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Surface uplift and time-dependent seismic hazard due to fluid-injection in 1 

eastern Texas 2 

 3 

One-sentence summary: Observations of surface deformation constrain the extent of pore pressure 4 

changes and seismic hazard potential caused by wastewater injection. 5 
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Increasing seismicity in the central USA since 2009 coincides in space and time with 24 

wastewater injection. However, observations of the surface deformation and physical 25 

models to constrain the extent to which fluid migrates and to unequivocally link the 26 

seismicity and wastewater injection are scarce. Here we show that wastewater injection in 27 

eastern Texas causes uplift at a few mm/year, detectable using radar interferometric data. 28 

Using the measured uplift, reported injection data, and a poroelastic model, we compute the 29 

complex evolution of crustal strain and pore pressure. We infer that > 1 MPa increase in 30 

pore pressure in rocks with low compressibility triggers earthquakes including the Mw4.8, 17 31 

May 2012 event, the largest earthquake recorded in east Texas. Observations that only 32 

deeper wells are associated with earthquakes, whereas large pressure change in more 33 

shallow aquifers are not, highlights the importance of hydrogeology. The frequency and 34 

magnitude of earthquakes increased, even while the injection rates declined, owing to 35 

diffusion of pore pressure from earlier periods with higher injection rates. This study shows 36 

that surface deformation data are useful to evaluate the evolution of pore pressure and 37 

earthquake potential in the vicinity of injection sites. 38 

 39 

Introduction 40 

In recent years the eastern and central USA have experienced a sharp increase in the number 41 

of earthquakes, with more than 1570 M ≥3 events between 2009 and 2015 (1-3). Many of these 42 

events occurred near injection disposal wells and the seismicity was preceded by a high rate of fluid 43 

injection over a period of months to years, suggesting a link between seismicity and injection 44 

operations (1, 3-8). In general, earthquake hazard is proportional to the seismic rate, thus the current 45 

increase in the seismic rate implies an elevated hazard in the central and eastern US (9).  46 
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On 17 May 2012, the city of Timpson, Texas, experienced a Mw4.8 earthquake, the largest 47 

recorded event in the region (Fig. 1a). This event was preceded and followed by several earthquakes 48 

located on a NW-SE trending basement fault including three with Mw≥ 4.0 over the following 16 49 

months. Focal depths were shallow, ranging from 1.6 to 5.0 km, with the majority of the strain 50 

release between 3.5 and 5 km (5). Four Class II disposal wells are located in the vicinity of these 51 

earthquakes (Table S1). They dispose co-produced saline formation water from oil and gas 52 

production operations in the area by injecting into Lower Cretaceous limestones within the Sabine 53 

Uplift of East Texas (10). There is no significant production in the immediate area of the disposal 54 

wells or the earthquakes. These wells began injection between 2005 and 2007 at a net average rate of 55 

8.9 × 10+5 m3/yr until mid-2012, when injection drops to  7.2 × 10+5 m3/yr in the following years 56 

(5).  57 

The proximity of the earthquake clusters to the injection wells suggests a link between them 58 

(5, 11). As wastewater is injected into the disposal formation, it increases pore pressure within the 59 

connected hydrologic system. Over time, the pressure perturbation can spread to distances of many 60 

km (12, 13). The increase in pore pressure due to the injection of fluids decreases the effective 61 

normal stress on faults, bringing them closer to failure (14, 15) as well as locally inducing stress 62 

within the reservoir and surrounding rocks (16-18). Moreover, pore pressure increase can cause 63 

surface deformation (18), measurable using geodetic tools (19) and providing the possibility of 64 

documenting subsurface evolution from the surface.    65 

 66 

Results 67 

To obtain a detailed image of the surface uplift caused by injection, we apply a multitemporal 68 

interferometric synthetic aperture radar (InSAR) approach (20) to three overlapping sets of L-band 69 

SAR images (Tables S2 & S3) acquired by ALOS satellite over the Timpson area during 2007/05/06 70 
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and 2010/11/14 (Fig. 1a). High quality interferograms were generated from this L-band data (Fig. 71 

S1). Estimating the linear velocity using a large number of interferograms improves the signal-to-72 

noise-ratio of the measurements (see supplementary materials). Velocity maps obtained for each 73 

individual data set, as well as the combined map, are consistent and reveal up to 3 mm/yr of uplift in 74 

line-of-sight (LOS) over the area between the injection wells (Fig. 1b). Assuming an elastic material 75 

with a Poisson’s ratio of 0.23 - 0.33 estimated from seismic velocities profiles (see supplementary 76 

materials), we estimate that the rate of volume increase under the LOS velocity surface is 8 × 10+5 −77 

10 × 10+5 m3/yr, consistent with the net injected volume rate at the injection wells. To further 78 

validate these results and evaluate the current state of ground deformation, we also applied the same 79 

processing scheme to eight C-Band images acquired by the RadarSAT-2 satellite during 2014/03/06 80 

and 2014/08/21 (Fig. S2, Tables S4 & S5). While the location of a zone of maximum deformation is 81 

consistent with that obtained from the L-Band data, its spatial extent is broader and the maximum 82 

uplift is about 5 mm over ~6 month interval.  83 

The two western wells, W1 and W2, inject at a depth of 1800 m into Trinity Group 84 

formations, a porous and permeable limestone that is overlain by the regionally-extensive and 85 

impermeable Ferry Lake Anhydrite. The east wells, E1 and E2, inject into carbonate formations of 86 

the Washita Group at a depth of 900 m, stratigraphically above the Ferry Lake Anhydrite. The 87 

monthly time series of injected volume at each of the injection sites is shown in Figure 1c.  88 

The pressure change due to injection is the likely cause of the surface uplift. To characterize 89 

the associated volume strain, we apply an inverse modeling scheme (21). To this end, the volume 90 

beneath the half space is discretized into rectangular prisms, 3x3 km in area by 0.2 km high between 91 

the surface and a depth of 5 km. Within each prism the volume strain is assumed constant (see 92 

supplementary materials). Figure S3 shows the observed and modeled deformation rates as well as 93 

the associated misfits, indicating that the optimum strain model accurately reproduces the observed 94 
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deformation data, with an RMSE of 0.1 mm/yr. The estimated total volume change rate is 7 ×95 

10+5 ± 1.6 × 10+3 m3/yr, slightly lower than the injection rate. This discrepancy is likely due to 96 

diffusion of injected fluids into the surrounding rocks without generating any measureable 97 

deformation. We also find a maximum volume strain rate of ~1.5×10-6 yr-1, at a depth of 0.8 - 1.1 98 

km adjacent to wells E1 and E2 (Fig. 2a).  99 

The availability of geological profiles and distribution of hydraulic conductivity and 100 

Poisson’s ratios, allow us to characterize parameters of a poroelastic layered Earth model (Table S5). 101 

Using this Earth model and the time series of injected fluid volume, we solve for the evolution of 102 

the pore pressure in the crust (see supplementary materials). Figure (2b) shows the 3D distribution 103 

of the pore pressure accumulated between 2006 and 2012. We identify two zones of maximum pore 104 

pressure at depths of ~0.85 km and ~1.85 km depth near east and west wells, respectively. The 105 

shallower zone of elevated pore pressure also coincides with the zone of maximum volume strain. 106 

Higher pressures occur between the two west wells where uplift was negligible. 107 

To investigate the relationship between pore pressure distribution associated with injection 108 

and the observed seismicity, we estimate the pore pressure increase at the location of the 2012 109 

seismic events, where the main events nucleated between 3.5 and 4.5 km depth (5). Overall, fluid 110 

injection causes a pore pressure increase of 0.5-1.5 MPa at the hypocentral depth. Pressure changes 111 

of this magnitude trigger earthquakes elsewhere (22). In the context of Mohr circle stress analysis, a 112 

localized increase in pore pressure shifts the circle to the left (i.e., reduces the effective normal 113 

stress) and changes its radius (i.e., increases the shear stress), while a homogeneous pore pressure 114 

increase only shifts the circle to the left until it touches the failure envelope (23). Given the lack of 115 

historical large earthquakes in the region and the five year delay between the initiation of injection 116 

and the first large event, we suggest that a decrease in effective normal stress (due to a homogeneous 117 

increase in pore pressure) together with an increase in shear stress triggered seismicity. The second 118 
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condition is only satisfied when the pore pressure increase is localized. It is also possible that the 119 

initiating seismicity and associated stress change transiently enhanced the permeability (24-27), 120 

increasing the pore pressure at the location of the deeper events, which in turn promoted further 121 

earthquakes.      122 

 123 

Discussion 124 

We investigated injection from two pairs of wells that began injecting at approximately the 125 

same time, disposing approximately the same volumes of wastewater. The main differences are 126 

depth of injection and the presence of an impermeable barrier below the shallower east wells that 127 

blocks fluid and pressure from reaching deeper formations. The deeper west wells are associated 128 

with the 2012 Timpson earthquake sequence, while no detected seismicity occurred near the east 129 

wells. This observation highlights the importance of hydrogeology (and geology) for the 130 

consequences of fluid injection. 131 

The extent to which induced pore pressure change occurs is an important parameter 132 

required for accurate estimate of seismic hazards. From regulatory perspective, however, 133 

constraining this parameter is not trivial due to its complex relationship with local hydrology (28). 134 

Using deformation data we are able to put a lower bound on the extent of the rock volume change 135 

caused by pore pressure increase. Measurable uplift more than 8 km from the east wells 136 

demonstrates the long reach of pressure perturbations inferred in other studies (12, 13, 15).  137 

Studies of potentially induced earthquakes suggest that the majority of seismicity occurs 138 

within basement rocks, even though most of the injection is done in more shallow sedimentary 139 

layers (2-5, 7, 29, 30). Of note here is that while pore pressure increased significantly adjacent to 140 

both of the east and west wells, little surface deformation was detected in the vicinity of the west 141 

wells, where the seismicity occurred (Fig. 2). This is likely due to lower rock compressibility near 142 
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west wells compared to that of east wells, a feature not accounted for in modeling the evolution of 143 

pore pressure, in addition to the greater injection depth. Moreover, injection in the east wells is done 144 

in a shallow layer, typically characterized by velocity strengthening frictional properties, thus pore 145 

pressure changes are less  likely to initiate seismic rupture. We also note the asymmetric pattern in 146 

the uplift signal, which cannot be explained by standard models of radial diffusion in a homogenous 147 

medium. 148 

 Figure 3a shows the time series of the maximum pore pressure change at various depths. 149 

We note a delayed downward propagation of the pore pressure and that the period of elevated 150 

seismicity between 2010 and 2014 coincides with the period of maximum pore pressure change of 1-151 

2.5 MPa at the average depth of 3 km. Though all events coincide with the period of pore pressure 152 

increase in the focal zone, the onset of the main sequence in May 2012 corresponds to pressures of 153 

about 1 MPa reaching the focal zone (Fig. 3b). 154 

The frequency and magnitude of events reached a climax between May 2012 and September 155 

2013, when more than 80% of events occurred, including four Mw4+ earthquakes. This period of 156 

elevated seismic activity follows a rapid decline in injection at the west wells (Fig. 3b). Thus, the 157 

timing of seismicity may result from pore pressure diffusion to the depths of the earthquakes. There 158 

are additional contributions to the stresses that may promote seismicity from the poroelastic stresses 159 

near the well that accompany the decrease in injection. For an optimally oriented strike-slip fault 160 

with fault-normal radial to the injection site, a sudden decline in injection rate relaxes the 161 

compressive stress (31). All of the seismic events here occurred on a fault with fault-normal oriented 162 

at N60oE radial to the west injection wells.  163 

Our coupled flow and poroelastic model allows us to predict the future pore pressure 164 

distribution after injection ends (Figure 3a). We notice that as injection ends in west wells by about 165 

2016, the pressure decreases approximately exponentially. However, the decay rate is fastest in the 166 
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most permeable formations and at the depths where injection occurs. At the east wells, 10 years after 167 

shut off, the pore pressure remains close its maximum level. For the west wells, only 5 years after 168 

the shut off pore pressure drops to the less than 10% of its maximum value. This observation has 169 

direct implication for future injection operations and seismic hazard. Changes in the seismicity rate is 170 

a function of changes in Coulomb stress and background stress (32) and as it is shown here the 171 

background stress is characterized by a relaxation time that depends on both the injection history 172 

and hydrogeological properties. Thus injection history at a given site may modify future estimates of 173 

the seismic hazard.     174 

    A better understanding of the earthquake potential from injection-induced seismicity is 175 

critically important to assessing the associated hazard. Better quantification of the evolution of the 176 

stress and pore pressure in the crust is vital to forecast fault activation (9). In addition, a better 177 

quantification of the evolution of the stress and pore pressure in the crust may help forecast fault 178 

reactivation (33). Despite improvements to seismic monitoring capacity and the resulting decrease in 179 

the magnitude detection threshold (34, 35), observations of the in-situ pore pressure and stress field 180 

remain elusive due to scarcity of deformation observations and integration of observations with 181 

physical models. This work highlights the value of monitoring surface deformation, in particular 182 

using advanced remote sensing techniques, to understand the evolution of pore pressure and stress 183 

at depth. The ability to measure crustal stress evolution presents a proactive approach to managing 184 

hazard associated with fluid injection. Observation of the time-dependent stress field permits the 185 

construction of temporally variable statistical frameworks (31), which are useful for earthquake 186 

operational forecasting (36). The key to successful operational earthquake forecasting is being able 187 

to continuously update information about the probability of a future earthquake, which can be 188 

achieved using data and models such as those presented in this study. Geodetic monitoring and 189 

modeling schemes are valuable components for induced seismic hazard mitigation efforts. 190 
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 279 

 280 

Figure 1. Study area and data sets. a) Three overlapping frames of ALOS satellite in ascending 281 

orbit (heading = 350o, incidence = 34.5o). Locations of seismicity and focal mechanism of the 282 

Timpson sequence are shown (white dots). b) LOS deformation velocity field obtained from 283 

multitemporal processing of the overlapped ALOS SAR data set. Background is the satellite image 284 

of the study area, courtesy Google Earth. c) Time series of the volume of injected fluid for each of 285 

the wells shown in panel (b). (Mo = month)  286 

 287 

 288 

 289 
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 291 

Figure 2. Volumetric strain and pore pressure change. a) Distribution of the estimated volume 292 

strain rate. Colored circles show the time of earthquakes with respect to the first event. The injection 293 

wells are also shown by green bars. Contour lines show the surface deformation rate b) Distribution 294 

of the cumulative pore pressure change between 2006 and 2013. Colored circles show the pore 295 

pressure increase at the location of earthquakes.  296 

 297 
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 298 

Figure 3. Pore pressure time series. a) Colored lines show time series of pore pressure change at 299 

various depths. The errorbars are 1-𝜎  uncertainty and obtained through bootstrapping. Vertical 300 

black lines show the time and magnitude of earthquakes in the Timpson sequence (Table S7). b) 301 

Zoom of the period 2010-2015 from panel a. The injection rate of the west wells is superimposed in 302 

purple.    303 
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