this, we suggest multiple noise tests in the field to ensure
high repeatability and denoising to improve data quality to increasing the fidelity of time-lapse

data to accurately track hydrogen plume.

Table 4: NRMS comparison between different cases.

NRMS Poststack seismic ERT Crosshole seismic
Case 1 166.4% (100 days) 55.67% (100 days) 167.7% (100 days)
145.7% (365 days) 46.05% (365 days) 166.8% (365 days)
Case 2 163.7% (100 days) 64.33% (100 days) 167.9% (100 days)
149.2% (365 days) 56.03% (365 days) 167.6% (365 days)
Case 3 172.3% (100 days) 60.34% (100 days) 166.9% (100 days)
163.6% (365 days) 48.73% (365 days) 168% (100 days)
Case 4 185% (100 days) 60.73% (100 days) 168.6% (100 days)




178.7% (365 days) 55.89% (365 days) 169.2% (365 days)

Table 5: NRMS comparison under different SNRs.

NRMS Poststack seismic Prestack seismic Crosshole seismic

100 days 185.5% (3.4 dB) 199.81% (5.4 dB) 186.9% (5.4 dB)
189.7% (-6.6 dB) 199.83% (-4.6 dB) 189.4% (-1.6 dB)

365 days 185.4% (3.1 dB) 199.82% (4.8 dB) 186.4% (5 dB)
189.6% (-6.8 dB) 199.83% (-5.1 dB) 189.2% (-2 dB)

According to our experiments, injection of H at either the bottom or middle of the reservoir
have their pros and cons. Injection at the middle of the reservoir facilitates hydrogen to reach the
confining layer, increasing the leakage risk (e.g., fractures in confining rock, diffusion, among
others). The injection of H» at the bottom of the reservoir seems suited for reservoirs with good
vertical permeability. Hydrogen injected at the bottom naturally rises due to buoyancy, ensuring
that it fills the entire vertical extent of the reservoir. More importantly, injection near the bottom
of the reservoir helps to keep hydrogen away from the confining rock, reducing the risk of leakage.
Another advantage is that injecting at the bottom of the reservoir (in this case) allows only the fluid
effects to be discerned from the geophysical data, as opposed to the injection at the middle of the
reservoir, leading H» to migrate towards the confining rock and resulting in geophysical anomalies
resulting from both lithology and fluid contrasts. The migration toward the confining rock is more
controlled due to internal reservoir complexities, giving operators more time to monitor hydrogen
movement and avoid leakage. However, injecting at the bottom of the reservoir is not efficient for

eventual production of hydrogen.



Permeability distribution in the reservoir can lead to varying plume distribution, which would
impact geophysical responses. In reservoirs with high permeability, hydrogen can be injected more
easily, resulting in rapid saturation of the storage formation. Low-permeability formations, on the
other hand, may require higher injection pressures to achieve the same storage volumes, leading

to operational challenges, affecting geophysical data.

CONCLUSIONS

We build a rock physics framework for determining the elastic properties of hydrogen-
saturated rock, which can impact monitoring design. We model the variation of elastic properties
as a function of lithology, porosity, hydrogen saturation, and patchiness exponent, and diffusion.
AVA responses are mainly concentrated in class III and it will vary from class III to class II over
time, indicating more hydrogen loss.

We tested a workflow integrating geology and dynamic reservoir simulation to predict
geophysical responses of surface seismic, ERT, and crosshole seismic. Our study shows the
complex and variable geophysical responses corresponding to different geologic (permeability and
residual gas saturation) and operational (injection position: bottom and middle of the reservoir and
SNR) controls directing the patterns of H> movement in the reservoir over time.

For a small volume of hydrogen injection in a reservoir with a small thickness, surface seismic
with a conventional dominant frequency of 60 Hz is unsuitable for monitoring. Both seismic and
ERT present their challenges and benefits regarding resolution, sensitivity to Hz saturation, sensor
geometries, and well casing type. It is noticeable that ERT can indicate the position of the hydrogen
plume with higher saturation, which may help to determine the distribution of hydrogen. The

NRMS differences of ERT, compared to surface seismic and crosshole seismic are more intuitive,



indicating that ERT is more sensitive to hydrogen plume in the subsurface. Beyond various
geologic controls, SNR in the field settings will essentially control repeatability and what can be

accurately interpreted from 4D geophysical data.

NOMENCLATURE AND ACRONYMS
ERT: electrical resistivity tomography
SNR: signal to noise ratio
FWI: full waveform inversion
DL: deep learning
VRH: Voigt-Reuss Hill
H-S: Hashin—Strikman

AVA: amplitude versus angle
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Figure 1. The workflow of rock physics modeling.
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Figure 14. (a) Baseline resistivity model. (b) Resistivity model of hydrogen injection after 100
days (case 1). (¢) Zoomed ERT inversion result after 100 days (case 1). (d) Resistivity model of

hydrogen injection after 365 days (case 1). (¢) Zoomed ERT inversion result after 365 days (case

).
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Figure 15. (a) 2D slice of baseline velocity model. (b) Crosshole seismic response corresponding
to Figure 15a. (¢) 2D slice of velocity model after 100 days (case 1). (d) Crosshole seismic response
corresponding to Figure 15¢. (e) 2D slice of velocity model after 365 days (case 1). (f) Crosshole

seismic response corresponding to Figure 15e.
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Figure 16. (a) Baseline saturation model. (b) Poststack seismic response corresponding to baseline.

(c) Saturation model of hydrogen injection after 100 days (case 2). (d) Poststack seismic response
corresponding to Figure 16c¢. (e) Saturation model of hydrogen injection after 365 days (case 2).

(f) Poststack seismic response corresponding to Figure 16e.
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Figure 17. Prestack angle-gather at the injection well location (a) baseline, (b) after 100 days (case

2), and (c) after 365 days (case 2).
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Figure 18. (a) Baseline resistivity model. (b) Resistivity model of hydrogen injection after 100
days (case 2). (¢) Zoomed ERT inversion result after 100 days (case 2). (d) Resistivity model of
hydrogen injection after 365 days (case 2). (¢) Zoomed ERT inversion result after 365 days (case

2).
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Figure 19. (a) 2D slice of baseline velocity model. (b) Crosshole seismic response corresponding
to Figure 19a. (¢) 2D slice of velocity model after 100 days (case 2). (d) Crosshole seismic response
corresponding to Figure 19c¢. (e) 2D slice of velocity model after 365 days (case 2). (f) Crosshole

seismic response corresponding to Figure 19e.



Distance (km)

Distance (km)

0.32 0.34 0.36 0.38 0.4 e?4 0.?5 O.IZE O;J 0.;2 0.;4 0.;5 0.;'!3 0;4
=
—_ T tesesaa —_
EX w85 EZ
B S5E°
£ 5¢
o -5 a
2 33
ey - 0
< [ =
Distance {km) Distance (km)
0.32 0.34 2.24 DAIZS UAIZS 0;3 0.‘32 0.|34 'JAIES U.IES DT‘
" . 2
o
L2
C}
w
73 3¢
A ~ %
: iy
a 38
o
<
=
(©) (d)
Distance (km) Distance (km}
0.32 0.34 0.36 len D.IZS D.IZB 0;3 0.‘32 0.|34 DAI35 D.IIB 074
" . 2
=4
L2
=}
v
—_ -}
EX §EZ
20 ~= X0
= e
£ °5s
a nE &
3 SRR
!
e 5]
- o
)

(e)

®

Figure 20. (a) Baseline saturation model. (b) Poststack seismic response corresponding to baseline.
(c) Saturation model of hydrogen injection after 100 days (case 3). (d) Poststack seismic response
corresponding to Figure 20c. (e) Saturation model of hydrogen injection after 365 days (case 3).

(f) Poststack seismic response corresponding to Figure 20e.
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Figure 21. Prestack angle-gather at the injection location (a) baseline, (b) after 100 days (case 3),

and (c) after 365 days (case 3).



Distance {km)
0.32  0.34

~
E
—_ E
EX £
< O Q
£ e
£ £
2 z
a %
&
2
o

. _ Reservoir

Distance {km) Distance (km) Distance (km)
0.32 0.34 0.31 0.315 @0.31

< X

© Bl 100 days © °

= ] < S

h < A <
P -~ ) ~
A «F ° g
~ TE~ TE =~ £
E £ Ea £ Eg =
i 25 2% °s 2% 18
= »£° >=° z
B -3 B w3 B 3
° £ o Z 20 £
a a a 209 2
] @ 0]
© 3 s o «

4

©
@
X
)
©
@
7
s

2
0.498

(b) (©)

Distance {km)

Distance (km)
0.32 0.34

0.31 0.315

Distance (km)

@ @0.31 0.315
© B © B :
- Bl 365 days - °
-« <« -
- o~ - o o~
g g
NS N g ~
—E TR E
~ Ju—— [~y I —— E
T - £E3 of T3 LY
= A CAERs = — 5 -8
= L — ]
(=} < >
= ] TS >
£ wd ©g 5 LS
& zZ o0 = ®© -2
a Eog 2 oa ki
©% 3 °E S nE
- o iy
- © < wp————-—- -
e = S =—— d
hi 3 1
o ° N ° AJ "’

(d) (e)
Figure 22. (a) Baseline resistivity model. (b) Resistivity model of hydrogen injection after 100
days (case 3). (¢) Zoomed ERT inversion result after 100 days (case 3). (d) Resistivity model of
hydrogen injection after 365 days (case 3). (¢) Zoomed ERT inversion result after 365 days (case

3).
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Figure 23. (a) 2D slice of baseline velocity model. (b) Crosshole seismic response corresponding
to Figure 23a. (¢) 2D slice of velocity model after 100 days (case 3). (d) Crosshole seismic response
corresponding to Figure 23c. (e) 2D slice of velocity model after 365 days (case 3). (f) Crosshole

seismic response corresponding to Figure 13e.
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Figure 24. (a) Baseline saturation model. (b) Poststack seismic response corresponding to baseline.
(c) Saturation model of hydrogen injection after 100 days (case 4). (d) Poststack seismic response
corresponding to Figure 24c¢. (e) Saturation model of hydrogen injection after 365 days (case 4).

(f) Poststack seismic response corresponding to Figure 24e.
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Figure 25. Prestack angle-gather at the injecti

4), and (c) after 365 days (case 4).
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Figure 26. (a) Baseline resistivity model. (b) Resistivity model of hydrogen injection after 100
days (case 4). (¢) Zoomed ERT inversion result after 100 days (case 4). (d) Resistivity model of
hydrogen injection after 365 days (case 4). (¢) Zoomed ERT inversion result after 365 days (case

4).
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Figure 27. (a) 2D slice of baseline velocity model. (b) Crosshole seismic response corresponding
to Figure 27a. (¢) 2D slice of velocity model after 100 days (case 4). (d) Crosshole seismic response
corresponding to Figure 27c¢. (e) 2D slice of velocity model after 365 days (case 4). (f) Crosshole

seismic response corresponding to Figure 27e.
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Figure 28. Influence of noise on poststack seismic responses. (a), and (b) are the seismic responses
after 100 days with different SNRs (e.g, 3.4 dB, and -6.6 dB). (c), and (d) are the seismic responses

after 365 days with different SNRs (e.g, 3.1 dB, and -6.8 dB).
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Figure 29. Influence of noise on prestack seismic responses. (a) and (b) are the seismic responses
after 100 days with different SNRs (e.g, 5.38 dB and -4.6 dB). (c) and (d) are the seismic responses

after 365 days with different SNRs (e.g, 4.9 dB and -5.1 dB).
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Figure 30. Influence of noise on crosshole seismic responses. (a) and (b) are the seismic
responses after 100 days with different SNRs (e.g, 5.4 dB and -1.6 dB). (c) and (d) are the

seismic responses after 365 days with different SNRs (e.g, 5 dB and -2 dB).



APPENDIX

Madagascar code for rock physics modeling
Our code is mainly based on Madagascar and Matlab. The following code was used in Case 1 and
can be reproduced for other cases.
# Please consider citing our article if you think the code is helpful for your study.
#Li, C., S. Bhattacharya, M. Alhotan, and M. Delshad and, 2024, Time-lapse geophysical
responses of hydrogen-saturated rock: Implications on subsurface monitoring.
from rsf.proj import *
from rsf.recipes.beg import server
from rsf.prog import RSFROOT
HiHHIHH I H#model building (4.5MPa and 35°C)
HiHt#Hi#H#H# the following address needs to be modified as
#HiHt#H#H# dd="/your address/hydrogen code/data/casel timel00.rsf
#HiH##H#H#100 days loading saturation model as time100
dd="/mnt/c/geo_utexas/project/hydrogen/test6192024/hydrogen code/data/casel timel00.rsf
Flow('time100all',dd,'transp plane=23|put label1=Z unit1=ft d1=1 d2=10 d3=10 label2=X unit2=ft
label3=Y unit3=ft 01=1550 02=0 03=0")
Flow('m1','timel00all',)window nl=I|spray axis=1 n=1550 d=1 o=0lmath output=le-
O yHtHHHHHHI#H#HE#HEsaturation for top layers
Flow('m3','timel100all',)window nl=l|spray axis=1 n=100 d=1 o=0math output=le-
O \HtHHHHHHIHH#HEsaturation for bottom layers

Flow('satb100')m1  timel00all m3''cat axis=1 ${SOURCES[1:-1]} d=1 o=0 ")



HHHHHIHHIHH I #HEcomplete saturation before shift
# INITIALIZATION
HHHHEHHHHHH
matlab = Wherels('matlab')
matROOT =
'/mnt/c/geo utexas/project/hydrogen/test6192024/hydrogen code/Matlab rock physics'
matfun = 'property_estimation'
matfunl="'modelshift’
matlabpath = os.environ.get('MATLABPATH',0s.path.join(RSFROOT,'lib"))
if not matlab:
sys.stderr.write("\nCannot find Matlab.\n")
sys.exit(1)
#H###tmodel size
nl=1700
n2=210
n3=216
slp=2.5 ###degree
HiHHHIHIH saturation after shift
Flow('satal00',[0s.path.join(matROOT,matfun1+'.m'),'satb100'],
"MATLABPATH=%(matlabpath)s %(matlab)s
-nosplash -nojvm -T
"addpath %(matROOT)s;%(matfunl)s('$ {SOURCES[1]}','${TARGETS[0]}',%(n1)d,%(n2)d,%(

n3)d,%(slp)g);quit"



"%vars(),stdin=0,stdout=-1)

HHHHHHHHHHHHHHH A porosity model reconstruction before injection
Flow('mIporo',' m1','math output=0.08") #H#H#HH#HH#HHporosity for top layers
Flow('m3poro','m3','math output=0.04") #H#H#HH#HH#HHporosity for bottom layers
Flow('m2poro','time100all','math output=0.2") ####H#H#H#H#HH#H#H porosity for reservoir
Flow('porob100','m1poro m2poro m3poro','cat axis=1 ${SOURCES[1:-1]} d=1 0=0")
HiHHHEHIH porosity after shift
Flow('poroal00',[os.path.join(matROOT,matfun1+'.m'"),'porob100'],

"MATLABPATH=%(matlabpath)s %(matlab)s

-nosplash -nojvm -r
"addpath %(matROOT)s;%(matfunl)s('$ {SOURCES[1]}','${TARGETS[0]}',%(n1)d,%(n2)d,%(
n3)d,%(slp)g);quit"

"%vars(),stdin=0,stdout=-1)
Result('poroal00','window minl=1550[put labell=Z unitl=ft dl=1 d2=10 d3=10 label2=X
unit2=ft label3=Y unit3=ft 01=1550 02=0 03=0|byte gainpanel=a bar=bar.rsf |grey3 color=j
framel1=70 frame2=105 frame3=107 scalebar=y flat=n wanttitle=n barlabel=Porosity point1=0.8
point2=0.8") ####plot
HHHHEHHHHPHIHEHEHER A clay fraction model
Flow('mlclay','m1','math output=0.9") ######iHH##clay fraction for top layers
Flow('m3clay','m3','math output=0.9") ######iHiH#H#clay fraction for bottom layers

Flow('m2clay','time100all','math output=0.0") #####H#H#####H clay fraction for reservoir



Flow('clayb100','m1clay m2clay m3clay','cat axis=1 $ {SOURCES[1:-1]} d=1 0=0")
HiHHH#HIH#HE porosity after shift
Flow('clayal00',[0s.path.join(matROOT,matfun1+'.m"),'clayb100'],

"MATLABPATH=%(matlabpath)s %(matlab)s

-nosplash -nojvm -T
"addpath %(matROOT)s;%(matfunl)s('$ {SOURCES[1]}','${TARGETS[0]}',%(n1)d,%(n2)d,%(
n3)d,%(slp)g);quit"

"%vars(),stdin=0,stdout=-1)
khy=0.0056 #####H#H#H#HH#bulk modulus of hydrogen under reservoir condition
thy=0.003 ###HH#H#HI#HIH##H#HEdensity of hydrogen under reservoir condition
le=3 #HHHHHIHHH#HH{patchiness
Flow('vp100 vs100 rho100',[0s.path.join(matROOT,matfun+'.m'"),'clayal00','poroal00','sata100'],

"MATLABPATH=%(matlabpath)s %(matlab)s

-nosplash -nojvm -T
"addpath %(matROOT)s;%(matfun)s('$ {SOURCES[1]}','$ {SOURCES|[2]}','$ {SOURCES[3]}",'
${TARGETS[0]}'",'${TARGETS[1]}",'$ {TARGETS[2]}',%(n1)d,%(n2)d,%(n3)d,%(le)g,%(khy)
g,%(rhy)g);quit"

"Y%vars(),stdin=0,stdout=-1) #H###H#H#H#HEgenerate vp, vs, and density models
Flow('imp100','vp100 rho100','math x=${SOURCES[1]} output="input*x*1000" |put
d1=0.0003048 d2=0.003048 d3=0.003048 o01=0 02=0 03=0 labell=Depth unitl=km label2=X
unit2=km label3=Y unit3=km ") ########H#Himpedance model

HiHHHEHHH I poststack data creation 60 Hz 100 days



Flow('datal100','imp100','ai2refl|ricker] frequency=60")
Result('datal00','put d2=0.003048 d3=0.003048 02=0 o3=0|window n3=1 f3=107 min1=0.48
max1=0.505 min2=0.24 max2=0.4|grey color=g clip=0.005 wanttitle=n labelsz=8 labelfat=4
font=2 titlesz=10 titlefat=4 label2=Distance unit2=km screenratio=0.5 ")
HHHHHEHHIHHIHHIHHIH I #after 365 days loading saturation model as time365
HiHH#H#HH# the following address needs to be modified as
HiHH#HI#HH# dd="/your address/hydrogen code/data/casel time365.rsf
dd="/mnt/c/geo_utexas/project/hydrogen/test6192024/hydrogen code/data/casel time365.rsf
Flow('time365all',dd,'transp plane=23|put label 1=Z unit1=ft d1=1 d2=10 d3=10 label2=X unit2=ft
label3=Y unit3=ft 01=1550 02=0 03=0")
Flow('satb365')m1  time365all m3''cat axis=1 ${SOURCES[1:-1]} d=1 o=0 ")
HiHHHEHHHHHH#Hsaturation before shift 365 days
HiHH#H#HH#saturation after shift
Flow('sata365',[0os.path.join(matROOT,matfun1+'.m'),'satb365'],
"MATLABPATH=%(matlabpath)s %(matlab)s
-nosplash -nojvm -T
"addpath %(matROOT)s;%(matfunl)s('$ {SOURCES[1]}','${TARGETS[0]}',%(n1)d,%(n2)d,%(
n3)d,%(slp)g);quit"
"%vars(),stdin=0,stdout=-1)
Flow('vp365 vs365 rho365',[0s.path.join(matROOT,matfun+'.m'"),'clayal00','poroal 00','sata365'],
"MATLABPATH=%(matlabpath)s %(matlab)s

-nosplash -nojvm -T



"addpath %(matROOT)s;%(matfun)s('$ {SOURCES[1]}','$ {SOURCES[2]}','$ {SOURCES[3]}",'
${TARGETS[0]}",'${TARGETS[1]}','${TARGETS[2]}',%(n1)d,%(n2)d,%(n3)d,%(le)g,%(khy)
g,%(thy)g);quit"

"Y%vars(),stdin=0,stdout=-1)  ##H#H#H#HIH#H##generate vp, vs, and density models
Flow('imp365','vp365 rho365','math x=${SOURCES[1]} output="input*x*1000" |[put
d1=0.0003048 d2=0.003048 d3=0.003048 o01=0 02=0 03=0 labell=Depth unitl=km label2=X
unit2=km label3=Y unit3=km ")

HiHHHIHIH A HHE#poststack data creation 60 Hz 365 days

Flow('data365','imp365','ai2refl|ricker] frequency=60")

Result('data365','put d2=0.003048 d3=0.003048 02=0 o3=0|window n3=1 3=107 min1=0.48
max1=0.505 min2=0.24 max2=0.4|grey color=g clip=0.005 wanttitle=n labelsz=8 labelfat=4
font=2 titlesz=10 titlefat=4 label2=Distance unit2=km screenratio=0.5")
HHHHEHHHHRHHEHEHER A after 0 day loading saturation model as timeQ

HiHt#Hi#H#H# the following address needs to be modified as

HiH#HI#H# dd="/your address/hydrogen code/data/casel time0.rsf'
dd="/mnt/c/geo_utexas/project/hydrogen/test6192024/hydrogen code/data/casel time0.rsf'
Flow('timeOall',dd,'transp plane=23|put labell=Z unitl=ft d1=1 d2=10 d3=10 label2=X unit2=ft
label3=Y unit3=ft 01=1550 02=0 03=0")

Flow('satb0',)m1  timeOall ~m3''cat axis=1  ${SOURCES[1:-1]} d=1 o=0 )
HiHHHEHEHHHHHsaturation before shift 0 day

HiHH#HI#HI# saturation after shift

Flow('sata0',[0s.path.join(matROOT,matfun1+'.m'"),'satb0'],

"MATLABPATH=%(matlabpath)s %(matlab)s



-nosplash -nojvm -T
"addpath %(matROOT)s;%(matfunl)s('$ {SOURCES[1]}','${TARGETS[0]}',%(n1)d,%(n2)d,%(
n3)d,%(slp)g);quit"

"%vars(),stdin=0,stdout=-1)

Flow('vp0 vs0 rho0',[0s.path.join(matROOT,matfun+'.m"),'clayal 00','poroal 00','sata0'],

"MATLABPATH=%(matlabpath)s %(matlab)s

-nosplash -nojvm -r
"addpath %(matROOT)s;%(matfun)s('$ {SOURCES[1]}','$ {SOURCES[2]}','$ {SOURCES[3]}",'
${TARGETS[0]}",'${TARGETS[1]}",'$ {TARGETS|[2]}',%(n1)d,%(n2)d,%(n3)d,%(le)g,%(khy)
g,%(rhy)g);quit"

"%vars(),stdin=0,stdout=-1) ####vp, vs, density estimation after 0 day
Flow('imp0','vp0 rho0','math x=${SOURCES[1]} output="input*x*1000"|put d1=0.0003048
d2=0.003048 d3=0.003048 o01=0 02=0 03=0 labell=Depth unitl=km label2=X unit2=km
label3=Y unit3=km ')

HiHHHEHHHHRH#H#poststack data creation 60 Hz 365 days

Flow('data0','imp0','ai2refl|ricker1 frequency=60 ')

Result('data0','put d2=0.003048 d3=0.003048 02=0 03=0|window n3=1 f3=107 minl1=0.48
max1=0.505 min2=0.24 max2=0.4|grey color=g clip=0.005 wanttitle=n labelsz=8 labelfat=4
font=2 titlesz=10 titlefat=4 label2=Distance unit2=km screenratio=0.5")
HHEHHEHHHHHHRHER AR resitivity model after 100 days and 365 days
using Archie equation

Flow('res100','satal00",'sfput d1=0.0003048 d2=0.003048 d3=0.003048 o01=0 02=0 03=0

unitl=km unit2=km unit3=km labell=Depth label2=Distance label3=Y|sfwindow n3=1



£3=107|sfwindow minl1=0.48 max1=0.505|sfmath output="1-input"|sfmath
output="input*input"|sfmath output="0.04/input/0.04" |[window min2=0.24 max2=0.4")
Result('res100','grey  color=]  scalebar=y bias=10  wanttitle=n  barunit="Ohm.m"
barlabel=Resistivity screenratio=0.5 labelsz=8 labelfat=4 font=2 titlesz=10 titlefat=4")
Flow('res365','sata365','sfput  d1=0.0003048 d2=0.003048 d3=0.003048 ol1=0 02=0 03=0
unitl=km unit2=km unit3=km labell=Depth label2=Distance label3=Y|sfwindow n3=I
£3=107|sfwindow minl1=0.48 max1=0.505|sfmath output="1-input"|sfmath

_n;

output="input*input"|sfmath output="0.04/input/0.04" |window min2=0.24 max2=0.4")
Result('res365','grey  color=)  scalebar=y bias=10  wanttitle=n  barunit="Ohm.m"
barlabel=Resistivity screenratio=0.5 labelsz=8 labelfat=4 font=2 titlesz=10 titlefat=4")
HHHHEHIHHHHHEHEHAHHHEHEHA A A # z00med resitivity model after 100 days
Flow('sres100','satal00','sfput d1=0.0003048 d2=0.003048 d3=0.003048 o1=0 02=0 03=0
unitl=km unit2=km unit3=km labell=Depth label2=Distance label3=Y|sfwindow n3=I
f3=107|sfwindow min2=0.312 max2=0.317 minl=0.49 max1=0.499|sfmath output="1-
input"|sfmath output="input*input"|sfmath output="0.04/input/0.04" '

Result('sres100','grey  color=]  scalebar=y bias=10  wanttitle=n  barunit="Ohm.m"
barlabel=Resistivity screenratio=1.5 labelsz=8 labelfat=4 font=2 titlesz=10 titlefat=4")
HHHHHEHHHH AR zoomed resitivity model after 365 days
Flow('sres365','sata365",'sfput d1=0.0003048 d2=0.003048 d3=0.003048 ol=0 02=0 03=0
unitl=km unit2=km unit3=km labell=Depth label2=Distance label3=Y|sfwindow n3=1
f3=107|sfwindow min2=0.312 max2=0.317 minl=0.49 max1=0.499|sfmath output="1-

input"|sfmath output="input*input"|sfmath output="0.04/input/0.04" ")

Result('sres365','grey  color=)  scalebar=y bias=8  wanttitle=n  barunit="Ohm.m"



barlabel=Resistivity screenratio=1.5 labelsz=8 labelfat=4 font=2 titlesz=10 titlefat=4 ")
HHHHHHEHHHHHHEHEH AR resitivity model after 0 day
Flow('sres0','sata0','sfput d1=0.0003048 d2=0.003048 d3=0.003048 01=0 02=0 03=0 unitl=km
unit2=km unit3=km label1=Depth label2=Distance label3=Y|sfwindow n3=1 f3=107|sfwindow
minl1=0.48 max1=0.505|sfmath output="1-input"|sfmath output="input*input"|sfmath
output="0.04/input/0.04"|window min2=0.24 max2=0.4 ")
Result('sres0','grey  color=j  scalebar=y bias=10  wanttitle=n  barunit="Ohm.m"
barlabel=Resistivity screenratio=0.5 labelsz=8 labelfat=4 font=2 titlesz=10 titlefat=4 ")
HHHHHIHHHHFHIHHEH R AV O forward for casel
# INITIALIZATION
S e L e L S B L B i D B L i D
matlab = Wherels('matlab')
matROOT =
'/mnt/c/geo_utexas/project/hydrogen/test6192024/hydrogen code/Matlab_rock physics'
matfun2 = 'seis_ava'
matlabpath = os.environ.get('MATLABPATH',0s.path.join(RSFROOT,'lib"))
if not matlab:

sys.stderr.write("\nCannot find Matlab.\n")

sys.exit(1)
###2D slices of saturation model
Flow('tsata(','sata0',"'put d1=0.0003048 d2=0.003048 d3=0.003048 01=0 02=0 03=0|window n3=1
f3=107 min1=0.48 max1=0.505 min2=0.24 max2=0.4 ") ###2D slices saturation 0 day

Flow('tsatal00','sata100','put d1=0.0003048 d2=0.003048 d3=0.003048 01=0 02=0 03=0|window



n3=1 f3=107 min1=0.48 max1=0.505 min2=0.24 max2=0.4 ") ###2D slices saturation 100 day
Flow('tsata365','sata365",'put d1=0.0003048 d2=0.003048 d3=0.003048 01=0 02=0 03=0|window
n3=1 f3=107 min1=0.48 max1=0.505 min2=0.24 max2=0.4 ") ###2D slices saturation 365 days
Result('tsata0','grey color=j scalebar=y bias=0.1 barlabel=Saturation wanttitle=n labell=Depth
unitl=km label2=Distance unit2=km labelsz=8 labelfat=4 font=2 titlesz=10 titlefat=4
screenratio=0.5 allpos=y")

Result('tsatal00','grey color=j scalebar=y bias=0.4 barlabel=Saturation wanttitle=n label1=Depth
unitl=km label2=Distance unit2=km labelsz=8 labelfat=4 font=2 titlesz=10 titlefat=4
screenratio=0.5")

Result('tsata365','grey color=j scalebar=y bias=0.4 barlabel=Saturation wanttitle=n label1=Depth
unitl=km label2=Distance unit2=km labelsz=8 labelfat=4 font=2 titlesz=10 titlefat=4
screenratio=0.5")

###2D slices of models

Flow('mvp0','vp0','put d1=0.0003048 d2=0.003048 d3=0.003048 01=0 02=0 03=0|window n3=1
£3=107 min1=0.48 max1=0.505 min2=0.24 max2=0.4 ") ###2D slices vp 0 day
Flow('mvp100','vp100','put d1=0.0003048 d2=0.003048 d3=0.003048 01=0 02=0 03=0|window
n3=1 3=107 min1=0.48 max1=0.505 min2=0.24 max2=0.4 "###2D slices 100 days
Flow('mvp365','vp365','put d1=0.0003048 d2=0.003048 d3=0.003048 01=0 02=0 03=0|window
n3=1 3=107 min1=0.48 max1=0.505 min2=0.24 max2=0.4 "###2D slices 365 days
Result('mvp0','grey color=j scalebar=y bias=2.5 barlabel=Vp barunit=km/s wanttitle=n
label1=Depth unitl=km label2=Distance unit2=km labelsz=8 labelfat=4 font=2 titlesz=10
titlefat=4 screenratio=0.5")

Result('mvp100','grey color=j scalebar=y bias=2.5 barlabel=Vp barunit=km/s wanttitle=n



labell1=Depth unitl=km label2=Distance unit2=km labelsz=8 labelfat=4 font=2 titlesz=10
titlefat=4 screenratio=0.5")

Result('mvp365','grey color=j scalebar=y bias=2.5 barlabel=Vp barunit=km/s wanttitle=n
label1=Depth unitl=km label2=Distance unit2=km labelsz=8 labelfat=4 font=2 titlesz=10
titlefat=4 screenratio=0.5")

HHHHIHHHIHH A E X tract model for prestack forward modeling
Flow('tvp0','vp0','put d1=0.0003048 d2=0.003048 d3=0.003048 o1=0 02=0 03=0|window n3=1
f3=107|window n2=1 min2=0.317") ###single vp 0 day

Flow('tvs0','vs0','put d1=0.0003048 d2=0.003048 d3=0.003048 o1=0 02=0 03=0|window n3=1
f3=107|window n2=1 min2=0.317") ###single vs 100 day

Flow('trho0','tho0","put d1=0.0003048 d2=0.003048 d3=0.003048 01=0 02=0 03=0|window n3=1
f3=107|window n2=1 min2=0.317") ###single rho 100 day

Flow('tvp100','vp100','put d1=0.0003048 d2=0.003048 d3=0.003048 o01=0 02=0 03=0|window
n3=1 f3=107|window n2=1 min2=0.317") ###single vp 100 day

Flow('tvs100','vs100','put d1=0.0003048 d2=0.003048 d3=0.003048 01=0 02=0 03=0|window
n3=1 3=107|window n2=1 min2=0.317") ###single vs 100 day

Flow('trho100','tho100','put d1=0.0003048 d2=0.003048 d3=0.003048 01=0 02=0 03=0|window
n3=1 3=107|window n2=1 min2=0.317") ###single rho 100 day

Flow('tvp365','vp365','put d1=0.0003048 d2=0.003048 d3=0.003048 o01=0 02=0 03=0|window
n3=1 3=107|window n2=1 min2=0.317") ###single vp 365 day

Flow('tvs365','vs365','put d1=0.0003048 d2=0.003048 d3=0.003048 01=0 02=0 o03=0|window
n3=1 3=107|window n2=1 min2=0.317") ###single vs 100 day

Flow('trho365','tho365','put d1=0.0003048 d2=0.003048 d3=0.003048 01=0 02=0 03=0|window



n3=1 f3=107|window n2=1 min2=0.317") ###single rho 100 day

nl=1700 ##HH####number of samples in the first axis
n2=1 #H##H##number of samples in the second axis
mintheta=1
maxtheta=30 #######begin from 1 to 30 degree
Flow('refl0',[0s.path.join(matROOT,matfun2+'.m'"),'tvp0','tvs0','trho0'],
"MATLABPATH=%(matlabpath)s %(matlab)s
-nosplash -nojvm -r
"addpath %(matROOT)s;%(matfun2)s('$ {SOURCES[1]}','$§ {SOURCES|2]}','$ {SOURCES[3]}',
'${TARGETS[0]}',%(n1)d,%(n2)d,%(mintheta)g,%(maxtheta)g);quit"
"%vars(),stdin=0,stdout=-1) ######prestack reflectivity series 0 day
Flow('refl100',[0s.path.join(matROOT,matfun2+'.m"),'tvp100','tvs100','trho 100'],
"MATLABPATH=%(matlabpath)s %(matlab)s
-nosplash -nojvm -T
"addpath %(matROOT)s;%(matfun2)s('$ {SOURCES[1]}','$ {SOURCES|2]}','$ {SOURCES[3]}',
'${TARGETSJ0]}',%(n1)d,%(n2)d,%(mintheta)g,%(maxtheta)g);quit"
"%vars(),stdin=0,stdout=-1) ######prestack reflectivity series 100 days
Flow('refl365',[0s.path.join(matROOT,matfun2+'.m"),'tvp365','tvs365','trho365'],
"MATLABPATH=%(matlabpath)s %(matlab)s
-nosplash -nojvm -T
"addpath %(matROOT)s;%(matfun2)s('$ {SOURCES[1]}','$§ {SOURCES|2]}','$ {SOURCES[3]}',

'${TARGETSJ0]}',%(n1)d,%(n2)d,%(mintheta)g,%(maxtheta)g);quit"



"%vars(),stdin=0,stdout=-1) ######prestack reflectivity series 365 days

HitHHHHHHHH Plot

Result('mref0','refl0",'sfput  d1=0.0003048 d2=1 ol=0 o02=1 |sfwindow minl1=0.48
max1=0.505|sfwiggle transp=y yreverse=y poly=y grid=n wanttitle=n label1=Depth unitl=km
label2=Angle unit2=Degree screenratio=1.5 wherexlabel=top labelsz=8 labelfat=4 font=2
titlesz=10 titlefat=4")

Result('mref100','refl100'",'sfput  d1=0.0003048 d2=1 o01=0 o02=1 |sfwindow minl1=0.48
max1=0.505|sfwiggle transp=y yreverse=y poly=y pclip=95 grid=n wanttitle=n labell=Depth
unitl=km label2=Angle unit2=Degree screenratio=1.5 wherexlabel=top labelsz=8 labelfat=4
font=2 titlesz=10 titlefat=4 zplot=0.4")

Result('mref365','refl365','sfput  d1=0.0003048 d2=1 o01=0 o02=1 |sfwindow minl1=0.48
max1=0.505|sfwiggle transp=y yreverse=y poly=y pclip=95 grid=n wanttitle=n labell=Depth
unitl=km label2=Angle unit2=Degree screenratio=1.5 wherexlabel=top labelsz=8 labelfat=4
font=2 titlesz=10 titlefat=4")

HEHHEHIHH A NRMS calculation, please refer to Kragh and Christie
Flow('tdata0',’ data0',) sfput d2=0.003048 d3=0.003048 02=0 o03=0|window n3=1 {3=107
min1=0.48 max1=0.505 min2=0.24 max2=0.4")

Flow('tdatal100','datal100','sfput d2=0.003048 d3=0.003048 02=0 03=0|window n3=1 f3=107
minl=0.48 max1=0.505 min2=0.24 max2=0.4")

Flow('tdata365','data365','sfput d2=0.003048 d3=0.003048 02=0 03=0|window n3=1 f3=107

minl1=0.48 max1=0.505 min2=0.24 max2=0.4")



Flow('coef0','tdata0’,'math output="input*input"|stack axis=2|math output="sqrt(input)"")
Flow('coef100','tdatal00','math output="input*input"|stack axis=2|math output="sqrt(input)"')

Flow('coef365','tdata365','math output="input*input"|stack axis=2|math output="sqrt(input)"')

Flow('coefd100','tdata0 tdatal00','math x=${SOURCES[1]} output="input-x"|math
output="input*input"|stack axis=2|math output="sqrt(input)"')
Flow('coefd365','tdata0 tdata365','math x=${SOURCES[1]} output="input-x"|math

_n;

output="input*input"|stack axis=2|math output="sqrt(input)"")

Flow('nrms100','coefd100 coef0 coefl00','math x=§{SOURCES[1]} y=${SOURCES[2]}
output="200*input/(x+y)"|stack axis=1")####NRMS after 100 days

Flow('nrms365','coefd365 coef0 coef365','math x=§{SOURCES[1]} y=${SOURCES[2]}
output="200*input/(x+y)"|stack axis=1")####NRMS after 365 days
HHHHHEHHHHHIHIHEHRH#H#NRMS calculation for ERT

Flow('coefOert','sres0','math output="input*input"|stack axis=2|math output="sqrt(input)"")
Flow('coef100ert','res100','math output="input*input"|stack axis=2|math output="sqrt(input)"’)
Flow('coef365ert’,'res365','math output="input*input"|stack axis=2|math output="sqrt(input)"’)
Flow('coefd100ert','sres0 res100','math x=${SOURCES[1]} output="input-x"|math
output="input*input"|stack axis=2|math output="sqrt(input)"")

Flow('coefd365ert','sres0 res365','math x=${SOURCES[1]} output="input-x"|math
output="input*input"|stack axis=2|math output="sqrt(input)"")

Flow('nrms100ert','coefd100ert coeflert coefl00ert','math x=${SOURCES[1]}

y=${SOURCES|2]} output="200*input/(x+y)"|stack axis=1")####NRMS after 100 days

Flow('nrms365ert’,'coefd365ert coefOert coef365ert','math x=${SOURCES[1]}



y=${SOURCES]|2]} output="200*input/(x+y)"|stack axis=1"/#####NRMS after 365 days

End()

I1.  Matlab functions used for rock physics forward modeling
function modelshift(infile1,outfile,n1,n2,n3,slp)
%%%%%%%%%%%aim to move model along a fixed degree
%%%%%%%% infile1:model
%%%%%%%% n1:the first dimension
%%%%%%%% n2:the second dimension
%%%%%%%% n3:the third dimension
%%0%%%%%% slp: dip in degree
m=zeros(nl,n2,n3);
rsf_read(m,infilel);
rsf_create(outfile,[n1,n2,n3]'");

ml=m;

x1=(0:n2-1).*10;
loc=round(tan(2.5/180*3.1415926)*x1/1);
for j=1:n3
for i=1:n2
tre=m(:,1,j);
ml(loc(i)+1:end,i,j)=trc(1:nl-loc(i)); %%%%%%%%%%%model moving

end



end
rsf write(m1,outfile); %%%%%%%%%%%output

end

%%rock physics forward modeling

function property estimation(infilel,infile2,infile3,outfilel,outfile2,outfile3,n1,n2,n3,le.,khy,rhy)
%%%%%%%% infilel: clay fraction

%%%%%%%% infile2: porosity

%%%%%%%% infile3: hydrogen saturation

%%%%%%%% le: patchness exponent

%%%%%%%% outfilel: vp

%%%%%%%% outfile2: vs

%%%%%%%% outfile3: rho

clay=zeros(nl,n2,n3);

poro=zeros(nl,n2,n3);
sathy=zeros(n1,n2,n3);
sn=zeros(nl,n2,n3);
%%%%0%%%%0%%%%%0input loading
rsf read(clay,infilel);

rsf read(poro,infile2);

rsf read(sathy,infile3);

vpmodel=zeros(nl,n2,n3);



vsmodel=zeros(n1,n2,n3);
rhomodel=zeros(n1,n2,n3);

%%%begin calculation

for k=1:n3
for j=1:n2
for i=1:nl

outa=rock _forward(clay(i,j,k),poro(i,j,k),sathy(i,j,k),le,khy,rhy);
vpmodel(i,j,k)=outa(1);
vsmodel(i,j,k)=outa(2);
rhomodel(i,j,k)=outa(3);
end
end
end
%%%%%%%output creation
rsf_create(outfilel,[n1,n2,n3]")
rsf_create(outfile2,[n1,n2,n3]")
rsf_create(outfile3,[n1,n2,n3]")
%%%%%%%%%data output
rsf write(vpmodel,outfilel);
rsf_write(vsmodel,outfile2);
rsf_write(rhomodel,outfile3);

end



%rock physics forwarding to generate vp, vs, and density
function outa=rock forward(fravsh,porosity,shy,e,khy,rhy)
%%%%% shy: hydrogen saturation

%%%%% 1f possible we can change volume fraction of shale and quartz
%%%%% fravsh: clay fraction

%%%%% output outa=[vp,vs,tho]

%%%%% khy: bulk modulus of hydrogen rhy: density of hydrogen
sg=shy;

phi=porosity;

vsh = fravsh; %%% clay fraction

sand = 1-vsh; %%% sand fraction

sw = 1-sg;%%% water satuation

%%% elastic modulus

k1 =39.0; ul =45.0; rhol =2.65; vl = sand; %quartz
k2=21; u2=6.85;rho2 =2.6;v2=vsh; %clay

k3 =khy; u3=0.00; rho3 =rhy; v3 = phi.*sg; %hydrogen
k4 =2.49; u4=0.00; rho4 = 1.03; v4 = phi.*sw; %water
%%%% VRH average

k temp = [k1; k2];

u_temp = [ul; u2]; all_temp = vI+v2;

v_temp = [v1/all_temp; v2/all_temp];

k vrh = (sum(v_temp.*k temp)+1/sum(v_temp./k temp))/2;

u_vrh = (sum(v_temp.*u_temp)+1/sum(v_temp./u_temp))/2;



%%%% Hertz mandlin model

poisson=(3*k vrh-2*u_vrh)/(6*k vrh+2*u_vrh); %%% poisson ratio estimation

phic=0.36; %%%%critical porosity

C=2.8/phic; %%%% average number of contacts

peff=2250%9.8*470/1000/1000/1000; %%%%%%%%%%%%effective pressure
ke=((C*C*(1-phic)*2*u_vrh"2*peff)/(18*3.1415*3.1415*(1-poisson)"*2))"(1/3); %%%%critical
bulk modulus
uc=((5-4*poisson)/(10-5*poisson))*((3*C*C*(1-phic)"2*u_vrh"2*peff)/(2*3.1415*3.1415%*(1-
poisson)*2))*(1/3); %%%%%%critical shear modulus

xi=(uc/6)*(9*kc+8*uc)/(kc+2*uc);
kdry=(((phi/phic)/(kc+4/3*uc))+((1-phi/phic)/(k_vrh+4/3*uc)))*(-1)-4/3*uc;  %%%dry frame
bulk modulus

udry=(((phi/phic)/(uc+xi))+((1-phi/phic)/(u_vrh+xi)))"(-1)-xi; %%%dry frame shear modulus

k f=(k4-k3)*sw™(e)tk3;  %%%%%%brine+hydrogen k4 brine k3 hydrogen using brie's
equation

%% denstiy calculation

rho = [rhol;rho2;rho3;rho4];

all temp=1;

v =[(1-phi)*v1/all_temp;(1-phi)*v2/all temp;v3./all temp;v4./all temp];

rho_sat = sum(v.*rho);

%% ksat calculation

phi_temp = phi;

k sat = gassmann(kdry,k fk vrh,phi_temp);



u_sat = udry;

%%%velocity estimation
vp=sqrt((k sat+4/3*u_sat)/rho sat);
vs=sqrt(u_sat/rho_sat);
outa=[vp,vs,rho_sat];

end

%%%%%%Gassmann fluid substitution
function ksat=gassmann(kdry,kfl,ko,phi)
%%%kdry bulk modulus of rock
%%%k{l bulk modulus of fluid
%%%ko bulk modulus of rock matrix
%% % phi porosity

k1=(1-kdry/ko)"2;
k2=phi/kfl+(1-phi)/ko-kdry/ko/ko;
ksat=kdry+k1/k2;

end

%used for prestack AVA forwarding

function seis_ava(infilel,infile2,infile3,outfile1,n1,n2,mintheta,maxtheta)
%%%%%%%% infilel:vp

%%%%%%%% infile2:vs

%%%%%%%% infile3:tho



%%%%%%%% mintheta: minimum of theta
%%%%%%%% maxtheta: maximum of theta
%%%%%%%% outfilel:refl reflectivity series
vp=zeros(nl,n2);
vs=zeros(nl,n2);
rho=zeros(nl,n2);
theta=mintheta: 1 :maxtheta;
ntheta=length(theta);
refl=zeros(nl-1,ntheta,n2); %%%%prestack reflectivity series
%%%%%%%% data reading
rsf_read(vp,infilel);
rsf_read(vs,infile2);
rsf read(rho,infile3);
for i=1:n2
for k=theta
for j=1:nl-1
refl(j.k,i)=preava(vp(j,i),vs(j,i),tho(j,i),vp(j+1,1),vs(j+1,i),rho(j+1,1),k,4); %%call preava
to genernate prestack AVA response.
end

end
rsf create(outfilel,[nl-1,ntheta,n2]") %%%%%%%%%%%%%%%%%output create
rsf_ write(refl,outfile1);%%%%%%%%%%%%%%%%%0utput

end



function Rpp=preava(vpl,vsl,d1,vp2,vs2,d2,ang,approx)

%Calculates P-to-P reflectivity (Rpp) as a function of the angle of incidence (ang).

%input parameters:

% layer 1 (top): vpl, vsl, densityl (d1)

% layer 2 (bottom): vp2, vs2, density2 (d2)

% ang: vector with angles(DEQG)

% approx: 1)Full Zoeppritz(A&R)

% 2)Aki&Richards

% 3)Shuey's paper

% 4)Castagna's paper->Shuey (slightly different formulation of Shuey)

% With no output arguments, plots Rpp vs. angle.

t=ang.*pi./180; p=sin(t)./vpl; ct=cos(t);

da=(d1+d2)/2; Dd=(d2-d1);

vpa=(vpl+vp2)/2; Dvp=(vp2-vpl);

vsa=(vs1+vs2)/2; Dvs=(vs2-vsl);

switch approx

case 1, %FULL Zoeppritz (A&K)

ct2=sqrt(1-(sin(t)."2.*(vp2.72./vp1.12)));
cjl=sqrt(1-(sin(t)."2.*(vs1.72./vp1.2)));
cj2=sqrt(1-(sin(t)."2.*(vs2.72./vp1.12)));
a=(d2.*%(1-(2.%vs2.22.*p."2)))-(d1.*(1-(2.*vs1./2.%p."2)));

b=(d2.*(1-(2.%v$2./2. *p A2)))H(2.*d1 . *vs .22 *p.A2);



c=(d1.*(1-(2.%vs1./2.*p."2)))+H(2.*¥d2.*vs2./2.*p."2);

d=2.*((d2.*vs2.72)-(d1.*vs1.%2));

E=(b.*ct./vpl)+(c.*ct2./vp2);

F=(b.*cjl./vs1)+(c.*cj2./vs2);

G=a-(d.*ct.*cj2./(vpl.*vs2));

H=a-(d.*ct2.*cjl./(vp2.*vsl));

D=(E.*F)+(G.*H.*p."2);

Rpp=( (((b.*ct./vpl)-(c.*ct2./vp2)).*F) - ...

((at+(d.*ct.*cj2./(vpl.*vs2))).*H.*p."2) ) ./ D;

case 2, %Aki & Richard (aprox)
%assuming (angles) i=il
Rpp=(0.5.*%(1-(4.*p."2.*vsa.”2)).*Dd./da) + (Dvp./(2.*ct."2.*vpa)) - ...
(4.*%p.~2.*vsa.*Dvs);
case 3, %Shuey

poil=((0.5.*(vpl./vs1).2)-1)./((vpl./vs1).*2-1);

poi2=((0.5.*(vp2./vs2)."2)-1)./((vp2./vs2)."2-1);

poia=(poil+poi2)./2; Dpoi=(poi2-poil);

Ro=0.5.*((Dvp./vpa)+(Dd./da));

Bx=(Dvp./vpa)./((Dvp./vpa)+(Dd./da));

Ax=Bx-(2.*(1+Bx).*(1-2.*poia)./(1-poia));

Rpp=Ro + (((Ax.*Ro)+(Dpoi./(1-poia)."2)).*sin(t)."2) + ...
(0.5.*Dvp.*(tan(t)."2-sin(t)."2)./vpa);

case 4, %Shuey linear



A=0.5.*((Dvp./vpa)+(Dd./da));
B=(-2.*vsa.”2.*Dd./(vpa."2.*da)) + (0.5.*Dvp./vpa) - ...
(4.*vsa.*Dvs./(vpa.”2));
Rpp=A+(B.*sin(t)."2);
otherwise,
end

end



