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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• InSAR data reveal complex and accel
erating uplift and subsidence in Dela
ware Basin. 

• The magnitude of subsidence is linearly 
related to oil production. 

• The patterns of uplift are complex and 
caused by pressurization of shallow 
strata. 

• The pattern of faulting is densifying, 
accelerating and includes coseismic 
deformation. 

• Multiple lines of evidence suggest 
directional pore pressure diffusion and 
uplift.  
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A B S T R A C T   

The Delaware Basin in west Texas and southeast New Mexico is now the largest global oil producing basin, 
averaging ~400,000 m3 (~2,500,000 barrels) per day in 2022. The shale-dominated strata targeted for pro
duction can co-produce 4–5 times more water than oil, necessitating disposal by injection of ~1,400,000 m3 

(~8,700,000 barrels) of water per day in 2022. Through a comprehensive assimilation of regional Sentinel-1 
satellite radar data and analysis of production and injection, we show how petroleum operations have caused 
the development of complex and accelerating patterns of surface deformation from 2015 through 2021. We 
observe uplift from reservoir swelling, subsidence from reservoir contraction, and the development of linear 
features that are indicative of faulting. Subsidence is predominantly caused by production, and an important 
finding of this study is that the magnitude of subsidence is linearly proportional to total production. Uplift is 
caused by pressurization from wastewater injection of shallow permeable strata. The patterns of uplift are 
complex and extend laterally well-beyond areas where injection was performed. Linear surface deformation 
features are observed throughout the Delaware Basin, and they are lengthening and densifying as uplift and 
subsidence accelerate. Many of the lineations can be linked to known strata-bounded faults and shallow seis
micity in the southern Delaware Basin where they serve as permeable and anisotropic conduits for pore pressure 
migration. In the Northern Delaware Basin, co-seismic rupture is hosted along basement-rooted faults that may 
link to the linear surface features. Understanding these dynamic changes in Delaware Basin is a pressing concern 
for management of subsurface reservoirs and safeguarding the surface environment. Concerns include ongoing 
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induced seismicity, hazard of drilling through over-pressured strata, maintenance of integrity for newer well
bores, mitigation of flows of brine and petroleum fluids at the surface of old wellbores, and management of the 
pore space resource for wastewater injection.   

1. Introduction 

The Delaware Basin is a sub-region of the Permian Basin province of 
West Texas and Southeast New Mexico (Ewing, 2019), which is defined 
structurally by a complex network of basement-rooted faults that formed 
in Mississippian through Permian time in the foreland of the Ouachita- 
Marathon Orogeny (Horne et al., 2021) (Fig. 1a). The region has been 
subject to additional tectonic influences since its formation including 
renewed contraction during the Laramide Orogeny, extension during 
Basin and Range tectonism, and uplift and tilting commensurate with its 
position on the east flank of the Rio Grande Rift. These influences have 
caused exhumation and erosion, especially along the western flank of 
the basin, and the creation of thousands of faults, principally of normal 
offset, that crop out on the flanks of the basin to the west and south 
(GAT, 2014). 

While petroleum has been produced in the Delaware Basin since the 
1920s, the implementation of horizontal drilling and hydraulic frac
turing starting in ~2009 enabled dramatic acceleration of production. 
By mid-2022, the Delaware Basin of west Texas and southeast New 
Mexico had become the world’s most prolific oil producing basin, with 
~4 billion barrels produced from ~14,000 unconventional horizontal 
wells between 2010 and 2021 (Fig. 2). As compared to other regions 
with production of petroleum from shale, the Delaware Basin is excep
tionally wet, and the fraction of co-produced formation water typically 
exceeds that of oil by a factor of 3-4× (Scanlon et al., 2020). Limitations 
in water treatment techniques and associated economic considerations 
result in most of this co-produced oilfield wastewater being injected into 
geologically confined formations (TPWC, 2022; Reedy and Scanlon, 
2022). The yearly volumes of wastewater injection track volumes of oil 
and co-produced formation water. By the end of 2021, 415 million m3 of 
wastewater were injected into the basin for disposal per month (Fig. 2), 
and it is estimated that as much as 40 billion m3 of wastewater injection 
may occur in the basin associated with future production of 12 billion 
m3 of oil over the ~50-year life of the oil field (Scanlon et al., 2020). 

Injection of oilfield wastewater has occurred into strata both below 
and above the oil-producing shale formations (known as deep and 
shallow injection, respectively; Figs. 1b and 2). Deep injection princi
pally targets carbonate-rich Silurian and Devonian age strata in the 
northern portion of the basin, mainly in New Mexico, and in the 
northeastern corner of Culberson County and northern Reeves County in 
Texas, totaling 366 million m3 from 2010 through 2021. Significant 
anomalous seismicity (Hennings et al., 2021; TexNet, 2021, 2022; 
NMTSO, 2021; Frohlich et al., 2020), hosted along faults rooted in the 
geologic basement in this region, has been quantitatively associated to 
pore pressure increase associated with deep injection (Skoumal et al., 
2020; Savvaidis et al., 2020; Zhai et al., 2021; Grigoratos et al., 2022). 
Shallow injection wells target sandstone strata in the Permian-age 
Delaware Mountain Group (DMG) (Smye et al., 2021; Ge et al., 2022). 
In New Mexico, injection into the DMG has been minimal since ~2016 
due to concerns about negative impacts on existing oil production 
(Lemons et al., 2019). In Texas, 1.8 billion m3 of wastewater have been 
injected into these shallow strata from 2010 through 2021. The monthly 
volume of this injection has increased significantly in recent years, 
although it declined somewhat during the COVID pandemic due to 
depression of oil and gas commodity price (Fig. 2). Zhai et al. (2021) use 
poroelastic models of shallow injection to postulate that stress change 
may be able to propagate sufficiently downward to destabilize 
basement-rooted faults to produce seismic rupture. Although fluid in
jection for hydraulic fracturing has been shown to contribute to seis
micity to a minor degree (Skoumal et al., 2020; Savvaidis et al., 2020; 

Grigoratos et al., 2022), shallow injection for permanent disposal has 
been associated quantitatively with rupture and earthquakes on 
(shallow) strata-bound faults that transect the upper parts of the pro
ductive shale formations up through the Delaware Mountain Group 
(Hennings et al., 2021; Savvaidis et al., 2020; Grigoratos et al., 2022; 
Horne et al., 2022; Staniewicz et al., 2020; Pepin et al., 2022; Sheng 
et al., 2022). Rock above the DMG is dominated by 150–1500 m of strata 
rich in evaporites which are considered to be effective seals and verti
cally confine fluid and pressure changes from the injection below (Smye 
et al., 2021). The neotectonically-active faults below the evaporites are 
propagating either discrete displacement and/or folding to the ground 
surface through these evaporites and the overlying poorly indurated 
surficial strata. 

The injection and production reservoirs in the Delaware Basin are 
remarkably dynamic. Through a comprehensive integration of injection 
data, production data, high-resolution seismic catalogs, and recently 
mapped fault lines, we document the oil production and wastewater 
injection activities that caused widespread and complex surface defor
mation patterns for the entire producing region of the Delaware Basin as 
observable by Sentinel-1 Interferometric Synthetic Aperture Radar 
(InSAR) satellites. We interpret these observed uplift and subsidence 
patterns as reflecting significant geomechanical sensitivity of the sub
surface including compaction of petroleum reservoirs; inflation, pres
surization, faulting of injection reservoirs with displacements that 
deflect the ground surface; and induced earthquakes of multiple causes. 
We show that the distribution of shallow faults has increased in number, 
densified, spread laterally, and act as conduits affecting the directional 
diffusion of pore pressure. We discuss how our integrated data sets and 
findings can be applied for hazard assessment and sustainable devel
opment of the basin including (1) optimization of models of future oil 
production and the associated water handling requirements; (2) opti
mization of models of injection that can be used for management of the 
injection strata as a shared resource; (3) assessment of pore pressure 
evolution for overburden containment assurance, protection of 
groundwater resources, and assessment of the hazard that pressurization 
and vertical strain may pose to the thousands of vertical petroleum wells 
that date back to the 1920s; (4) induced seismicity hazard assessment; 
and (5) application to reservoir characterization and reservoir dynamics 
research. 

2. Methods and data 

2.1. Experimental design 

We quantitatively compare spatial and temporal changes in vertical 
deformation patterns throughout the Delaware Basin using InSAR data 
acquired between January 2015 and 2021 with numerous measures of 
subsurface perturbation from fluid withdrawal and injection. We choose 
the use of annual periods for simplicity in description. We also make 
comparisons to interpretations of active faults and well-recorded 
earthquakes. We consider periods corresponding to the availability of 
both high-quality InSAR data and controls on subsurface perturbation: 
Jan 1, 2015 to Dec 31, 2018 (the initial 4 years) and Jan 1, 2015 to Dec 
31, 2021 (the entire 7 years). It is our approach to focus on longer time 
periods of summed InSAR deformation for our analysis and integration. 
Additionally, we solve for 2-year InSAR cumulative vertical deformation 
for the equal periods of 2016–2017, 2018–2019, and 2020–2021 to 
capture the spatiotemporal evolution of surface deformation. 
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2.2. InSAR data processing 

Using a geocoded SLC processor (Zheng and Zebker, 2017), we 
process Sentinel-1 data acquired between November 2014 and 
December 2021: 151 ascending Path-78 scenes, 147 descending Path-85 
scenes, and 148 ascending Path-151 scenes (Fig. 1 inset). For each SAR 
acquisition, we generate multilooked interferograms at 180-m pixel 
spacing between the nearest 20 SAR images (equal to a maximum 
temporal baseline of 0.75–1.5 years, depending on the frequency of the 
acquisitions). No spatial baseline threshold is imposed in the interfero
gram formation. Here the impact of closure phase bias from short-term 
interferograms is negligible (Zheng et al., 2022; Maghsoudi et al., 2022), 
because InSAR solutions derived from interferograms subsets with 
longer temporal baselines (nearest 30- and nearest 50-acquisition net
works) do not show substantial differences from the results presented in 
this paper. We unwrap all interferograms using the Statistical-cost, 
Network-flow Algorithm for Phase Unwrapping (SNAPHU; Chen and 
Zebker, 2001). We remove long-wavelength phase ramps caused by at
mospheric noise using a quadratic phase model. We choose the GPS 
station TXKM as the reference point for ascending Path 78 and 
descending Path 85 InSAR data, and we use the remaining stations as 
controls to assess InSAR measurement uncertainty independently. The 
Path 151 footprint does not contain GPS station TXKM; for this data, we 
fit and remove a phase-elevation trend from all high-coherence pixels in 
each interferogram and zero-reference the deformation (Zebker, 2021). 
The locations of the available GPS stations in each Sentinel-1 path are 

listed in Table S4-S6, and the GPS time series can be accessed through an 
interactive map at the Nevada Geodetic Laboratory (Blewitt et al., 
2018). 

The phase of an interferogram can be written as the sum of defor
mation and multiple noise components: 

Δϕ =
4π
λ

Δd +Δϕtropo +Δϕiono +Δϕorb +ΔϕDEM +Δϕdecor +Δϕunwrap +Δϕn  

where λ is the radar wavelength, and Δd is the surface deformation along 
the radar line-of-sight (LOS) direction. The noise terms include tropo
spheric and ionospheric noise, orbital errors, DEM inaccuracies, phase 
decorrelation, unwrapping errors, and other residual noise terms that 
associated with thermal and soil moisture effects. For the Sentinel-1 
West Texas data set, the dominant noise source is turbulent tropo
spheric noise that is random at the time scales longer than one day 
(Emardson et al., 2003; Staniewicz et al., 2020). 

Consider the case of N SAR images forming M unwrapped in
terferograms with small baselines. At a pixel of interest, we can define a 
matrix representation of the M equation SBAS system as: 

A ϕ ≈ Δϕ  

where ϕ = [ϕ2,…,ϕN] is the unknown phase vector that contains 
deformation signal and tropospheric noise at each SAR date with respect 
to the first SAR date. Δϕ = [Δϕ1,…,ΔϕM] is the known phase values of 
the M interferograms. A is the M × (N − 1) matrix. If the ith interfero

Fig. 1. a. Map of InSAR-observed cumulative vertical deformation between 2015 and 2021 over the Delaware Basin. Basement-rooted (Horne et al., 2021) and 
shallow faults (Horne et al., 2022) in the basin subsurface are shown as black and green lines respectively. Outcropping faults (Geologic Atlas of Texas, 2014) are 
shown as dark yellow lines. Earthquakes that occurred between 2017 and 2021 (TexNet, 2021; NMTSO, 2021) are shown as red dots. Inset map shows the location of 
the study site and the InSAR flight path used. Grey circles: C = Carlsbad, NM; P = Pecos, TX; F = Fort Stockton, TX. b). Cross section of the central Delaware Basin as 
indicated by trace F-F’ in a. Text on the right indicates the depth and type of principal oilfield activity as well as aspects of geomechanical behavior for observed 
phenomena as described in the main text. (Fig. modified after Hennings et al., 2021). 

Fig. 2. Trend of production and injection in the Delaware Basin. Monthly production of oil and water, injection of wastewater, and ML≥2.0 earthquakes for the 
entire Delaware Basin and the southern Delaware Basin between 2010 to 2021. Monthly rate of hydraulic fracturing jobs for the southern Delaware Basin is also 
shown. Earthquake sources Frohlich et al., 2020; TexNet, 2021; NMTSO, 2021). 
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gram measures the InSAR phase Δϕi between data acquisition times tm 

and tn, then the A matrix has − 1 in the mth row, 1 in the nth row, and 
0 elsewhere. We solve for ϕ using a weighted least squares scheme45: 

ϕ̂ =
(
AT WA

)− 1ATW Δϕ  

where ϕ̂ = [ϕ̂1,…, ϕ̂N] is the estimated phase time series, and W is the 
M × M diagonal weight matrix. We employ the weighting scheme Wii =

1/Ti, where Ti is the temporal baseline of the ith interferogram. 
Based on the inversion results, we mask out all pixels which have a 

temporal coherence lower than 0.75 (Yunjun et al., 2019) or an average 
spatial coherence of <0.2. To remove turbulent tropospheric noise, we 
perform a temporal smoothing of the InSAR time series solution ϕ̂ =

[ϕ̂1,…, ϕ̂N] using the robust Locally Weighted Scatterplot Smoothing 
(LOWESS) technique (Ferretti et al., 2001). The LOWESS smoothing 
algorithm is a temporal filtering step similar to the triangular filtering 
step (Cleveland, 1979; Berardino et al., 2002). The advantage of using 
the adaptive LOWESS filter instead of a fixed-window filter is that SAR 
acquisitions that contain severe tropospheric noise artifacts (e.g., due to 
heat waves or heavy storms) are down-weighted or ignored in the final 
surface deformation estimates. 

To assess the performance of the LOWESS-smoothed LOS deforma
tion results, we project the available GPS ENU time series onto the radar 
LOS using the local line-of-sight vectors. For Paths 78, 85, and 151, there 
are 15, 10, and 3 GPS stations available for comparison (respectively). 
We smooth each GPS time series x with a 180-day moving window, and 
compare GPS and InSAR observations at each of the N SAR acquisitions. 
We calculated the root-mean-squared (RMS) difference between InSAR 
and GPS as 

errorRMS =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
N

∑N

j=1

(
xj − ϕ̂j,LOWESS

)2

√
√
√
√

where xj indicates the GPS point at the same time as the jth SAR acqui
sition. We also compute the maximum absolute difference between the 
InSAR solutions and the GPS time series, max

j=1,…,N
∣xj − ϕ̂j∣. For Path 78, 

there is an average of 3 mm RMS difference between the smoothed GPS 
time series and the InSAR LOWESS solutions across all time steps (Table 
S1). The maximum absolute difference at any time between GPS and 
InSAR is 1.3 cm. For descending Path 85, the average RMS difference is 
5 mm, and the maximum absolute difference is 1.4 cm (Table S2). For 
ascending Path 151, the average RMS difference is 3 mm, and the 
maximum absolute difference is 8.5 mm (Table S3). After assessing the 
InSAR errors along the LOS direction, we decompose overlapping 
ascending and descending acquisitions into vertical and horizontal de
formations as described in Staniewicz et al., 2020. 

In our analysis we use the vertical component of the processed InSAR 
data as it has been shown by others (e.g., Pepin et al., 2022) that the 
horizontal component of the surface deformation in the Delaware basin 
is minor as compared to the vertical component. Sentinel-1 imaging 
geometries are not sensitive to northward motion, and uncertainty in 
estimates of eastward deformation are considerably larger than esti
mates of vertical deformation. 

2.3. Earthquakes 

We compile well-recorded earthquakes in the Delaware Basin from 
2017 to 21 (Figs. 1a, 2, 4d, 5d) from TexNet (2021), relocated earth
quakes TexNet (2022), and from the NMTSO (2021). Generalized loca
tions of earthquakes in the Delaware Basin region from 2010 to 2018 are 
also available (Frohlich et al., 2020). 

2.4. Production data 

We compile well design and fluid production data from wells in the 
Delaware Basin from public sources including the Railroad Commission 
of Texas (RRC) and the New Mexico Oil Conservation Division (NMOCD) 
using the S&P Enerdeq analytical tool (see Data Availability). Fluid 
production data is compiled on a per well basis from 12,767 horizontal 
wells completed in the Bone Spring and Wolfcamp Formations that 
produced within the 2015–21 temporal window. To capture volumes 
from vertically stacked wells, produced oil and water volumes are 
summed for each 2.59 km2 (1 mi2) block for the 2015–18 and 2015–21 
temporal windows. Produced volumes per unit area are interpolated 
from center points using kriging with a 100 point search radius and 
spherical semivariogram to represent the smoothed density of fluid 
withdrawal while maintaining the overall magnitude of fluid volumes 
withdrawn across the basin. Produced gas volumes are not included in 
the analysis because gas likely does not exist in appreciable quantities in 
Bone Spring and Wolfcamp Formations at reservoir depth, but rather is 
emitted from the liquid phase at reduced pressures during production. 

2.5. Injection data and pore pressure 

We compile information on injection wells in the Delaware Basin 
from public sources including the RRC and the NMOCD using the private 
vendor S&P Enerdeq and B3 Insight analytical tools. We use records of 
well design to determine the depth and stratigraphic level of injection 
for each well and we gather monthly injection volumes for summation as 
per the two chosen temporal windows. For pore pressure evolution in 
the DMG we use published data (Ge et al., 2022) for the end-2018 
temporal window. For the end-2021 temporal window we use the 
most recent injection data to determine the pore pressure evolution in 
the DMG by directly extending our existing published reservoir char
acterization (Smye et al., 2021) and the calibrated hydrogeologic model 
(Ge et al., 2022). 

2.6. InSAR fault lineation analysis 

To assess how subsurface faulting may be reflected in the develop
ment of linear patterns in our InSAR deformation maps we trace all 
surficial lineations from our two temporal windows. In contrast to the 
recent mapping of basement-rooted faults (Horne et al., 2021) and 
shallow rootless faults (Horne et al., 2022) in the Delaware Basin where 
subsurface data was employed in the interpretation (Fig. 1a), we rely 
only on InSAR lineations that develop within our two temporal win
dows. We map linear features that are at least 5 km in trace length. We 
consider these lineations to be indicative of neotectonically active sub
surface faulting, especially as they coincide in both location and strike 
with many faults mapped using subsurface data. They also agree very 
closely with the trend of maximum horizontal stress (SHmax) (Dvory and 
Zoback, 2021a). 

3. Results 

3.1. InSAR surface deformation observations 

We observe maximum uplift (positive values) and subsidence 
(negative values) of 6 and − 9 cm for 2016–17, 6 and − 11 cm for 
2018–19, and 8 and − 16 cm for 2020–21 (Figs. 3a-c). During the period 
of 2016–17, distinct areas of local subsidence and uplift are evident. For 
2018–19 and 2020–21, most of those local areas persisted. In two 
notable cases, uplift area U6 and subsidence area S4 each occupied 
substantially larger footprints with each sequential time increment. 
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Subsidence area S3 was most localized in 2016–17, and then broadened 
but became less pronounced in 2018–19 and 2020–21. Fig. 3d shows the 
vertical deformation as sampled along the profile C-C′, which demon
strates the relative rates and degree of lateral shift of vertical deforma
tion over time. The profile also shows the sum of the three time periods, 
as well as the entire 2015–21 InSAR record studied as shown in Figs. 1a 
and 5a. 

Comparison of the sum of 2016–17, 2018–9, and 2020–21 vs 
2015–21 shows how uplift and subsidence was minimal along the 
sampling profile in the year of 2015. The InSAR deformation and GPS 
station elevation change and GPS station TXFS is shown in Fig. 3d. Note 
that there is some seasonal signal in the GPS data which our InSAR 
smoothing approach nicely removes. 

During the entire 7 years of study period (2015–2021), we observe 
up to 17 cm subsidence over a region extending ~215 km from Carlsbad, 
NM to Fort Stockton, TX with a width ranging from ~30 to ~90 km 
(Fig. 5a). The existence of the subsided area was apparent by the end of 
2018 where the subsidence occurred in more isolated and discontinuous 
depressions (regions) (Fig. 4a). The subsided regions coalesced into a 
pronounced and broad elliptical area by 2021, but still containing iso
lated pockets of greater subsidence (Fig. 5a). The total area experiencing 
subsidence through 2021 was ~16,600 km2 and the rock volume that 
subsided increased from 130 Mm3 through 2018 to 330 Mm3 through 
2021 (130 Mm3 in 4 years followed by 200 Mm3 in 3 years) (M =
million). The most significant subsided regions are labeled as S1-S11 in 
Figs. 3, 4a and 5a. 

Fig. 3. a-c). Maps of InSAR-observed cumulative vertical deformation over the Delaware Basin for 2016-17, 2018-19, and 2020-21, respectively. Labels indicate 
individual areas of uplift and subsidence as discussed in the text. d). Time series of elevation change along profile C-C′ for the InSAR maps in 3a-c, the sum of those 3 
maps, and the total for 2015-202 as per Fig. 5a. e). Time series data for the GPS station TXFS and sampling our InSAR Line-Of-Sight data at the TXFS location. See a-c 
for location of TXFS. 
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Fig. 4. Maps for the 2015-2018 period (4 years). a) InSAR-observed cumulative vertical surface displacement. Regions of minimum fluid production are taken from 
Fig. 4b, and regions of minimum pore pressure increase are taken from Fig. 4c. Regions marked with S1-S10 are specific subsidence regions, and regions marked with 
U1-U14 are specific uplift regions. Deformation profiles A-E are shown in Fig. 6. b) Total fluid production from shale strata. c) ΔPp in the DMG from shallow injection 
(modified after Ge et al., 2022) and the cumulative volume injection at each injection well. d) Distribution of linear features as observed from the InSAR surface 
deformation map and relocated earthquakes. Some of these features are coincident with mapped faults (Horne et al., 2022), and some are interpreted as possible 
zones of faulting in the subsurface. The azimuth of SHmax is indicated (Dvory and Zoback, 2021a, b). The region of linear features is enclosed by the dark green line. 
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We observe up to 12 cm of uplift between 2015 and 2021 in regions 
generally peripheral to, or surrounded by subsidence features (Fig. 5a). 
The most significant uplift regions are labeled as U1-U14 in Figs. 3, 4a 
and 5a. These areas of uplift were established by 2018, and each became 
accentuated by 2021. Region U6 became especially prominent by 2021, 
in essence rising out of an area otherwise dominated by subsidence 
(Fig. 5a). In addition, a large region of uplift spanning U1 to U3 devel
oped along the western margin of the basin (Figs. 1a, 5a). The boundary 
of the uplift feature coincides closely with the shape of the erosional 
pattern of the outcrop of the DMG. The total area experiencing uplift for 
2015–21 was ~18,200 km2. The rock volume that uplifted increased 

from 84 Mm3 through 2018 to 155 M3 through 2021 (84 Mm3 in 4 years 
followed by 71 Mm3 in 3 years). In Fig. 6 we show a series of data 
profiles that sample elevation change, production, injection, pore pres
sure change, and the locations of surface lineations for 2015–18 and 
2015–21 as described in the sections that follow. 

3.2. Petroleum fluid production trends 

Maps of oil and water produced from shale strata for each temporal 
window are shown in Figs. 4b and 5b, along with the location of the 
producing wells. Through 2018, a large area of production was 

Fig. 5. Maps for the 2015-2021 period (7 years). a). InSAR-observed cumulative vertical surface displacement. Regions of minimum fluid production are taken from 
Fig. 4b, and regions of minimum pore pressure increase are taken from Fig. 4c. Regions marked with S1-S10 are specific subsidence regions, and regions marked with 
U1-U14 are specific uplift regions. Deformation profiles A-E are shown in Fig. 6. b). Total fluid production from shale strata. c). ΔPp in the DMG from shallow 
injection (modified after Ge et al., 2022) and the cumulative volume injection at each injection well. d). Distribution of linear features as observed from the InSAR 
surface deformation map and relocated earthquakes. Some of these features are coincident with mapped faults (Horne et al., 2022), and some are interpreted as 
possible zones of faulting in the subsurface. The azimuth of SHmax is indicated (Dvory and Zoback, 2021a, b). The region of linear features is enclosed by the dark 
green line. 
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Fig. 6. Vertical deformation and agents of causation along 5 profiles. The panels on left are results of the 2015-18 period, and the panels on right are results of the 
2015-21 period. The profile traces are shown in Figs. 4 and 5. 
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established following the trend of the basin, with a maximum volume 
produced of ~250,000 m3/km2 based on smoothed produced volume 
data, and a mean of ~6100 m3/km2. Through 2021, the production 
footprint remained static, but the maximum volume produced increased 
to ~600,000 m3/km2 with a mean of ~18,500 m3/km2. For spatial 
comparison, the isolines of injection in Figs. 4b and 5b are shown in 
Figs. 4a and 5a, respectively. 

3.3. Wastewater injection trends 

Maps of injection wells, cumulative volume injected, and contours of 
volume injected are shown in Fig. S1. Figs. S1a and b show the trends for 
injection into the DMG and demonstrate the contrast where this injec
tion has been widely permitted in the Texas portion of the Delaware 
Basin but has been minimal in New Mexico in recent years. Note the 
significant volumes injected immediately south of the TX/NM border as 
well as other areas farther south in the basin. Figs. S1c and d show the 
trends for injection into deep strata below the shale oil reservoirs and 
above basement. Most of this injection has occurred in New Mexico but 
~20 deep injection wells operated in Texas during our study period. 

3.4. Pore pressure increase trends 

Maps of the predicted pore pressure increase (ΔPp) in the DMG 
modeled through 2018 and 2021 are shown in Figs. 4c and 5c, respec
tively. Cumulative volume injected per well is also indicated. A broad 
region of ΔPp exceeding 0.07 MPa extended throughout the basin by the 
end of 2018. Several areas experienced ΔPp ≥2 MPa in Texas. By the end 
of 2021, regions experiencing ΔPp ≥2 MPa had become widespread 
throughout the Texas portion of the basin. 

3.5. Development of linear features at the ground surface and relationship 
to earthquakes 

Expanding on the published interpretation of shallow faults in the 
Delaware Basin (Hennings et al., 2021; Horne et al., 2022), we observe a 
broad region with linear features observable at the ground surface 
throughout the basin. As observed in the 2015–2018 cumulative surface 
deformation map (Fig. 4d), the impacted area covered ~11,700 km2 and 
the total trace length of the lineations was ~1500 km. The 2015–2021 
cumulative surface deformation map (Fig. 5d) shows an increase in the 
number of linear features, lengthening and/or joining of existing fea
tures, an increase in the impacted area to ~13,800 km2, and a total trace 
length of ~2800 km. This represents a lineation densification of ~87 % 
for 2018–2021 within a footprint that increased by ~18 %. In the 
southern parts of the basin, the linear features closely follow previously 
mapped shallow faults (Figs. 1a and b) and relocated earthquakes 
(Figs. 4d and 5d). The lineations closely parallel the azimuth of SHmax 
(Figs. 4d and 5d, Dvory and Zoback, 2021a). We conclude that these 
linear features are subtle, yet organized flexures expressed at the ground 
surface that are indicative of faulting in the subsurface. Many coincide 
with sharp boundaries of subsided and uplifted regions such as the 
boundary between S4 and U6 along the TX/MN border. 

We show all cataloged earthquakes for 2017–21 on Fig. 1a and 
relocated earthquakes in Texas for 2017–18 and 2017–21 on Figs. 4d 
and 5d, respectively. While linear clusters of earthquakes occurring 
along the shallow faults in the Delaware Basin subsurface is well- 
established (Hennings et al., 2021; Horne et al., 2022), deciphering 
the associated co-seismic deformation is difficult in most areas of the 
basin due to the impact of subsidence from production and uplift from 
injection. However, there is a prominent case where earthquake activity 
has produced a newly-developed pattern of surface deformation in an 
area devoid of local production and injection. A graben-like feature 
developed during the 2019–21 period called the Culberson-Mentone 
Earthquake Zone (CMEZ) (Figs. 1a, 5a). Beginning in mid-2018 and 
continuing through 2021, >3100 earthquakes of ML ≥ 2.0 with 

magnitudes up to ML4.9 occurred in CMEZ. This seismicity and associ
ated faulting have created a graben-like structure in the InSAR data ~20 
km long and ~ 5 km wide and elevation relief of up to 6 cm across the 
structure (Fig. 6, 2015–2021 profile A-A’). A second case is the Mentone 
Fault Zone that ruptured with a magnitude ML4.9 in 2020 and has had 
over 80 earthquakes of ML ≥ 2.0. This cluster of earthquakes is associ
ated with a narrow trough-like feature ~10 km long and ~ 2–3 km wide 
and 2–3 cm of elevation relief across the zone (Figs. 1a, 5a; Fig. 6, 
2015–21 profile B-B′). 

3.6. Relationship between fluid production and subsidence 

Except for the areas where uplift from injection dominates, there is a 
strong spatial correspondence between the footprint of fluid production 
from Permian shale (Fig. 1b) and subsidence in both the 2015–18 and 
2015–21 study periods (see regions of fluid production to patterns of 
subsidence in Figs. 4a, b and 5a, b). Fig. 6 shows visually shows how 
total produced fluid and observed subsidence are highly correlated (e.g., 
2015–21 A-A’ S1 and S2; B-B′ S2–4; C-C′ S3 and S4; D-D′ S5, S6, and S7). 
A comparison of the 2015–18 and the 2015–21 results illustrate the 
acceleration of this coupling in 2019 through 2021 (Fig. 6; e.g., profile 
C-C′). 

Importantly, the absence of shallow injection into the DMG in New 
Mexico allows for quantitative assessment of production-related subsi
dence in areas free of the negating impact of uplift from shallow injec
tion (Figs. 7a and b). We find a strong linear relationship between 
production and subsidence in the S2 and S4 subsidence regions in both 
2015–18 and 2015–21 periods. The specific regions sampled for this 
analysis are indicated in Fig. S3. Subsidence at depth becomes me
chanically attenuated at shallower levels (Segall, 1992). Therefore, as 
compared to the ground surface response, the actual change in elevation 
of strata subsiding due to compaction would be greater for horizons at 
depth, such as the top of the Wolfcamp Formation (Fig. 1b). 

Groundwater production can also produce subsidence therefore we 
have endeavored to assess those production trends and relate them to 
subsidence (Galloway et al., 1999). Throughout the Delaware Basin, 
water is produced from shallow sources for crop irrigation, livestock, 
municipal and domestic supply, drilling rig supply (drilling mud, etc.), 
and for hydraulic fracturing. Water use values by category are available 
in Texas from the Texas Water Development Board annually for 2015 
through 2019. Information of water well locations and intended use are 
available from the Texas Department of Licensing and Regulation Sub
mitted Driller Reports database, which contains reports for all water 
wells completed in Texas since about 2002. Water use values for New 
Mexico are available from the USGS but only through 2015 as per the 
time of this writing. We therefore focus our analysis on Texas (see 
Supplementary Text for additional information about groundwater wells 
and water production history). 

Water use in the Texas portion of the Delaware Basin is dominated by 
crop irrigation followed by uses for hydraulic fracturing, municipal 
supply, and for livestock (Table S4, Fig. S2a). The principal groundwater 
source covering the majority of the subsided area is the Pecos Valley 
Aquifer (Texas Ground Water Development Board Groundwater Data
base, see Data Availability). The overall water usage in the Texas 
counties of the Delaware Basin was relatively constant, averaging ~3 ×
108 m3 between year 2015 and 2019 (Fig. S2a, Table S4). We also 
compile recent hydrograph data acquired from 28 wells since 2018 in 
the same region (Fig. S2b and c, Table S5). At each well, we qualitatively 
classify the trend of depth to water over the 2015–18 period as either no 
significant change or deepening. A deepening of the water level in 
confined aquifers should produce ground surface subsidence. From this 
analysis, we observe no clear relationship between changes in water 
level in the wells and InSAR subsidence over the same period. Given that 
there is (1) little correlation between water levels in groundwater pro
duction wells and areas of subsidence; (2) no significant increase in the 
rate of shallow water production regionally, and (3) a significant 
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increase in the rate of water and oil produced from shale strata, we 
conclude that subsidence from production of fluids extracted from shale 
strata is the overwhelmingly dominant cause of the subsidence we 
observe as compared to shallow groundwater production. We do observe 
a notable discrepancy in this finding in the area of S7 where there is 
significant subsidence in 2015–18 and continuing through 2021 and 
relatively little local fluid production from shale strata. In the region of 
S7, there is a concentration of irrigated crop land (Reedy and Scanlon, 
2022) and it is also the area where two of the wells in our analysis of 
depth to water show increasing depth. Therefore, we agree with prior 
work (Deng et al., 2020) that the principal cause of subsidence in the 
region of S7 is caused by groundwater production. 

3.7. Relationship of injection and uplift 

It is well established that injection can cause land surface uplift 
(Teatini et al., 2011). There are no areas in our study where injection 
into shallow or deep strata occur without production from shale strata 
locally. Therefore, we find the pattern of uplift from injection to be 
complex but apparent (see relationship of fluid injection and ΔPp to 
patterns of uplift in Figs. 4a, c and 5a, c). We find local areas where uplift 
from injection exceeds subsidence from production and manifest as 
uplifting islands (e.g., regions U5, 6, 7, 8, and 11). These uplift features 
became considerably more pronounced in recent years, and they are 

each closely associated with areas of substantial injection volumes and 
ΔPp. For example, the uplift of U11 (2 cm) by the end of 2021 occurred 
with ΔPp of ~0.7 MPa, and the uplift of U6 (over 7 cm) occurred with 
ΔPp of between 2.1 and 2.8 MPa. The thickness of the DMG overburden 
ranges from 0.75 to 1.25 km for U6 and 1.5–1.6 km for U11. 

We also observe a broad and diffuse halo of uplifted areas peripheral 
to the region where subsidence dominates along the producing axis of 
the basin. This peripheral domain of uplift extends to where the DMG 
outcrops on the western margin of the basin (Figs. 1a, 4a, 5a). These 
uplift features were apparent by the end of 2018, and each became more 
pronounced by the end of 2021 (e.g., U1, 2, 3, 4, 7, 9, 12, 13, and 14). In 
these areas, the associated ΔPp in the DMG was <1.4 MPa everywhere. 
The thickness of the DMG overburden ranges 0 to 1.2 km in areas in the 
western part of the basin to 1.5–1.2 km in the eastern part of the basin. 
There is little to no injection and ΔPp associated with the areas of uplift 
to the west of regions U1–3, and we therefore believe that there must be 
an increase in DMG reservoir pore pressure that stems from 
directionally-controlled diffusion and ΔPp from areas of concentrated 
injection in the east. Our observation that uplift extends to the outcrop 
of the DMG in the west is consistent with this belief because the DMG 
must be present in the subsurface to experience inflation and uplift from 
ΔPp. In the Discussion we elaborate on five lines of evidence for 
directionally-controlled diffusion and ΔPp and we include fault reac
tivation in the hypothesis. The pattern of uplift at considerable distances 

Fig. 7. Relationship between fluid production and subsidence, and injection and uplift. Total fluid production vs. subsidence for the period of 2015-18 (open circles) 
and 2015-21 (filled circles) for in sub-region S2 (a) and sub-region S4 (b). Estimated ΔPp in the DMG vs. subsidence for the period of 2015-18 (open circles) and 
2015-21 (filled circles) in sub-region U3 (c) and sub-region U11 (d). The regions of the data sampled are indicated in Fig. S3. 

P. Hennings et al.                                                                                                                                                                                                                               



Science of the Total Environment 903 (2023) 166367

12

away from areas of shallow injection being one of the five. 
The second line of evidence for directionally-controlled diffusion and 

ΔPp from shallow injection comes from distribution of fracture gradient 
(FG) data as obtained from the RRC for 27 DMG injection wells tested in 
2019–21 (Figs. 8a, b; Table S6). This data shows that wells in the areas 
with shallow faulting and earthquakes in the southern Delaware Basin 
have lower fracture gradients than wells in the north (≤0.0147 vs 
>0.0147 MPa/m, respectively; ≤0.65 vs >0.65 psi/ft). We interpret this 
variation to support our hypothesis of fault activation and directional 
pore pressure migration because, with injection into the DMG, a lower 
fracture gradient promotes both the propagation of hydraulic fractures 
away and upward from the injection well and the reactivation of shallow 
faults. It is well known that hydraulic fractures open perpendicular to 
the azimuth of SHmax and can preferentially conduct fluids along their 
length (Zhang and Yin, 2017). Faults that rupture with dominantly 
normal slip everywhere strike (sub)parallel to the azimuth of SHmax in 
the southern Delaware Basin. Once brought to the critical stress condi
tion with ΔPp, with or without rupture, the faults can serve as direc
tional pathways for fluid flow and ΔPp (Townend and Zoback, 2000; 
Hennings et al., 2012). 

Given that subsidence from production occurs everywhere there is 
injection into the DMG and ΔPp, it is not possible to directly quantify 
uplift from ΔPp without accounting for subsidence from production. 
However, there are areas where it can be estimated, especially where 
rates of production have been locally low. By the end of 2021, region U3 
had uplifted by 4–5 cm and the cross plot of ΔPp vs uplift has a linear 
upper bound that can be used to estimate that each cm of uplift occurred 
with a ΔPp of ~0.3 MPa. Similarly, in region U11 each cm of uplift 
occurred with a ΔPp of ~0.2 MPa. 

Using the linear relationships observed for subsidence from pro
duction in Fig. 7a and b and uplift from injection, we can distinguish 
relative roles of injection and production on the complex surface 
deformation response and provide an independent check on our causal 
interpretation. The U1 and U2 regions experienced uplift of up to ~4 cm 
by the end of 2021 and very little production, therefore it is our pro
jection, using the average of our U3 and U11 correlations, that the DMG 
in this area may be experiencing ΔPp of up to ~1.0 MPa, which is 
generally consistent with our ΔPp model. By the end of 2021, the U6 
region experienced a mean uplift of 2.2 cm, a mean production of 
240,000 m3/km2 and a mean ΔPp of ~1.9 MPa. Using the average of the 
S2 and S4 correlations suggests that the U6 region should have subsided 
by 5.9 cm. Using the average of the U3 and U11 correlations suggests 
that the U6 region should have uplifted by 8.4 cm. This leaves us with a 
predicted uplift of 2.5 cm, quite close to the observed 2.2 cm. 

Like subsidence, reservoir inflation at depth becomes mechanically 
attenuated at shallower levels (Segall, 1992). Compared to the ground 
surface response, the actual change in elevation of strata uplifted due to 
ΔPp would be greater for horizons at depth, such as the top of the DMG 
(Fig. 1b). 

We see no evidence of uplift from deep injection in the northern 
Delaware Basin where the footprint of deep injection does not coincide 
with any uplifted regions (Figs. S1c, d compared to Figs. 4a and 5a). If 
uplift from deep injection were present, we would expect that it would 
have a broader and lower amplitude wavelength as compared to the 
footprint of deep injection and it is possible that the uplift is masked by 
subsidence from production in Culberson County, TX and SE New 
Mexico. 

3.8. Expansion of the vertical section 

It is outside our scope here to quantitatively assess co-located 
expansion of the vertical section caused by subsidence at depth from 
production and uplift from shallow injection. What we can say, using the 
linear relationships in Fig. 7, is that there is a maximum of up to 25 cm of 
vertical expansion predicted for the U6 region (predicted uplift minus 
predicted subsidence). Given that mechanical attenuation affects our 

Fig. 8. a) Distribution and priority of wells within the RRC abandoned well 
plugging program and reported fracture gradient of DMG injection wells from 
step rate test data on the map of DMG ΔPp through 2021. b). Same well data as 
(a) but showing map of InSAR elevation change from 2015-21. The priority 
criteria for the abandoned wells is described in the text. The interpreted InSAR 
lineations for 2015-21 from Fig. 5d are shown on both maps. 
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estimations of both uplift and subsidence, the true vertical expansion in 
the subsurface (e.g., what the vertical portion of wells experience) 
would be greater. In locations where there are sharp lateral contrasts 
between regions of uplift and subsidence, the lateral difference in ver
tical expansion may give rise to faulting as expressed as linear features 
on the ground surface (e.g. the boundary between S4 and U6). 

3.9. Orphaned wells and plugging priority 

It is estimated that there are >100,000 idled petroleum wells in 
Texas (EDF, see Data Availability). The RRC maintains a database of 
wells in Texas that are no longer claimed by operators (orphans) and is 
actively plugging these wells according to a ranking scheme or priority 
(see Data Availability). Priority 1 wells have evidence of active fluid or 
gas leakage at the surface. In Figs. 8a and b we show the location and 
priority of 280 orphaned wells in the Delaware Basin on maps of DMG 
ΔPp and 2015–21 elevation change. We note that the 40 Priority 1 wells 
occur in areas of the Delaware Basin in Texas where our model predicts 
an association with a mean DMG ΔPp of 1.6 MPa as of the end of 2021 
for wells currently awaiting plugging. For wells previously plugged, the 
mean DMG ΔPp in the nearest year to plugging was 1.2 MPa (Fig. 8a). 
The location of high priority wells is also biased to areas with uplift (e.g., 
the mean elevation change of priority 1 wells is +2.1 cm). For this 
aspect, it is important to note that a tiny percentage of old wells in the 
Delaware Basin are in the RRC’s orphaned well plugging program. 
Leakage at the surface of operated wells is generally not reported pub
licly and there are approximately 27,000 operated wells in the basin that 
were drilled prior to the onset of horizontal drilling in 2009. 

4. Discussion and conclusions 

Ongoing development of the Delaware Basin as one of Earth’s most 
prolific hydrocarbon-producing regions should be undertaken with full 
cognition of surface and subsurface changes associated with develop
ment, and the hazards that may be created. The Delaware Basin has 
shown itself to be geomechanically sensitive with subsidence from 
compaction of shale due to petroleum production, uplift from reservoir 
inflation from injection, and pore pressure-driven stress change to res
ervoirs causing fault rupture and formation of linear elevation changes 
at the surface. We observe that the rate of both subsidence and uplift has 
increased rapidly in recent years. In the northern part of the basin, 
induced earthquakes with ML ≤ 5.4 occur associated with deep injec
tion. In the southern Delaware Basin, shallow injection has caused 
rupture of a well-organized system of existing faults including seismo
genic slip with ML ≤ 3.5, aseismogenic slip, and many linear de
formations of the ground surface. An understanding of the impact can 
come from analysis of changes to the ground surface, as well as earth
quakes induced from petroleum operations, if these data are thoroughly 
integrated with comprehensive assessments of the causal influences as 
we present here. Our InSAR surface deformation estimates are validated 
using independently processed GPS time series acquired at all available 
permanent stations throughout the basin. More importantly, the 
observed deformation patterns are directly attributable, spatially and 
temporally, to the causal influences of production, injection, and 
faulting. 

4.1. Development of linear patterns on the ground surface and 
relationship to seismicity 

Fig. 1a shows faults as recently mapped in the Delaware Basin at the 
level of the basement-sediment interface (Horne et al., 2021) and shal
lower, strata-bound faults (Horne et al., 2022). The basement-rooted 
faults which have been seismogenic are mainly located in the northern 
Delaware Basin in CMEZ, the Mentone Fault Zone, and in New Mexico 
(Hennings et al., 2021). This basement-hosted seismicity has been linked 
to deep injection above basement (Skoumal et al., 2020; Savvaidis et al., 

2020; Zhai et al., 2021; Grigoratos et al., 2022), and rupture on these 
basement-rooted faults has not been associated with hydraulic frac
turing operations (Grigoratos et al., 2022). In CMEZ alone, there were 
~4000 ML ≥ 2.0 earthquakes that occurred below the basement- 
sediment interface by mid-2022. We employ the same fault mapping 
methods as in Horne et al., 2021 and add 22 short basement-rooted 
faults to the interpretation of CMEZ (Fig. 1a). Fault plane solutions 
indicate that earthquakes in CMEZ are dominantly dip slip on steeply- 
dipping faults (Huang et al., 2022). The observed surface deformation 
in the CMEZ area and along the Mentone Fault Zone is indicative of 
seismogenic offsets in the basement that have propagated to the ground 
surface. This behavior is facilitated in CMEZ where basement is much 
shallower on the western flank of the basin (− 1 km MSL) as compared to 
depths of up to − 4.5 km along the structural axis of the basin. However, 
there are also shallow faults in the CMEZ area therefore it is possible that 
some faults in this complex zone may extend upward from the basement 
vertically to shallow levels, either geologically, or as faults have prop
agated neotectonically (Figs. 1a and b, 4d, 5d). Modeling of the distri
bution of cumulative slip as estimated from earthquake moment along 
with thorough characterization of the stiffness of the various overburden 
layers could be conducted in the future to ascertain how the patterns of 
rupture are propagating to the ground surface in this area. 

In the southern portion of the Delaware Basin, extensive linear de
flections of the ground surface are observed. These linear deformation 
features become more prominent over time with increasing lengths. The 
faults that produced these linear deformation patterns are known to be 
strata-bound to the DMG and the upper portions of the underlying shale 
strata. As discussed below, depletion of pore pressure from fluid pro
duction from shale strata and associated reservoir compaction is one 
mechanism that has been linked to the faulting at depth, and the 
development of linear patterns at the ground surface. Injection into the 
DMG is another mechanism that is linked to faulting. It has also been 
demonstrated that hydraulic fracturing in the Bone Spring and Wolf
camp shales has caused seismogenic rupture in some areas of the 
southern Delaware Basin (Skoumal et al., 2020; Savvaidis et al., 2020; 
Grigoratos et al., 2022). 

Figs. 1a, 4d, 5d show that many of the published shallow faults have 
not hosted cataloged earthquakes and have therefore been slipping 
aseismically to produce the observed linear surface deformation pat
terns. The slip rate accelerated in 2019–21, and we conclude that 
seismic and aseismic rupture on the shallow faults in the southern 
Delaware Basin and the associated surface deflections arose from a 
complex combination of wastewater injection into the DMG, production 
of fluids from shale strata, and hydraulic fracturing of shale strata after 
2010. However, fault displacement has accelerated since mid-2018 but 
seismicity has declined (Fig. 2), while ΔPp in the DMG has continued to 
rise as the pace of injection has continued to increase or otherwise 
remain high. We also note that from mid-2018 onward, the rate of 
earthquakes in the southern Delaware Basin does not track any of the 
possible causal factors. One possibility is that hydraulic fracturing of 
shale strata may have played a role in triggering initial co-seismic slip on 
the deep extensions of the faults in the early phase of hydrocarbon 
development in the Delaware Basin (e.g., 2010 through mid-2018). In 
this hypothesis, hydraulic fracturing, with its hundreds to thousands of 
psi of net pore pressure and associated stress perturbation, might have 
served to overcome the natural cohesion along the shallow faults. The 
faults could then be kept active, principally aseismically, by subsidence 
from fluid production and pressurization from injection. 

4.2. Uplift from injection 

The observed uplift patterns closely coincide temporally and gener
ally coincides spatially with shallow injection, as expected. The uplift 
comes from inflation of the DMG strata where injection is occurring and 
is associated with ΔPp ranging from 0 up to ~3.5 MPa by the end of 
2021. With ΔPp of up to 3.5 MPa, we would expect to observe isolated 
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areas of uplift of up to 14 cm. However, we only observe up to 7 cm by 
the end of 2021, even in areas free of production. To explain this 
discrepancy, we propose that there has been a dynamic change in the 
behavior of the DMG reservoir as subject to ΔPp from injection. This 
process begins with rupture of the most sensitive portions of the shallow 
fault system during hydraulic fracturing, ΔPp in the DMG, and asym
metric subsidence from withdrawal of fluids from the shale strata. Once 
the faults became unstable, they could serve as permeable corridors 
allowing pore pressure to spread out laterally, acting, in essence, as 
conduits (Zhu et al., 2020). Across-fault permeability reduction caused 
by slip and juxtaposition of facies of contrasting permeability could 
further contribute to directional flow (e.g., Bense and Person, 2006). 
Transfer of ΔPp from areas of concentrated injection in the more central 
areas of the basin to the northwest and southeast along the shallow 
faults as shown in Fig. 1a would underlie this mechanism. The pore 
pressure increase would preferentially follow the critically-stressed and 
active faults and diffuse into the host rock. Five observations combine to 
support this hypothesis (refer to Figs. 1a; 4d; 5d): (1) the development of 
a few cm of uplift to the west of U1-U3 is many km away from areas of 
injection and parallel to the trend of mapped faults and the interpreted 
surficial lineations; (2) uplift from inflation in the DMG to the west of 
U1-U3 is observed to terminate in spatial coincidence with the outcrop 
of the DMG along the western basin margin; (3) the evolution of linear 
features at the ground surface suggesting faulting in the DMG follows the 
azimuth of SHmax; (4) patterns of earthquakes align with linear faulting; 
and (5) the analysis of fracture gradient shows that gradients are lower 
where induced faulting is prevalent. We interpret these five observations 
to support our hypothesis of fault valving and directional pore pressure 
migration. 

We suggest that the spatiotemporal distribution of uplift we observe 
can be used to modify existing hydrogeologic models of ΔPp evolution in 
the DMG to introduce anisotropic and stress-sensitive permeability, 
which could provide improvements in the models to forecast pore 
pressure and stress change in the reservoir. 

We see no evidence of uplift from deep injection in the northern 
Delaware Basin where the footprint of deep injection does not coincide 
with areas of uplift. This outcome is expected as the strata used for this 
deep injection are dominated by geomechanically stiff carbonates with 
permeability systems are dominated by karst, fractures, and faults (Smye 
et al., 2022). These strata are at a minimum of 2.2 km below sea level 
where it is targeted for injection in our study area. 

4.3. Relationship to prior publications 

Several recent papers reported analysis of InSAR surface deformation 
observations associated with fluid withdrawal and wastewater injection 
in the Permian Basin (Hennings et al., 2021; Zhai et al., 2021; Horne 
et al., 2022; Staniewicz et al., 2020; Pepin et al., 2022; Deng et al., 2020; 
Dvory et al., 2022; Patton, 2023). Here, our work presents the most 
comprehensive InSAR analysis over a period of 7 years (2015–21) that 
coincided with a massive volume increase of oil production and waste
water injection in the Delaware Basin. Compared to the most recent 
InSAR works in West Texas (Staniewicz et al., 2020; Pepin et al., 2022), 
our results reveal rapidly accelerating surface deformation signatures 
that occurred over a much broader region with greater rates. Our study 
shows that the summation of dynamic loading from fluid production and 
injection at all levels of strata needs to be considered to gain a quanti
tative understanding of stress change on faults and mechanisms of 
rupture. Employing coupled modeling of diffusion with rate-state fric
tional response provides an assessment of the magnitude of ΔPp 
required to cause both initial rupture of shallow faults and ongoing 
aseismic slip (Dvory et al., 2022). This work also highlights the 
complexity involved in quantitatively parameterizing the faulted injec
tion aquifer to replicate rupture behavior mechanistically. 

An important contribution of this paper is that we provide an 
assessment of surface deformation in the Delaware Basin as a geologic 

entity using multiple temporal windows. We dissect the response of the 
basin into regions where we investigate the drivers locally. We show 
how the ground surface displacement has changed laterally, vertically, 
and temporally. We find that subsidence is concentrated directly above 
strata subject to production but the patterns of uplift from injection are 
more diffuse and complex, and we discuss how fault systems are 
evolving as activated principally by injection and modified by produc
tion. Using multiple lines of evidence, we conclude that faulting from 
injection produces a directional or valving response that produces 
lateral anisotropic pore pressure diffusion and uplift. We conclude that 
the Delaware Basin is geomechanically sensitive across multiple scales 
and processes. 

4.4. Applications for sustainable development 

Understanding the spatiotemporal patterns of subsidence from hy
drocarbon production could be valuable in the development of reservoir 
response models that could aid in optimization of horizontal well 
spacing, stacking, and sequencing. Future studies should consider the 
depth, reservoir character, and fluid composition as they spatiotempo
rally relate to subsidence. These models could also be used to understand 
the ratios and mobility of reservoir fluids (oil, gas, water) in effort to 
forecast future water-handling requirements. 

Understanding the distribution of dynamic change to the DMG and 
overlying units due to shallow injection is a more pressing concern. In an 
effort to mitigate the currently observed earthquakes in the northern 
Delaware Basin as induced by deep injection, many operators of deep 
injection wells are currently reorienting their operations to target the 
(shallow) DMG for injection. Due to regulatory limitations of waste
water injection in New Mexico, at least 320,000 m3 (2 million barrels) of 
wastewater per day are currently transported across the state line into 
Texas (Patton, 2023) and injected into the DMG, which contributes to 
the uplift of region U6. Estimates of future wastewater injection in the 
Delaware Basin over the next ~25 years range as high as 400 million m3 

in addition to the ~210 million m3 injected thus far. Our ΔPp model and 
InSAR analysis shows that DMG pore pressure increase, and reservoir 
inflation is already widespread in the Texas portion of the Delaware 
Basin. In the southern Delaware Basin, shallow injection has caused 
widespread fault reactivation and directional pore pressure diffusion. 
Although earthquakes have been induced at shallow levels, fault valving 
and far-field diffusion of pore pressure may be beneficial, at least 
temporarily, in facilitating dissipation of local concentrations of pore 
pressure and DMG reservoir inflation, which could otherwise challenge 
the integrity of the sealing overburden and existing wellbores. We 
recommend quantitative study of response of the DMG and its over
burden to injection to assess the controls on dynamic reservoir evolution 
and the integrity of the overburden to both hydraulic fracturing and 
faulting due to injection and ΔPp. This type of analysis can be used to 
assist with planning for future injection to utilize the DMG to the best 
benefit on a regional basis. 

There are now approximately 65,000 production and injection 
wellbores that have been completed in the Delaware Basin since drilling 
began in the 1920s. Of those, there are ~27,000 active, inactive, and 
abandoned petroleum wells in the basin which were completed prior to 
the onset of shale development in 2009. We know of no compromise to 
wellbores to date in the Delaware Basin proper that have resulted in 
fouling of groundwater but the occurrence of wells leaking at the surface 
is increasing. There have been several well-documented cases of 
compromised wellbores with geysers of fluid to the east on the Central 
Basin Platform (Kim et al., 2018; Kim and Lu, 2018; Gold, 2022a, 
2022b). The geomechanical ability of the evaporite-rich overburden 
relied upon to seal injected wastewater from groundwater supplies must 
have limits and regional variations which should be understood. Ground 
surface movements both up and down, faulting with deflections reach
ing the ground surface, and induced earthquakes are all indications that 
the Delaware Basin subsurface is geomechanically sensitive to 
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petroleum operations, the consequences of which should be understood 
to the best of our ability to mitigate associated hazards and shepherd 
sustainable development of the basin. 
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Data availability 

Data used to prepare the maps for all figures presented are [will be 
upon acceptance] available as ArcMap shapefiles at: doi:https://doi. 
org/10.18738/T8/LC31IZ. This data includes InSAR ground surface 
displacements, injection data, production data, fault lines, For injection 
analytics, we use the B3 Insight database, which sources public data 
(https://www.b3insight.com/). Sentinel-1 single look complex (SLC) 
images can be accessed from the Alaska Satellite Facility (ASF) DAAC 
(https://search.asf.alaska.edu). GPS data were provided by the Texas 
Department of Transportation and processed by the Nevada Geodetic 
Laboratory (http://geodesy.unr.edu/). For hydraulic fracture data we 
use the Frac Focus database, which sources public data 
(https://fracfocus.org/). For oilfield production data we use S&P Ener
deq™, which sources public data (https://ihsmarkit. 
com/products/oil-gas-tools-enerdeq-browser.html). Earthquake data 
for Texas is available from the TexNet Earthquake Catalog at: 
https://catalog.texnet.beg.utexas.edu/. Relocated earthquake data 
(high resolution data) for the Texas part of the Delaware Basin is 
available at: https://hirescatalog.texnet.beg.utexas.edu/ and informa
tion about the GrowClus software used to produce the high resolution 
earthquake data can be found at: https://github. 
com/dttrugman/GrowClust/. Earthquake data for New Mexico is 
available at: https://geoinfo.nmt.edu/nmtso/events/home.cfml. Injec
tion well test data for Texas can be obtained from the RRC at: 
https://www.rrc.texas.gov/resource-center/data-visualization/ 
oil-gas-data-visualization/drilling-permits/. Data on groundwater from 
the Texas Ground Water Development Board Groundwater Database is 
available at: https://www.twdb.texas.gov/groundwater/data/gwdbrpt. 
asp. Information on orphaned wells from the Environmental Defense 
Fund (EDF) is available at: https://www.edf.org/search/content? 
keys=orphaned%20wells%20texas. The RRC Orphaned Well Plugging 
Program and data is available at: https://www.rrc.texas. 
gov/news/010323-federal-well-plugging-data-visualization/ and the 
well plugging priority criteria is available at: https://www.rrc.texas. 
gov/media/3hjhjroj/well-plugging-prioritization.pdf. All other data 
presented is available in the supplement. 
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