
1. Introduction
West Texas, one of the most prolific hydrocarbon-producing regions in the world, has recently been explored by 
energy companies because of the rich undiscovered resources (Gaswirth et al., 2018) as well as the application 
of improved oil recovery (IOR) and enhanced oil recovery (EOR) methods (Zapivalov, 2015). To manage the 
produced water in the oil and gas industry, the most common way is to inject wastewater into porous rock forma-
tions through disposal wells. Improper management of wastewater not only causes environmental and health 
concerns (Johnston et al., 2016) but also induces detectable surface uplift (Loesch & Sagan, 2018), which may 
further cause ground instability and threaten the infrastructures. The coupling of the pore fluid pressure to the rock 
deformation is usually considered a poroelastic process. Pressurized fluid injection forces fluid into the subsur-
face reservoir, thereby increasing pore fluid pressure in the reservoir that propagates outward from the well with 
time. This pressure perturbation causes deformation in the overlying strata and induces geodetically-detectable 
surface deformation and even seismicity (Tung et al., 2021). The local hydro-geomechanical parameters, espe-
cially Young's modulus and hydraulic conductivity, play an essential role in this poroelastic process because 
they control the pore pressure distribution and hence surface uplift (Newell et al., 2017). Reliable estimates are 
therefore critical to risk prediction and minimization. However, precise local hydro-geomechanical parameters 
are seldom obtainable due to the lack of well logs in West Texas.

Interferometric Synthetic Aperture Radar (InSAR) is an effective tool to map ground deformation. With 
centimeter-to-millimeter level precision and meter-level resolution in a large region, this method has proven the 
capacity to detect surface deformation uplift induced by fluid injection on a localized or regional scale (Kim & 
Lu, 2018; Samsonov et al., 2015; Staniewicz et al., 2020). Previous studies indicated that InSAR observation 
can provide constraints on mechanical parameters (Yang et al., 2015) and hydrogeologic parameters (Shirzaei 
et al., 2019). The parameters of interest can be solved by jointly inverting the deformation observed by InSAR 
and well injection information (e.g., injection volume and depth, fluid density and temperature) (Shirzaei 
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et al., 2019). The spatial time-series deformation derived by InSAR can provide a powerful constraint on the 
poroelastic process, but due to stringent computational constraints, many studies used only one spatial map (e.g., 
the cumulative deformation (Shirzaei et al., 2019), an interferogram (Alghamdi et al., 2020)) or temporal defor-
mation at one location (Deng et al., 2020).

The finite element method (FEM) is widely used to solve poroelastic problems related to fluid injection, because 
it allows material heterogeneity, irregular boundaries, distributed mechanical loads, and multiple fluid sources 
(Denlinger & O’Connell, 2020; Kim & Deo, 2000; Yin et al., 2011). FEM is based on the Galerkin weighted 
residual procedure and a finite element discretization of the physical domain. Defmod (Ali, 2014) is a finite 
element code based on Biot's poroelastic theory (Biot, 1941) that has been successfully used to model deforma-
tion induced by wastewater disposal (Zheng et al., 2019) as well as to investigate deformation in a geothermal 
field (Ali et al., 2018). We estimate parameters using the results from these numerical simulations based on the 
Bayes theorem (Bishop, 2006).

The Bayesian inversion (Idier, 2013) has been applied to various geophysical inverse problems (Shen et al., 2013) 
including many poroelastic applications for the characterization of poroelastic materials using various data, such 
as InSAR measurements (Bagnardi & Hooper,  2018) and acoustical and mechanical measurements (Chazot 
et  al.,  2012). The Bayesian approach can quantify the constraints and prior conditions on model parameters, 
resulting in maximum a posteriori (MAP) estimates and confidence intervals of each parameter. Thus we can 
constrain our model parameters using both InSAR and well measurements, and include a priori knowledge of 
the parameters as well as data and model errors. The Monte Carlo method (Sambridge & Mosegaard, 2002) is a 
robust optimization method and has been widely implemented to characterize a posterior probability distribution 
in the Bayesian inference.

We use InSAR to measure the surface uplift induced by wastewater disposal at a site in West Texas. Deng 
et  al.  (2020) observed the uplift and modeled the surface deformation at the well with the maximum injec-
tion volume using a five-layer model assuming poroelastic behavior. In this research, The InSAR-derived 
spatio-temporal deformation is simulated by poroelastic FEM. A Bayesian Monte Carlo approach is applied 
to solve for local Young's modulus, hydraulic conductivity, and subsurface effective volumes, which can help 
under stand the underlying mechanism and shed insights into the local hydrogeology.

2. Methods
2.1. Research Area

The study site is located in the Delaware Basin, a hydrocarbon-rich sedimentary basin in West Texas (Figure 1a). 
The geologic stratigraphy is shown in Table S1 in Supporting Information S1 according to previous geologic 

Figure 1. Background information in the research area. (a) Maximum cumulated line-of-sight (LOS) deformation map from November 2014 to May 2018. Color-coded 
circles with arrows and green symbols indicate the location of 7 wastewater disposal wells and 55 hydrocarbon production wells active during the research period 
in the deformation area, respectively. Horizontal wells are plotted as green lines linking the surface and bottom locations. The blue contour in the lower left panels 
represents the boundary of the Delaware basin and the red rectangle marks the research area. (b) Reported monthly injection volumes of the 7 wastewater disposal wells 
(color-coded bars) from the Railroad Commission of Texas (Texas RRC) and time series of InSAR LOS deformation near well #1 (red circles).

 19448007, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
102991 by C

ochraneC
hina, W

iley O
nline L

ibrary on [21/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Geophysical Research Letters

ZHENG ET AL.

10.1029/2023GL102991

3 of 10

research (Beauheim & Holt,  1990; Dutton et  al.,  2003; Freeze & Cherry, 1979; Mercer, 1983; Nance, 2009; 
Richey et al., 1985) and well logs from Enverus™. We divide the strata into three layers for the simulation based 
on the rock composition of each formation. The injection zone is determined by referring to the injection depths 
of the wastewater disposal wells (Table S1 in Supporting Information S1). It comprises Bell Canyon and Cherry 
Canyon because of their relatively-high hydraulic conductivities, in which the wastewater can diffuse away 
rapidly. Above the injection zone, the caprock is defined to be the layers above the Delaware Mountain Group, 
formed in upper and post Permian. Although the Rustler Aquifer and the post-Permian sediments are pervious, 
formations from Lamar to Yates with impervious rock composition can be regarded as confining layers, allowing 
the simplification of one-layer caprock. Underneath the injection zone, the Brushy Canyon and the Bone Spring 
formation are considered to be base rock with relatively low hydraulic conductivities, preventing the diffusion of 
the wastewater.

Seven injection wells and fifty-five production wells were active in the research period (Figure 1, Table S2 in 
Supporting Information S1). Only the injection wells near the deformation center contribute to the surface defor-
mation (Deng et al., 2020). Thirteen production wells are located in the Bone Spring formation (∼2.8 km deep), 
and the other forty-two wells produce from the Wolfcamp formation (∼3.5 km deep). Monthly injection volume 
records of the wastewater disposal wells (Figure 1b) are archived in the Railroad Commission of Texas (Texas 
RRC).

2.2. InSAR Processing

SAR images from November 2014 to February 2020 acquired from ascending track P78 of Sentinel 1A/B are 
processed to measure the surface deformation. The C-band data (wavelength of 5.55 cm) are sensitive to detect 
small magnitude deformation and the short time interval (6 or 12 days) allows temporally dense observations. To 
obtain the spatiotemporal deformation, the Stanford Method for Persistent Scatterers (StaMPS) (Hooper, 2008), 
a software that incorporates persistent scatterer and small baseline methods and is widely used for estimating 
time-series deformation precisely (more details in Hooper et al., 2004, 2007 and Hooper, 2008), is applied to 
extract coherent pixels, mitigate atmospheric artifacts (primarily in water-vapor rich summer), and track surface 
movements at the persistent scatterers. Because the InSAR observations are relative in space and time, the first 
acquisition date (November 2014) and clusters of pixels distant from the deforming location assuming that 
the neighboring area is not experiencing significant deformation are used for references in both domains. The 
time-series line-of-sight (LOS) deformation maps are downsampled using quadtree downsampling (Dutton 
et al., 2003) for model simulation to reduce computation and maintain enough significant information on the 
deformation pattern.

2.3. Forward Poroelastic Finite Element Model

To simulate InSAR observed deformation, a three-layer three-dimensional finite element model is built. 107,654 
tetrahedral elements are generated in the mesh file to describe the geometry of the three-layer geologic settings 
and the injection points. The elements are denser near the injection points for better spatial resolution (Figure 
S2 in Supporting Information S1). The mesh covers an area of 20 km × 20 km, and the origin point of the mesh 
is set to the surface location of the dominant well #1. The vertical direction of the top surface is set to be a free 
surface while other boundaries are set far away and fixed because the horizontal displacement in the far field is 
negligible. We suppose the geologic settings in the research area are laterally homogenous because the InSAR 
observation seems to be spatially continuous without abrupt jumps (Figure S1a in Supporting Information S1), 
and the research site is localized (∼2 km radius). We analyze fluid injection using the poroelastic module of 
Defmod (Ali, 2014) and solve for the surface deformation resulting from the fluid injection. The fundamental 
equations (Lewis & Schrefler, 1998; Zienkiewicz & Taylor, 2000) based on Biot's theory consist of momentum 
conservation (Equation 1) and the continuity equation for mass conservation (Equation 2):

∇ ⋅ σ − α∇� = � , σ = ��, (1)

where D is the elasticity matrix which can be represented with Young's modulus E and Poisson's ratio ν, α is the 
tensor matrix for Biot's coefficient,

𝐶𝐶 𝐶𝐶𝐶 − ∇ ⋅

𝐾𝐾

𝜌𝜌𝑓𝑓𝑔𝑔
∇𝐶𝐶 − 𝜶𝜶𝜶𝜶 = 𝑞𝑞𝑞 (2)
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where 𝐴𝐴 C =
𝛼𝛼−𝜑𝜑

𝐾𝐾𝑠𝑠

+
𝜑𝜑

𝐾𝐾𝑓𝑓

 , φ is porosity, Ks is the bulk modulus of rock, Kf is the bulk modulus of fluid, K is hydraulic 

conductivity, ρf is the fluid density.

The coupled system of equations can be rewritten as Equation 3 using the finite element method:

𝑲𝑲𝒆𝒆𝒖𝒖 −𝑯𝑯𝑯𝑯 = 𝒇𝒇

𝑯𝑯
𝑇𝑇
�̇�𝒖 + 𝑺𝑺�̇�𝑯 +𝑸𝑸𝑯𝑯 = 𝒒𝒒

 (3)

where Ke is solid stiffness matrix, H is the coupling matrix, S is the compressibility matrix, Q is the fluid perme-
ability matrix, u is the displacement field, f is the body force, p is the pressure vector and q is the volumetric flow 
into and out of the well. The mesh file, along with information including material properties, boundary condi-
tions, time steps, and injection volumes are plugged into Defmod to solve the governing equations.

Reported injection/production records are collected mainly from Texas RRC, the primary state regulator of 
oil-related activities in Texas, and Enverus™. Due to the monthly reported volume, the time step is set to one 
month. The output is the three-dimensional displacement field. We then convert both vertical and horizontal 
displacements to the LOS direction, and interpolate the time-series deformation to dates of InSAR observed data 
for further comparison.

2.4. Bayesian Monte Carlo Approach

In a Bayesian framework, the posterior probability density function (PDF), p(m|d), can be computed from the 
prior PDF p(m) that modulates any prior information about the model parameters m independent of the observed 
data, and the likelihood function p(d|m) expresses the probability distribution of d when the parameters are given 
as m. The un-normalized posterior distribution p(m|d), based on the misfit between d and the predicted model, is:

𝑝𝑝(𝐦𝐦|𝐝𝐝) ∝ 𝑝𝑝(𝐝𝐝|𝐦𝐦)𝑝𝑝(𝐦𝐦) (4)

here the data vector d = {d 1,d 2,…,d n} are the spatio-temporal deformation observed by InSAR (n = 66 is the 
number of InSAR images), the model parameters m = {m 1,m 2,…,m l} are Young's modulus, hydraulic conductiv-
ities in three layers, and the scaling factors of effective volumes to reported volumes in injection well #1 (l = 7 is 
the number of total model parameters). If the poroelastic model is defined as G, then the likelihood function is 
simply related to the standard deviation of all the data-model misfits, defined here as S(G(m),d), as:

𝑝𝑝(𝐝𝐝|𝐦𝐦) = exp(−0.01 × 𝑆𝑆(𝐆𝐆(𝐦𝐦), 𝐝𝐝)) (5)

The Markov Chain Monte Carlo samples the model space to generate the evolution of posterior distribution. An 
initial series of model parameters mi = 0 is selected from prior information, where i is the number of iterations. A 
new series of model parameters can be generated by making a perturbation to each parameter of mi and plugged 
into Defmod to generate a new finite element model and provide a new simulation of time-series ground defor-
mation. The likelihood functions p(d|mi) and p(d|mi + 1) are then recomputed. The Metropolis law defines the 
probability of acceptance for model parameters mi + 1:

𝑃𝑃accept =

⎧
⎪
⎨
⎪
⎩

1 if 𝑝𝑝(𝐝𝐝|𝐦𝐦𝑖𝑖+1) ≥ 𝑝𝑝(𝐝𝐝|𝐦𝐦𝑖𝑖)

𝑝𝑝(𝐝𝐝|𝐦𝐦𝑖𝑖+1)∕𝑝𝑝(𝐝𝐝|𝐦𝐦𝑖𝑖) if 𝑝𝑝(𝐝𝐝|𝐦𝐦𝑖𝑖+1) < 𝑝𝑝(𝐝𝐝|𝐦𝐦𝑖𝑖)

 (6)

We define the threshold of acceptance χcrit = χmin + 0.25, where χmin is the minimum misfit (Figure S3 in Support-
ing Information S1). Here we choose the initial values by referring to previous research (Zheng et al., 2019).

3. Results
3.1. InSAR Analysis

We observe surface uplift and the follow-on recovery over an area with a radius of ∼2 km at the site in Winkler 
and Loving counties, West Texas (Figure  1a). Compared to the smaller amount of average monthly produc-
tion volumes from deeper formations, the larger volumes and shallower depths of injection are more likely to 
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contribute to surface uplift that we have measured with InSAR. The maximum deformation of ∼7 cm is observed 
near the injection well #1 around May 2018 (Figure 1a), exactly at the end of the injection of this well. The defor-
mation began to recover afterward, and the approximately flat pattern after May 2018 indicates a mild disposal 
scheme in terms of ground instability. In addition, the start of the uplift coincided with the start of injection in 
well #1, and the trend of the InSAR time series matches with the monthly injection record of well #1 (Figure 2a). 
Taking both the spatial proximity and temporal agreement into account, well #1 can be considered the dominant 
well for the observed deformation, thus we have added the scaling factor of injection volume in well #1 into 
model parameters (discussed in Section 4.1).

With results from Bayesian inversion of the InSAR spatio-temporal observations, the best-fit simulation is calcu-
lated from the forward poroelastic finite element modeling plugging in the MAP estimates of model parameters 
including Young's modulus, hydraulic conductivity, and the scaling factor of injection volume in well #1. Uncer-
tainty is calculated based on the standard deviation of accepted models from the Monte Carlo method. Spatial 
maps of InSAR displacements and the best-fit simulation based on the Bayesian Monte-Carlo approach in May 
2018 (i.e., the maximum displacement) (Figure 2b) and the end of the research period (Figure 2c) are compatible 
with each other. The simulation of the temporal evolution of the maximum displacement point (near well #1) 
agrees closely with the observation, especially the change in the displacement rate after March 2019.

3.2. Estimated Injection Volumes and Hydro-Geomechanical Parameters

Marginal posterior probability distributions are plotted in Figure 2d, where the MAP probability estimates, the 
confidence intervals of the model parameters, and the joint distributions between pairs of parameters can be 
found.

The estimated effective injection volumes are found to be ∼2.6 times as much as the reported volumes in the 
dominant well #1. This disparity is qualitatively reasonable. Based on the assumption of no heterogeneity and 
no abrupt temporal change of the hydro-mechanical parameters, if there is no excess of reported volumes in 
well #1, similar uplift would be expected in March 2019 because of the comparable reported volumes from well 
#2 (Figure 1b). However, no uplift has been observed by our InSAR analysis (discussed in Section 4.1). As no 
other injection is found in this area, this discrepancy leads to the skepticism of reported injection volumes from 
the oil company. The results of effective volumes could provide invaluable information for wastewater disposal 
management and regulation.

Young's modulus in the caprock, the injection zone, or the base rock approaches 80 GPa, which is compara-
tively high but still within the reasonable range in West Texas (Yang et al., 2015). Young's modulus can be well 
constrained in all three layers no matter whether the layer is a confining layer or not.

As for hydraulic conductivity, the situation is different. The best-fit simulation suggests the hydraulic conductiv-
ity in the injection zone to be 5.97 × 10 −8 m/s, seemingly a bit low when compared to the frequently used values 
of Bell Canyon 10 −6–10 −7 m/s (Deng et al., 2020) but still within the reasonable range (Beauheim & Holt, 1990). 
The reason can be the fact that the injection zone could involve not only sandstone but also siltstone or dolostone. 
The disparity of only half of a magnitude is acceptable considering the combination with Cherry Canyon. This 
result confirms the feasibility of the division of the injection zone layer. Unlike Young's modulus, hydraulic 
conductivity in caprock and base rock fails to be constrained. This should be attributed to the prior distribution 
based on the fact that the caprock and the base rock are confining layers (Table S1 in Supporting Information S1). 
When those two layers are set to be impervious, all hydraulic conductivities in the impervious range can seal 
and preserve fluid in the injection zone. The unconstrained hydraulic conductivities from posterior distributions 
further suggest the caprock and the base rock can be considered as a single layer each.

Although the hydro-mechanical parameters suffer from site-limited validity because of the complicated local 
hydrogeology, they can still provide a reference for adjacent oil fields and also help investigate the future evolu-
tion of this case.

4. Discussion
4.1. Why Are Injection Volumes Added to Model Parameters?

The InSAR observation data can be separated into three periods: (a) November 2014 to May 2018; (b) May 2018 
to February 2019; and (c) March 2019 to February 2020. In period 1, injection in well #1 dominates the uplift 
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Figure 2. Results from the Bayesian Monte Carlo approach. (a) Comparison between time series displacement from InSAR observation (circles) and the best-fit 
simulation (solid lines) in the inversion period. Uncertainty is plotted with semi-opaque ranges. Blue-filled and void bars represent the reported volume from RRC 
and scaled effective volume from the best-fit simulation of well #1, respectively. (b) Maximum cumulative InSAR observed displacement, best-fit simulation, and the 
residual maps in May 2018. (c) Cumulative InSAR observed displacement, best-fit simulation, and the residual maps at the end of the whole research period with scaled 
volume. (d) Marginal posterior probability distributions. One-dimensional figures are prior (open histograms) and posterior distributions (red histograms) of all model 
parameters. Two-dimensional marginals are plotted according to frequency (cold colors for low frequency, warm colors for high frequency).
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which occurs at the beginning of this injection and ends at the completion of the injection. In period 2, the uplift 
starts to recover and keeps at a relatively large deformation rate. As the trend starts directly from the completion 
of well #1, the whole period 2 can be considered as recovery due to the end of the injection. In period 3, the 
deformation rate becomes smaller, reflecting some perturbation at around March 2019. Since well #1 has not 
been reactivated after August 2019 while well #2, which is only 0.5 km from the deformation center, has been 
reactivated at the start of period 3, the variation of the deformation rate is highly likely due to the reactivation of 
well #2.

This study was initially proposed to solve local hydrogeology. Thus, the original model parameter set consists of 
only three Young's modulus and three hydraulic conductivities and the injection volume of well #1 is fixed as the 
reported volume. The results with reported volumes are plotted in Figure 3. Although we can find some parame-
ters within the reasonable range to fit the observed deformation in periods 1 and 2, we always see a deformation 
rebounding after the reactivation of well #2 in period 3. The rebound is found not only from the best-fit simula-
tion but all the accepted models (Figure 3b), which means the Bayesian Monte Carlo method cannot return to an 
acceptable simulation in this time interval if only hydro-geomechanical parameters are used as model parameters.

When the best solution cannot fit surface deformation, both the geologic stratigraphy and injection information 
could be questioned as they are the two preset components in the inversion. As described in Section 3.2, the 
unconstrained hydraulic conductivities from posterior distributions in the caprock and base rock can further 
convince the feasibility of one-layer caprock and base rock each. The depths of geologic layers are implied from 
well logs which are believed to be relatively accurate. The sample spaces of hydro-geomechanical parameters are 
in a fairly large range. Hence, we have determined to maintain the geologic stratigraphy and question the injection 
information.

The two crucial factors in the injection record impacting surface deformation are depth and volume. Supposing 
the effective depth is in the caprock or base rock where the hydraulic conductivity is low, the wastewater should 
diffuse away slowly, and the surface deformation after the completion of injection of well #1 should maintain the 
level or alleviate tardily. Therefore, the abrupt, and almost simultaneous retrieval of the surface uplift after May 
2018 suggests retaining the reported depths. Thus, the reported volumes are questioned and we apply scaling 
factors of the monthly injection volumes of the well(s). In consideration of the spatial proximity between the well 
locations and the deformation center and the temporal correlation between InSAR detected deformation and the 
reported injection volumes, we add the scaling factor for injection volume in well #1 into the model parameters 
to calculate the effective injection volume.

The fact of no rebounding from InSAR itself can provide a piece of evidence for the excess effective volume 
of well #1. The simulation of rebounding is due to the compatible reported injection volume rate of well #1 in 

Figure 3. Best-fit results based on fixed reported volume. (a) Comparison between time series displacement from InSAR observation (circles) and the best-fit 
simulation (solid lines) in the whole research period using reported injection volume from Texas RRC. Uncertainty is plotted with semi-opaque ranges. Reported 
monthly injection volumes in well #1 and #2 in the whole research period are plotted using bars. (b) Accepted models in one run (30,000 times) are plotted as 
semi-opaque lines. (c) Maximum cumulative InSAR observed displacement, simulation based on reported injection volume, and the residual map in May 2018.
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period 1 and well #2 in period 3 and the small distance between these two wells. To fix this problem, the excess 
of reported volumes in well #1 is a reasonable explanation for the discrepancy of displacements in periods 1 and 
3 because it relatively reduces the contribution for surface uplift from injection volumes from well #2. Actually, in 
the case of scaled volume, some of the accepted models also show the same pattern of rebounding after the reacti-
vated injection volume in well #2 (Figure 3b). The patterns of deformation near well #1 in period 3 show that:  the 
smaller the excess effective volume is, the severer the rebounding is. In addition, Deng et al. (2020) arbitrarily 
increase the Skempton ratio to solve for the unexpected large deformation in period 1, which also suggests  that 
normal parameters of Young's modulus and hydraulic conductivity cannot fit the InSAR observation. Here we 
attribute this anomaly to excess effective injection volume.

4.2. Production

As for hydrocarbon production, the deformation rate is almost zero from November 2014 to December 2015 
when there was no injection but production, indicating the production events do not induce surface displacement. 
Hence, we did not include it in the modeling. Taking account of the production in deeper formation that generally 
induces surface subsidence, adding production information to the inversion will require even more excess injec-
tion volume to reach the InSAR observation, thus the conclusion of excess injection volume will remain the same. 
We provide a rough estimate of the influence of hydrocarbon production with the average injection rate based 
on yearly production and peak production from Enverus™ in Figure S4 in Supporting Information S1. Although 
the total hydrocarbon production per month in Wolfcamp formation is comparable with the injection volume, it 
is less likely to impact the localized surface deformation because it is a semi-pervious aquifer with a large depth. 
Here we care about production in the shallower Bone Spring formation, which is significantly impervious than 
the Wolfcamp formation. Although the monthly volume rate of injection per well is ten times larger than the 
production for Bone Spring formation, the densely distributed production wells still generate subsidence up to 
0.7 cm (Figure S4a in Supporting Information S1), which means the excess effective volume could be even larger.

4.3. Tests of Using Fewer Constraints

In this study, we solve the local hydro-geomechanical parameters with InSAR spatio-temporal data as constraints. 
However, Bayesian inversion incorporating InSAR spatio-tmporal data requires huge computation resources. 
Therefore, we conduct two new inversion processes to test the possibility of using fewer constraints: spatial 
constraints and temporal constraints, respectively. In detail, the spatial constraints are from the cumulative spatial 
deformation map to May 2018; the temporal constraints are from the temporal displacements of the deformation 
center and the location near well #6. The comparison of the three constraints are plotted in Figure S5 in Support-
ing Information S1, and the marginal distributions are shown in Figure S6 in Supporting Information S1.

In this case, spatial constraints cannot simulate the temporal evolution, especially in period 3 (Figure S5a in 
Supporting Information S1). The temporal constraints perform better to simulate period 3 but underfit the spatial 
deformation range (Figure S5b in Supporting Information S1). The MAP estimates for hydro-geomechanical 
parameters of the three methods are all at the same magnitude, while spatial constraints and temporal constraints 
have a smaller scale factor of injection volume in well #1, which explains their failure to simulate period 3. The 
narrower distributions and the highest probabilities of MAP estimates of spatio-temporal constraints both indi-
cate that utilizing the whole spatio-temporal InSAR data can be used to discard biased solutions substantially 
and better constrain the model parameters. Therefore, to reduce the computation burden, spatial constraints and 
temporal constraints are good choices for quick rough results, but if possible, the use of spatio-temporal InSAR 
data as constraints is a better option for precise local hydrogeology retrieval.

5. Conclusion
In this study, InSAR has been applied to measure the spatio-temporal localized surface displacement related to 
fluid injection. The surface uplift and recovery afterward at the site in Winkler county, West Texas, is mainly 
dominated by the wastewater disposal in well #1. The Bayesian Monte Carlo approach with a forward poroe-
lastic finite element modeling performs well to solve the uplift induced by wastewater injection. The best-fit 
simulation matches well with the InSAR observation data. The posterior distribution provides reasonable MAP 
estimates and uncertainties of Young's modulus and hydraulic conductivity. The volumes needed to make the 
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results make sense in dominant well #1 are found to be ∼2.6 times than the reported volumes. Compared to 
other constraints, the Bayesian Monte Carlo approach with a forward poroelastic finite element modeling of 
InSAR-derived spatio-temporal data as constraint shows its advantages in solving poroelastic problems related to 
wastewater disposal. Our analysis provides a new technique to estimate local hydrogeologic properties which can 
serve as a reference for adjacent oil fields. Furthermore, our study can provide insights for wastewater disposal 
management and regulation.

Data Availability Statement
Sentinel-1 InSAR images can be downloaded from the Alaska Satellite Facility (https://search.asf.alaska.
edu) by searching for the Winkler county. The topographic effects were removed using 1-arcsec digital eleva-
tion model (DEM) data from the shuttle radar topography mission (SRTM)  (NASA JPL,  2013). StaMPS is 
available at https://homepages.see.leeds.ac.uk/∼earahoo/stamps/. Information about fluid injection, hydro-
carbon production, and distribution of the wells was obtained from the Railroad Commission of Texas 
(https://gis.rrc.texas.gov/GISViewer/) by zooming out to the Winkler county. Defmod is available at https://
bitbucket.org/stali/defmod. Processed InSAR time-series deformation and the best-fit model are available at 
https://doi.org/10.5281/zenodo.7566905.
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