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Abstract The 2008 Dallas-Fort Worth Airport earthquakes mark the beginning of seismicity rate changes
linked to oil and gas operations in the central United States. We assess the spatial and temporal evolution of
the sequence through December 2015 using template-based waveform correlation and relative location
methods. We locate ~400 earthquakes spanning 2008–2015 along a basement fault mapped as the Airport
fault. The sequence exhibits temporally variable b values, and small-magnitude (m < 3.4) earthquakes
spread northeast along strike over time. Pore pressure diffusion models indicate that the high-volume brine
injection well located within 1 km of the 2008 earthquakes, although only operating from September 2008
to August 2009, contributes most significantly to long-term pressure perturbations, and hence stress
changes, along the fault; a second long-operating, low-volume injector located 10 km north causes
insufficient pressure changes. High-volume injection for a short time period near a critically stressed fault
can induce long-lasting seismicity.

Plain Language Summary The 31 October 2008 earthquakes at the Dallas-Fort Worth International
Airport were the first documented earthquakes in the Fort Worth Basin in the historic record and the first of
multiple earthquake sequences in the basin associated with waste-fluid injection. Since the shut-in of the
wastewater disposal well nearest to the initiation point of the sequence, seismicity has continued for more
than 7 years over a 6 km long fault. We found that the high-volume brine injection well located within 1 km of
the 2008 earthquakes, although only operating from September 2008 to August 2009, contributes most
significantly to long-term pressure perturbations, and hence stress changes, along the fault. The high-volume
injection for a short time period near a critically stressed fault can induce long-lasting seismicity.

1. Introduction

Post-2008 earthquake rate increases in the central United States have been associated with large-scale
subsurface disposal of waste-fluids from oil and gas operations (e.g., Ellsworth, 2013; Rubinstein &
Mahani, 2015; Walsh & Zoback, 2015; Weingarten et al., 2015). The 31 October 2008 earthquakes at the
Dallas-Fort Worth International Airport (hereafter, DFW Airport) were the first documented earthquakes
in the Fort Worth Basin (FWB) in the historic record (Frohlich et al., 2010, 2011, 2016; Frohlich & Davis,
2002) and the first of multiple earthquake sequences in the basin associated with waste-fluid injection
(Frohlich, 2012; Hornbach et al., 2015, 2016; Justinic et al., 2013; Lund Snee & Zoback, 2016; Reiter
et al., 2012; Scales et al., 2017; Weingarten et al., 2015). As efforts to design mitigation strategies for
induced earthquakes continues, questions regarding the temporal continuity in rates and magnitudes
during and after reduction or cessation of subsurface injection remain unclear (Bommer et al., 2015).
Understanding the spatiotemporal evolution of induced earthquake sequences like those in the FWB pro-
vides data to inform mitigation strategies.

Seismicity at the DFW Airport began on 31 October 2008 with a series of 8 mblg 2.6 to 3.0 earthquakes
reported by the U.S. Geological Survey (USGS) National Earthquake Information Center (NEIC). Following
the 31 October events, seismologists from Southern Methodist University (SMU) deployed six 3-component
broadband seismographs and recorded 11 events of magnitude 1.7 to 2.3, including a cluster on 20
November not reported by the NEIC (Frohlich et al., 2010, 2011) (Figure 1). Amblg 3.3 in May 2009 prompted
redeployment of four stations around the airport. Analysis indicated that the earthquakes were located
within a 1 km radius of a Class II saltwater disposal (SWD) well that had begun injecting 7 weeks prior to
the October earthquakes (Figure 2). Reflection data showed a regional NE-SW trending normal fault
(Railroad Commission of Texas, 2015), now called the Airport fault, present at earthquake and injection
depths. The south airport well (hereafter, S-well) ceased injecting in August 2009. Frohlich et al. (2011)

OGWARI ET AL. 553

PUBLICATIONS
Journal of Geophysical Research: Solid Earth

RESEARCH ARTICLE
10.1002/2017JB015003

Key Points:
• Earthquakes associated with the 2008
Dallas-Fort Worth Airport sequence
continued to migrate away from
injection through 2015

• Pore pressure diffusion models
indicate high-volume injection led to
long-term stress changes that trigger
earthquakes years after shut down

• Even brief periods of high-volume
wastewater injection can perturb
stress and lead to years of seismicity

Supporting Information:
• Supporting Information S1
• Data Set S1
• Data Set S2

Correspondence to:
P. O. Ogwari,
pogwari@mail.smu.edu

Citation:
Ogwari, P. O., DeShon, H. R., & Hornbach,
M. J. (2018). The Dallas-Fort Worth
Airport earthquake sequence:
Seismicity beyond injection period.
Journal of Geophysical Research: Solid
Earth, 123, 553–563. https://doi.org/
10.1002/2017JB015003

Received 18 SEP 2017
Accepted 2 JAN 2018
Accepted article online 7 JAN 2018
Published online 26 JAN 2018

©2018. American Geophysical Union.
All Rights Reserved.

http://orcid.org/0000-0001-6234-6910
http://orcid.org/0000-0001-5030-377X
http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9356
http://dx.doi.org/10.1002/2017JB015003
http://dx.doi.org/10.1002/2017JB015003
http://dx.doi.org/10.1002/2017JB015003
http://dx.doi.org/10.1002/2017JB015003
http://dx.doi.org/10.1002/2017JB015003
http://dx.doi.org/10.1002/2017JB015003
http://dx.doi.org/10.1002/2017JB015003
http://dx.doi.org/10.1002/2017JB015003
http://dx.doi.org/10.1002/2017JB015003
mailto:pogwari@mail.smu.edu
https://doi.org/10.1002/2017JB015003
https://doi.org/10.1002/2017JB015003


concluded that the DFW Airport earthquakes were probably triggered on a
preexisting fault by subsurface stress changes due to waste-fluid injection.
Reiter et al. (2012) reanalyzed the data collected during the SMU deploy-
ment, were able to detect more events, and reached the same conclusion
as Frohlich et al. (2011) regarding cause.

Beginning in 2009, temporary seismic stations were placed at the airport
by Chesapeake Energy, which operated multiple production and two
Class II SWD wells on the property (see Figure 2 for injection well loca-
tions). Janská and Eisner (2012)used these data to document a cluster of
earthquakes about 4 km north of the S-well beginning in May 2010
through January 2012 (hypocenters approximated by green asterisks,
Figure 1). Deployment of local seismic stations in the area by SMU, includ-
ing redeployment of AFDAD in 2014, revealed small-magnitude earth-
quakes continued at the airport; earthquakes from 2013 to present are
reported in the SMU local earthquake catalog (blue asterisks, Figure 1)
(Hornbach et al., 2015; Magnani et al., 2017; Scales et al., 2017).

We hypothesize that migration of the earthquakes along the Airport fault
follows diffusion of pore fluid pressure changes at depth due to injection
of waste fluids at the airport injectors. In order to provide amore consistent
understanding of the spatial and temporal evolution of the sequence, we
reanalyze local seismic data and long-running regional stations to develop
a spatially and temporally consistent earthquake catalog (Figure 1, inset).
We use the NEIC and local earthquake catalogs as detection templates
for cross correlation of continuous waveform data at regional stations that
recorded from 2008 to 2015. We employ a novel relative location techni-
que to constrain epicentral location using regional data. We model the
pore pressure changes in the Ellenburger formation that is targeted for
waste-fluid injection and in the Precambrian crystalline basement over
the period of injection to December 2015 and consider pressure influences
from both the south and north injection wells located at the airport
(Figure 2).

2. The Revised DFW Airport Catalog
2.1. Template Earthquakes

Recording earthquakes at the DFW Airport illustrates one of the general challenges of studying induced
earthquakes in the central United States—namely, a space and time bias exists in network coverage that lim-
its the ability to capture the initial onsets of the earthquake sequences and constrain sequence history. Prior
to 2008, the nearest seismic station to the DFW Airport wasWMOK at a distance of 264 km (Figure 1), and only
regional stations AMTX and ABTX provide high signal-to-noise broadband coverage of most of the DFW
Airport sequence (Figure S1 in the supporting information). SMU and Chesapeake deployed seismometers
in and around the airport, but operation times varied (Figure S1).

We analyze data from the SMU networks and CHKDFWS to build a revised local earthquake catalog specific to
the DFW airport sequence (Data Set S1). P and S phase onsets are manually identified, and earthquakes are
located using GENLOC (generalized earthquake-location) algorithms (Pavlis et al., 2004) within the
Antelope database management system (Kinemetrics, Inc.) combined with the 1-D velocity model used by
Frohlich et al. (2011) derived from the Trigg well velocity log (Geotechnical Corporation, 1964). We reproduce
the Frohlich et al. (2011) catalog and add 19 earthquakes ranging in depth between 2.8 and 5.0 km. Eight
events reported by Janská and Eisner (2012) study are detected but cannot be located because we did not
have access to all Chesepeake seismic stations. The revised local catalog totals 33 earthquakes. Crustal phases
(Pg and Lg) at WMOK, ABTX, and AMTX for events in the revised local catalog recorded at regional distances
and all unique NEIC catalog events are manually picked, resulting in 38 template earthquakes (Data Set S2,
denoted by an asterisk).
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Figure 1. Study area for the DFW Airport earthquake sequence. The
2008–2009 SMU operated stations (yellow triangles), reanalyzed in this
study, and recorded events (red asterisks) reported in Frohlich et al. (2010,
2011). Janská and Eisner (2012)reported additional events (hypocenters
approximated by green asterisks) using stations operated by Chesapeake
Energy (green triangles); CHKDFWS station is used in this study. Earthquakes
reported by the 2013–2016 SMU earthquake catalog (blue asterisks)
indicate continued seismicity at the DFW Airport (property boundary is
dashed cyan line). The seismicity around station CPSTX is the Irving
sequence. Regional normal faults mapped at the top of the Ellenburger
formation are indicated by black lines (Railroad Commission of Texas, 2015).
The solid black line is the Airport fault. Inset: Map of Texas showing the three
regional seismic stations used in this study. The circles denote the
equidistant circumference used for relocation methods described in the text.
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2.2. Matched-Filter Detection and Clustering Analysis

Lg phase templates are used in a matched-filter analysis applied to continuous horizontal data from WMOK,
ABTX, and AMTX recorded between January 2008 and December 2015. The time window is set to 10 s before
and 20 s after Lg onset, data are band-pass filtered between 0.5 and 5 Hz, and cross correlation is computed
within the GISMO toolbox for MATLAB (Reyes & West, 2011). Initial detection of a new earthquake occurs
when both horizontal channels have identical trigger times and a correlation coefficient (CC) > 0.64. This
minimum correlation threshold is set based on manual review that positive detections on the regional sta-
tions are associated with P and/or S arrivals one at least one local station. However, we found the 0.64 CC
threshold still produces positive detections corresponding to events associated with the 2013–2014 Azle
(Hornbach et al., 2015) and 2014 to present Irving-Dallas (Magnani et al., 2017) earthquake sequences. In
other words, at regional distances between 0.5 and 5 Hz, the DFW Airport earthquake Lg templates positively
correlate with Lg waves from earthquakes occurring at faults located 50 km west (Azle) and 12 km east
(Irving-Dallas) of the Airport fault.

In order to distinguish the DFW Airport sequence from other sequences, we implement an additional
clustering analysis step using the CC coefficients. Spatial clusters are identified using a dendrogram-based
hierarchical pair-group clustering algorithm (Reyes & West, 2011, and references therein). Clusters of
highly similar events are formed based on highest mean CC coefficient of the event or cluster pairs.
We choose a correlation threshold of 0.85 based on visual inspection of the waveform attributes

Figure 2. Spatiotemporal clustering of earthquakes sized by the number of events in a cluster. Clusters are binned per
month and are colored based on time. The solid black line is the Airport fault, and the dashed line is unnamed (Railroad
Commission of Texas, 2015). The north injection well is 7.5 km north of the point C. Inset: Location of the north (N) and
south (S) injection wells relative to the DFW Airport. The dashed red line coincides with the pore pressure diffusion model
cross section shown in Figure S5.
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(Figure S2). Finally, we examine the clusters independently identified at the three regional stations to con-
firm that the DFW Airport events separate from the Azle and Dallas-Irving sequences. This procedure
results in an additional 374 earthquakes, bringing the total data set to 412 events (Data Set S2). For earth-
quakes identified via matched-filter approaches, we calculate a magnitude (M) based on the relative
amplitudes of the newly located events to those reported in the USGS catalog. The magnitude calculation
is determined by regressing the logarithm of the peak horizontal amplitude at WMOK and ABTX sepa-
rately (Figure S3) and applying the resulting function to the new events. For each event, magnitude pairs
are compared the variance to ascertain the consistency in magnitude determination.

2.3. Earthquake Location Using Regional Differential Times

We apply a equal differential time (EDT) method as presented by Font et al. (2004) that is based on the
master station method by Zhou (1994). The technique has been modified to use a reference hypocenter
in addition to a traditional reference station (here, WMOK) to take advantage of both station-pair and
event-pair differential time data. This enables location of earthquakes with undetermined origin time
and reduces location uncertainties by using prelocated reference events for calibration. Applying the con-
cept of double-pair double difference location method (Guo & Zhang, 2017), for a given absolute location
of event i, the difference between the arrival time, A, of events i and j at stations l and k can be expresses
as follows:

Ail � Aik
� �� Ajl � Aj

k

� �
¼ ∑3m¼1

∂Ci
l

∂xim
� ∂Ci

k

∂xim

� �
dxim � ∑3m¼1

∂Cj
l

∂xjm
� ∂Cj

k

∂xjm

 !
dxjm

 !cal

¼ Dij
lk

� �cal
; (1)

where C is the calculated traveltime and Dcal is the calculated difference between the EDT surfaces for
any event pair and station pair. The complete derivation of equation (1) is shown in Text S1. Due to
the limited number of station pairs for the DFW Airport sequence, the technique only results in relative
epicenters and depth cannot be sufficiently resolved. We therefore fix depth for all events to 4.4 km
based on the mean depth in the local catalog and assume the event-pair differential times represent epi-
central difference (see discussion in Text S1). Only earthquakes with Pg or Lg waves recorded at all three
regional stations, and hence having two equal station-pair differential times (Figure S4), can be relocated
relative to the master hypocenter (Data Set S2, 111 earthquakes denoted with DF). We assign locations to
the remaining 302 very small earthquakes by taking advantage of the prior clustering analysis. Each of the
111 relocated earthquakes participates in a cluster and is used to define the reference cluster location,
then propagated to all unrelocated members of the cluster; if more than one relocated earthquake is
associated with a cluster, the mean epicenter of the relocated events is assigned as the reference cluster
location (Data Set S2). Formal uncertainties are not calculated, but for clusters containing multiple relo-
cated events, the largest epicentral difference is 0.52 km, which is taken as an estimate of location
uncertainty.

3. Pore Pressure Diffusion Model Methodology

We determine pore pressure effects in the subsurface generated by the injection of the two wells by devel-
oping a 3-D pore pressure diffusion model that incorporates all first-order regional stratigraphy and mapped
faults (Figure S5). Themodel consists of a more permeable (5 × 10�14 m2) Ellenburger formation, where injec-
tion occurs, situated between two comparatively less permeable formations—the Barnett shale
(1 × 10�18 m2) above and granitic basement below (1 × 10�19 m2) (Hornbach et al., 2015; Loucks et al.,
2009). Ellenburger thickness is defined by regional stratigraphy andwell logs. The fault width is approximated
to 10 m based on the approximate displacement in the regional faults that is in tens of meters (Magnani et al.,
2017; Scales et al., 2017). Fault width has been found to be directly proportional to the fault displacement
(Mitchell & Faulkner, 2009; Savage & Brodsky, 2011). The faults are assigned a uniform permeability in the
range of 1 × 10�13 m2 and 1 × 10�14 m2 to test the influence of permeability of the fault and the
Ellenburger on pore pressure diffusion in the basement (Figure S6). The upper margin of fault permeability
is set higher than the surrounding country rock to define a critically stressed fault (Barton et al., 1995) while
the lower margin defines a sealed fault.
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We compute the 3-D numerical model using MODFLOW-2005, a modular finite-difference code developed
at the USGS that implements the partial differential equation of groundwater flow as (Harbaugh, 2005)

∂
∂x

Kxx
∂h
∂x

� 	
þ ∂
∂y

Kyy
∂h
∂y

� 	
þ ∂
∂z

Kzz
∂h
∂z

� 	
¼ Ss

∂h
∂t

�W; (2)

where Kxx, Kyy, and Kzz are the hydraulic conductivity values along the x, y, and z coordinate axis with the
dimensions of length (L) divided by time (T), h is the hydraulic potential head (L), Ss is the specific storage
(L�1) herein assigned as 7.3 × 10�6 m�1 (Hornbach et al., 2015), andW is the volumetric flux per unit volume
(T�1). The model domain is 40 × 40 km in the horizontal plane with the surface grid discretization varying
between approximately 10 m in proximity of the injection wells and the main faults, to approximately
150 m near the model boundaries with layer thickness discretization of 200–400 m. The model top is set
to ground surface, while the base of the model is defined at 8 km (Figure S5). Flow across the lateral model
boundaries is simulated via head-dependent flux boundaries. We define the injection interval for northern
injector well (N-well) and the southern injector well (S-well) from 3,636 to 3,938 m and 3,124 to 4,184 m
respectively, based on the reported interval depths provided by the Railroad Commission of Texas H-10
reports (see Text S2). Wastewater disposal at the south well began in September 2008 and averaged approxi-
mately 50,000 m3 per month until August 2009 when the well was shut in. At the north well, injection began
in November 2007; peak monthly rates of 68,000 m3 per month were achieved in March 2008; since 2009
injection rates have decreased and were at about 10,000 m3 per month at the end of 2015. We run the model
for a 9 year period starting September 2007 and test the influence of hydrological properties of the
Ellenburger and the faults (see Figure S6).

4. Results
4.1. Earthquake Location

Seismicity begins on 30 November 2008 southwest of the S-well and migrates northeast of the well over the
next 7 years (Figure 2). Detectable events occur in discrete clusters in time and space rather than continu-
ously. The first cluster, consisting of 192 recorded earthquakes (the largest a mblg 2.8), occurs near point A
between 30 October and 5 November 2008 and within 1 km of the S-well. Most events during this period
are located SW of the S-well where the spatial density of seismicity is more than double that of the area
NE of the well. The next earthquake clusters occur on 20 November 2008 (Frohlich et al., 2011), 26
December 2008, and between 15 and19 May 2009. The first 7 months of seismic activity account for ~80%
of the earthquakes in the expanded DFW Airport catalog, with all events located within 1 km of the S-well.

Starting 24 May 2010, however, the earthquakes migrate ~2 km to the northeast (point B in Figure 2) before
reoccurring again in October and November 2010 at the southern edge of the fault section where the first
cluster was located (point A). For each of these clusters, earthquakes align along the same fault system
(Railroad Commission of Texas, 2015) but at greater distances from the injector site and the 2008 earthquake
cluster. In September 2012, the area between the S-well and point B (~1.5 km to the northeast) experiences
seismicity, indicating continued seismicity northeast of the well. The largest event in the sequence reported
in the NEIC catalog asmblg 3.4 occurs on 30 September 2012 and is located midway between points B and C.
By July 2015, the earthquakes have occurred along ~80% of the ~6 km long fault with the latest events (red in
Figure 2) recorded by the SMU ZW network. Although all earthquakes generally occur in clusters, seismicity
rates drop after May 2010, averaging 1 event per month compared to the 23 events per month in
2008–2009 period.

4.2. Magnitude-Frequency Distribution

Earthquake magnitudes range from 0.5 to 3.4, and the expanded DFW Airport catalog exhibits a magnitude
of completeness (Mc) of 1.9 determined using the maximum curvature algorithm (Wiemer &Wyss, 2000). The
catalog is dominated by the initial 2 months of earthquakes located within 1 km of the S-well that are char-
acterized by low magnitudes (M < 2) (Figure 3). We therefore also analyze the first 2 months of seismicity
separately from the rest of the catalog. The first 2 months have a convex-type distribution due to deficiency
of larger earthquakes (M > 2.8) reported in the later period. On this data set we apply an upper-truncated
power law (Utsu, 1978) with amagnitude bin size of 0.1 to determine the b value. The upper-truncated power
law describes a convex-type distribution of magnitude frequency where the linear Gutenberg-Richter
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relationship does not fit the data set. For the later period and the entire
data set, we compute b values using the maximum-likelihood method
(Aki, 1965; Bender, 1983) with a magnitude bin size of 0.1 (Figure 3),
though we recognize that the total number of earthquakes is low for this
statistical approach. The catalog exhibits a time-variant b value distribu-
tion. The initial 2 months of the sequence has Mc of 1.8 and a b value of
1.43 with σ = 0.0461 and a truncation magnitude of M = 2.75. Truncation
magnitude is defined herein as the maximum magnitude within a data
set. The remainder of the catalog has a Mc of 1.9 and a b value of 1.17 with
σ = 0.1129. The b value is 1.3 for the entire data set with σ = 0.0709. The b
values are consistent with the 1.3 estimate by Frohlich et al. (2011) based
on analysis of the initial 8 months of seismicity and the b value estimate of
1.1 reported by Janská and Eisner (2012) based on earthquakes occurring
between October 2009 and January 2012.

4.3. Pore Pressure Diffusion

We analyze model-predicted pore pressure change in the basement
(4.4 km depth) at three areas along the fault based on the spatiotemporal
migration of seismicity. We present pore pressure change (Figure 4)
around the well (point A) where the DFW Airport earthquakes initiate in
2008, around the location of the May 2010 earthquakes (point B), and at
the northern edge of the seismicity (point C). Pore pressure increase along
the faults in the basement occurs at varying rates depending on the dis-
tance from the injection point, rate and timing of injection, and the

Figure 3. The Gutenberg-Richter magnitude-frequency plot for earthquakes
occurring in the first 2 months (black), the rest of the period (red), and the
entire sequence (blue). Estimated b values shown in the top right have been
computed using 164, 94, and 229 earthquakes in the first 2 months, the
rest of the period, and the entire sequence, respectively.
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hydraulic permeability of the fault, where modeling indicates most of the pressure change is channeled. The
pore pressure increases at a higher rate around the injection point and the rate reduces with distance from
the point of injection but shows the most significant change in pressure between the fault and the surround-
ing country rock. Pore pressure increases faster and peaks higher in the more permeable fault with a faster
decay rate than in the less permeable fault. For the permeability range defined on the fault, pore pressure
change around the S-well is 0.0008–0.0012 MPa at the start of seismicity and peaks between 0.18 and
0.2 MPa approximately 2–2.5 years after start of injection in the S-well. At points B and C, the pore pressure
peak range is 0.03–0.044 MPa and 0.016–0.022 MPa, respectively, with pressures peaking 4.5 to 6.5 years
(point B) and over 7 years (point C) after S-well injection begins.

5. Discussion

DFW Airport earthquakes begin in late October 2008 and extend through August 2015. Analysis of the regio-
nal data at WMOK and AMTX indicates no earthquakes greater than magnitude 1.8 occurred within the basin
between 1 January and 29 October 2008. We successful identify events reported by previous studies (e.g.,
Frohlich et al., 2011; Janská & Eisner, 2012) and additionally expand the total number of reported earthquakes
by nearly three times through incorporation of additional stations and template-matching approaches. The
expanded DFW Airport catalog is a more complete data set that allows us to analyze the spatiotemporal evo-
lution of seismicity on the Airport fault.

5.1. SW to NE Earthquake Migration

Spatiotemporal migration of earthquakes away from the injection point in a postinjection period is not
unique to DFW Airport sequence. Such migration has previously been observed in the enhanced geothermal
field of Basel, Switzerland, but on a smaller temporal (days) and spatial (×100m) scale (Bachmann et al., 2011).
One interpretation of migrating seismicity is that it indicates propagation of the triggering process along a
seismogenic fault that is favorably oriented. The duration and the area of influence of postinjection seismicity
is partly dependent on the diffusivity of the host formation andmagnitude of increased pore pressure. Similar
to the DFW Airport seismicity, Hsieh and Bredehoeft (1981) documented seismic activity associated with
injection at the Rocky Mountain Arsenal to have continued at least 7 years following shut-in. Within
14 months of the shut-in at the Rocky Mountain Arsenal, the Denver area experienced three Mw > 5 events,
which were, in fact, the largest events of that sequence. Another comparable case is the Castor project in
Spain, where the largest event (Mw 4.3) occurred about 2 months into the postinjection period (Gaite et al.,
2016). Similarly, the largest event of the DFW Airport sequence, a mblg 3.4, occurred 3 years after injection
ceased at S-well. Even though the duration of injection was shorter at the DFW Airport than at the Rocky
Mountain Arsenal, the DFW Airport sequence continued for at least 6 years since injection at the south well
ceased. In both instance, high rates of injection over short time periods (days to months) induced earth-
quakes that continued years after injection ceased. Seismicity can be attributed to continued pressure
diffusion along critically stressed faults combined with low diffusivity of the crystalline basement. This implies
that even very brief periods of injection (months), as opposed to years as in the cases of Rocky Mountain
Arsenal can result in years of seismicity in a region.

Not all cases of induced seismicity with a documented well shut-in have produced their largest event in their
postinjection period. The Guy-Greenbrier Arkansas sequence had its largest event during its injection period
and, as in the Castor project, the postinjection seismic activity is constrained within the coinjection active
zone (Horton, 2012).

5.2. Time-Dependent Magnitude-Frequency Relationship

The Gutenberg-Richter relationship has characteristic truncation magnitude observed from other studies of
induced seismicity. The DFW Airport sequence has a truncation magnitude of 2.75 during the first 2 months
of seismicity with the rest of the period having a maximummagnitude of 3.4. In Basel, Bachmann et al. (2011)
found that the coinjection period exhibited characteristically lower truncation magnitude (~2) compared to
the postinjection data (~3). Similar truncation magnitude differences were observed in Castor, Spain (Cesca
et al., 2014). This characteristic lower coinjection truncation magnitude has been attributed to the an unpro-
portionally high rate of small earthquakes during the injection period (Segall & Lu, 2015). An increased
proportion of smaller earthquakes was also observed in Guy-Greenbrier sequence during wastewater
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injection (Ogwari et al., 2016). In the three cases, the events producing lower truncation magnitude were
located within hundreds of meters from the injection well where pressure is highest.

We postulate the lack of higher-magnitude events near the S-well during the initial period of injection is due
to high-rate pore pressure increase. The rate of pressurization in a high-rate injection well is highest near the
injection point and decreases with distance farther from the injection point. Higher pressurization rates have
been found to lead to higher breakdown pressure in hydraulic fracturing process (Haimson & Zhao, 1991),
which in turn have produced inversely proportional fracture lengths (Stoeckhert et al., 2015). Since the
moment release of an earthquake is a function of the fault area, higher pressurization rates induce microse-
isms that are constrained within the region of pressurization. The inverse implies that lower pressurization
rates could effectively distribute pore pressure increases over a larger area, thereby subjecting multiple faults
or a larger area on any given fault to the equal rates of pore pressure increase. Increasing pore pressure over a
larger fault area could trigger relatively larger events on an already critically stressed fault.

The initial first 2 months of seismicity for the DFW Airport sequence produces a b value of 1.43, similar to the
first 2 months of the Guy-Greenbrier sequence where the earthquakes were concentrated within 1 km radius
of the injection well (Mousavi et al., 2017). The overall b value of 1.3 is in the range values documented in
enhanced geothermal systems (Albaric et al., 2014; Bachmann et al., 2011; Baria et al., 1999; Häring et al.,
2008) where injection occurs at elevated pressures. However, it remains higher than values reported in other
wastewater disposal cases (Ake et al., 2005; Justinic et al., 2013; Ogwari et al., 2016) and lower than those
recorded in hydraulic fracturing processes (Vermylen & Zoback, 2011; Zhou et al., 2013). At the later period,
the b value reduces toward a unit value as experienced in postinjection period of the Basel sequence
(Bachmann et al., 2011), an indication of low-rate pore pressure change.

5.3. Pore Pressure Diffusion

A combination of injection well proximity to a fault and fault orientation plays a major role in inducing the
DFW Airport earthquakes. For the N-well, our modeling suggests that the ~3 km offset distance from the
active fault and lower injection pressure limits pressure communication to the crystalline basement and thus
produces no spatially associated earthquakes. The N-well operation starts 10months earlier than the S-well at
a comparable rate but at less than half the injection pressure. Although injection at N-well continued at a
decreasing rate over the duration of seismicity, the spatiotemporal occurrence of earthquakes fits the mod-
eled pressure diffusion primarily contributed by the S-well (Figures 5 and S6). The nearest documented fault
(~1 km) to the N-well is subparallel to the maximum horizontal stress, which is oriented at ~N020°E in the
FWB (Lund Snee & Zoback, 2016). The orientation and location of this nearest fault is not consistent with
the location of seismicity but is optimally oriented for failure only from latitude N32.86 to N32.835. The bend
in the Airport fault SE of the S-well results in an unfavorable orientation relative to the maximum horizontal
stress, which explains the absence of continued SE migration during and after injection.

On the other hand, injection at a similar rate in the S-well over a short period near a critically stress fault leads
to earthquakes occurring over 7 years. Once the pore pressure has been elevated in the crystalline basement,
the pressure decay and diffusion is dependent on the diffusivity in the basement. Over time, pore pressures
continue to gradually increase away from the injection point at a lower rate and absolute value. Inducing
earthquakes on a critically stressed fault may take as little as 0.001 MPa pressure increase (Rothert &
Shapiro, 2007). The modeled pore pressure results for the range of permeabilities used are at least 1 order
of magnitude higher than the Rothert and Shapiro (2007) lower boundary and consistent with the range pre-
dicted at similar induced seismicity sites in Texas (Hornbach et al., 2015, 2016). Thus, first-order modeling
results indicate seismicity occurring northeast of the S-well along years after injection represents a plausible
explanation for these earthquakes.

6. Conclusions

The Dallas-Fort Worth Airport earthquakes have continued to occur since the first recorded event on 31
October 2008. A combination of template matching, hierarchical clustering, and differential traveltimes have
produced 412 earthquake epicenters that generally migrate from SW to NE over time, over 80% of a 6 km
long fault. Earthquakes have migrated away from the S-well in both direction along the fault with time; how-
ever, more seismicity has occurred toward the northeast, where the fault is best oriented for failure in the
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modern stress regime (Lund Snee & Zoback, 2016). Seismicity peaks at the beginning of the sequence and
decays over time with earthquakes occurring in discrete clusters in time and space rather than
continuously in either. The initial high rate of low-magnitude earthquakes is consistent with, and likely the

Figure 5. Map view of predicted pore pressure change in the basement at ~4.4 km depth in the month of March of each
year from 2009 to 2014. The permeability of the Ellenburger in the model is set at 5 × 10�14 m2 with a uniform faults’
permeability of 1 × 10�13 m2 pressure from the N-well has minimal contribution to pressure change in the Airport fault.
The closest fault to the N-well experiences pressure increase in the range of 0.01–0.1 MPa between 2011 and 2015, but
it is not optimally oriented to the maximum horizontal stress. The black dots are the cumulative earthquakes at the time of
the predicted pore pressure change.
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result of, elevated high-rate changes in injection pressure, similar to enhanced geothermal systems. Pore
pressure modeling indicates that the S-well, though injecting for only 12 months but at high volume and
rates in close proximity to a near critically stressed fault, causes spatiotemporal pressure changes into the
crystalline basement most consistent with seismicity migration along the Airport fault. The modeling sug-
gests that the high rate and volume S-well is the primary driver of seismicity and that the low- to
moderate-rate injector to the north (the N-well) has had less effect on pore pressures within the basement.
We conclude that it is therefore possible to induce small-magnitude earthquakes on a critically stressed fault
over a longer time period (7 years) and farther distances (6 km) than previously documented in the FWB, even
when the causative well is no longer injecting. The unfavorable orientation of the Airport fault south of the
sequence limits migration of earthquakes to the SW. The observation that such a short period (12 months)
of high injection triggers years of earthquakes is important as it suggests that even limited injection at high
volumes and rates can lead to years of fault reactivation that extends several kilometers away.
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