
body in sharks and a regionalized body with a
pivoting neck joint and rigid trunk armor in
arthrodires. Their evolutionary importance hinges
on whether eubrachythoracid musculature is
specialized or primitive relative to that of sharks.
Placoderms appear to be a paraphyletic seg-
ment of the gnathostome stem group (3, 4), so
if any components of eubrachythoracid muscu-
lature can be shown to be general for placoderms,
they can also be inferred to be primitive relative
to the crown group. The status of the shallow
myoseptal curvature cannot yet be determined
in this regard, but the muscles of the neck joint
and abdomen have specific skeletal associa-
tions that allow such phylogenetic inferences to
be drawn.

Most ostracoderms, a grade of jawless stem
gnathostomes (2) (Fig. 1A), have head shields
that also encompass the shoulder-girdle region
(2). This suggests that the gnathostome shoul-
der girdle originated through subdivision of
the shield. Almost all placoderms have a mo-
bile joint between the skull and shoulder girdle,
implying the need for elevator and depressor
muscles such as those observed in eubrachy-
thoracids. Thus, a cucullaris operating this joint,
antagonistic to specialized epaxial head eleva-
tors, is probably primitive relative to the crown
gnathostome condition of a cucullaris without
specialized antagonists that forms part of a broad-
ly flexible neck.

The transverse abdominal muscles of eubra-
chythoracids are not as directly tied to a skeletal
structure with an identifiable mechanical func-
tion. Comparison with those of a recent elephant
shark indicates that these muscles are not ho-
mologous with any muscles of the pelvic fin or
male clasper (supplementary text). However, the
transverse abdominals may modulate shear
forces between the armor and the laterally un-
dulating body during tail-propelled swimming. A
long ventral armor is also present in antiarchs,
recovered as the most primitive placoderms in
several recent analyses (3, 4, 15). Transverse ab-
dominal muscles may thus be an attribute of the
placoderm segment of the gnathostome stemgroup
and, hence, primitive relative to the absence of
such muscles at the base of the gnathostome
crown group.

Outside of placoderms, transversely oriented
abdominal muscle fibers are restricted to tetrapods
and have been regarded as a tetrapod autapomor-
phy (16). Their associated connective tissues
and tendons are derived from the somatopleure
component of the lateral plate mesoderm (17),
which plays an important role in hypaxial myo-
genesis (18). In lampreys, the posterior lateral
plate mesoderm is not separated into splanchnic
and somatopleuric components (19), meaning
that it cannot give rise to somatopleure-derived
structures such as paired fins. The presence of
paired fins in placoderms shows that separa-
tion of somatopleure and splanchnopleure had
occurred, supporting the inference that their
transverse muscles may have been patterned by

the same somatopleure-based mechanism as in
tetrapods.

The arthodires of the Gogo Formation reveal
an elaborate regionalized musculature, including
the earliest and phylogenetically deepest exam-
ples of several muscle types. Particularly surprising
is the extensive development of transverse-fiber
muscles in the ventral body wall, which par-
allels the condition in tetrapods. Hypothetical
reconstructions are not able to recover the full
complexity of this musculature, either on the
basis of biomechanical analysis or phylogenetic
bracketing, and are thus liable to give a false
picture of muscular evolution at the origin of
gnathostomes. The study of exceptionally pre-
served fossils will continue to provide essen-
tial data for the reconstruction of vertebrate soft
anatomy, particularly in groups with no close
living relatives.
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Enhanced Remote Earthquake
Triggering at Fluid-Injection Sites in
the Midwestern United States
Nicholas J. van der Elst,1* Heather M. Savage,1 Katie M. Keranen,2† Geoffrey A. Abers1

A recent dramatic increase in seismicity in the midwestern United States may be related to
increases in deep wastewater injection. Here, we demonstrate that areas with suspected
anthropogenic earthquakes are also more susceptible to earthquake-triggering from natural
transient stresses generated by the seismic waves of large remote earthquakes. Enhanced
triggering susceptibility suggests the presence of critically loaded faults and potentially
high fluid pressures. Sensitivity to remote triggering is most clearly seen in sites with a long
delay between the start of injection and the onset of seismicity and in regions that went on
to host moderate magnitude earthquakes within 6 to 20 months. Triggering in induced seismic
zones could therefore be an indicator that fluid injection has brought the fault system to
a critical state.

Earthquakes can be induced by underground
fluid injection, which increases pore pres-
sure and allows faults to slide under pre-

existing shear stress (1). The increase in wastewater

disposal from natural gas development and other
sources has been accompanied by an increase in
fluid-induced earthquakes in recent years (2). These
earthquakes include widely felt earthquakes in
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Oklahoma, Arkansas, Ohio, Texas, and Colorado
(Fig. 1) (3–7). Although most injection wells are
not associated with large earthquakes, the con-
verse is not true. At least half of the 4.5 moment
magnitude (Mw) or larger earthquakes to strike
the interior of the United States in the past decade
have occurred in regions of potential injection-
induced seismicity (table S1). In some cases, the
onset of seismicity follows injection by only days
or weeks (1, 3, 5), and the association with pump-
ing at particular wells is clear. In others, seismicity
increases only after months or years of active in-
jection (4, 8, 9).

A long delay before seismic activation im-
plies that faults may be moving toward a critical
state for years before failure. However, currently
there are no reliable methods to determine whether
a particular field has reached a critical state other
than by simply observing a large increase in seis-
micity. This lack of diagnostics is a key problem
in developing operational strategies to mitigate
anthropogenic activity (2).

Because induced seismic zones are brought
to failure by increased pore pressures, we ex-
amined whether areas of induced seismicity
show a high susceptibility to dynamic triggering
by the small transient stresses carried by seis-
mic waves from distant earthquakes. Dynamic
triggering in natural settings has been linked
to the presence of subsurface fluids, and seis-
micity rate changes have been shown to de-
pend systematically on the perturbation stress
(10–13). This suggests that dynamic trigger-
ing could serve as a probe of the state of stress
in areas of wastewater injection. We refer to earth-
quakes that are promoted by anthropogenic ac-
tivity as induced and to earthquakes that are
initiated by transient natural stresses as triggered.
By this definition, there can be triggered induced
earthquakes.

A search of the Advanced National Seismic
System (ANSS) earthquake catalog gives prelim-
inary evidence that induced seismic zones are
sensitive to dynamic triggering by surface waves
(Fig. 1). Regions of suspected induced seismicity
showed a pronounced increase in 3.0 M and
larger earthquakes spanning at least a 3-day
window after large (Mw ≥ 8.6) remote earth-
quakes: the 27 February 2010 8.8 Mw Maule,
Chile; 11 March 2011 9.1 Mw Tohoku-oki; and
12 April 2012 8.6Mw Sumatra earthquakes. The
broader central United States shows essentially
no response to these events (Fig. 1). Most of the
triggering is at three sites: Prague, Oklahoma;
Snyder, Texas; and Trinidad, Colorado. Sugges-
tively, each of these regions went on to host mod-

erate to large earthquakes (4.3 to 5.7Mw) within
6 to 20 months of the strong triggering.

Although the triggering is significant at the
96% level (table S2), a closer investigation is
warranted. We therefore enhanced the catalog by
applying a single-station matched filter to contin-
uous waveforms (14). The matched-filter approach
identifies small, uncataloged earthquakes based
on their similarity to target events (15–17). Dis-
tinct families of earthquakes are distinguished
based on the difference in P and S wave travel
times (S-P time), which gives the approximate
radial distance from the seismic station (15).

The Cogdell oil field (8), located near Snyder,
Texas, hosted a seismic swarm in September 2011
that included a 4.3Mwmain shock (supplementary
text). The enhanced catalog shows that the Tohoku-
oki earthquake triggered a significant number of
earthquakes (14) at this site (Fig. 2 and table S2).
In fact, the rate of earthquakes within the 10 days
after the Tohoku-oki earthquake was the highest
observed over the entire study duration (February
2009 to present), excluding the days immediately
after the 4.3Mw main shock. The triggered earth-
quakes show a swarm like signature, typical of
fluid-induced earthquakes (18), with the largest
of the triggered events (3.8Mw, ANSS) occurring
after 2.5 days of smaller events (Fig. 2C). The
much earlier February 2010 Maule earthquake
did not trigger at Snyder, nor did the post-swarm
April 2012 Sumatra earthquake.

Prague, Oklahoma, experienced three 5.0Mw

and greater earthquakes in November 2011, as-
sociated with fluid disposal in the Wilzetta field
(supplementary text) (4). The enhanced catalog
shows that the February 2010 Maule event trig-
gered a strong sequence of earthquakes near the
eventual epicenter of the first 5.0Mw earthquake
(Fig. 3 and table S2). The rate of earthquakes in
the several days after the Maule trigger far

exceeds that of any other time within the period
of observation, up to the Mw ≥ 5.0 earthquakes
themselves, which is similar to the observation
at Snyder. There are no events detected within
T32 km relative distance for at least 4 months
before the 2010 Maule earthquake.

The largest event in the remotely triggered
sequence is a 4.1 Mw, 16 hours after the 2010
Maule earthquake, which may account for the
large number of earthquakes that continued up to
the time of the first 5 Mw Prague earthquake in
2011 (Fig. 3). If the 4.1 Mw earthquake can be
considered a foreshock of the subsequent 5.7Mw

Prague earthquake, then the 5.7 Mw event is not
only one of the largest earthquakes to be asso-
ciated with wastewater disposal (2) but also one
of the largest earthquakes to be linked indirectly
to a remote triggering event (4, 19).

The April 2011 Tohoku-oki earthquake, which
occurred during the ongoing sequence before the
5.7 Mw Prague main shock, did not trigger addi-
tional earthquakes near the swarm (Fig. 3 and
table S2). The 2012 Sumatra earthquake, on the
other hand, followed the main 5.7 Mw Prague
earthquake by 5 months and triggered a small
uptick in activity that was consistent with the
far northeastern tip of the swarm (Fig. 3C).
However, this triggered rate change is much
smaller than that triggered by the Maule earth-
quake in 2010.

Trinidad, Colorado, experienced a seismic
swarm in August 2011 that included a 5.3 Mw

main shock, possibly related to coal-bed methane
extraction and reinjection of the produced water in
the Raton Basin (supplementary text). The Feb-
ruary 2010 Maule earthquake triggered a small
but statistically significant response near the site
of the 5.3 Mw main shock (Fig. 4 and table S2).
Although the total number of triggered events is
small (four), the binomial probability of observ-

Fig. 1. Remote triggering
in the midwestern United
States, from the composite
ANSS catalog. (A) Cataloged
earthquakes above 3.0 M be-
tween 2003 and 2013 (ANSS).
Earthquakes in red occurred
during the first 10 days after
the February 2010, Maule;
March 2011, Tohoku-oki; or
April 2012, Sumatra earth-
quakes. Triggering occurs
almost exclusively in three
injection fields, labeled Prague,
Trinidad, and Snyder. (B)
Stacked earthquake counts
in the 10 days before and
after the three ≥8.6 Mw re-
mote earthquakes. The his-
togram excludes the Guy,
Arkansas, swarm, which dom-
inates event rates at the time
of the 2011 Tohoku-oki earth-
quake but did not trigger
(supplementary text).
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ing this many events in 1 day after the trigger,
given five events in the entire previous year, is
less than 10−5.

The March 2011 Tohoku-oki earthquake, which
occurred during the active portion of the swarm, did
not trigger additional seismicity at Trinidad. The

2012 Sumatra earthquake occurred 8 months after
the 5.3Mw Trinidadmain shock and triggered amod-
erate surge in activity thatwas consistentwith the far
edge of the swarm, where previous swarm activity
had not occurred (fig. S2). This pattern—strong trig-
gering by the first remote earthquake, none by the
second, andmarginal triggering after the swarm—is
very similar to that observed in Oklahoma.

We examined several other regions in theUnited
States that have experienced moderate magnitude
earthquakes or heightened seismicity rates linked
to fluid injection, including Guy, Arkansas; Jones,
Oklahoma; and Youngstown, Ohio. None of these
other regions appear to have responded to remote
triggering (supplementary text).

The strongly triggered regions were excep-
tional in that they had a long history of pumping
within 10 km of the eventual swarms yet were
relatively quiet for much of that history. At other
sites of induced moderate earthquakes (Guy,
Arkansas, and Youngstown, Ohio), the lag time
between the start of pumping and onset of seis-
micity was as little as months or weeks, present-
ing a relatively small window of vulnerability to
dynamic triggering before the swarms.

The delay in induced seismicity in some regions
could be due to complexities in the local geology
(supplementary text). In Oklahoma, injection oc-
curred into a fault-bounded pocket, and pressures
may have built up slowly over time because of the
size of the reservoir bounded by impermeable
faults (4). The Cogdell field may have similar
isolated pockets, formed by discrete carbonate
reefs buried within impermeable shales (8).

Fluids have been suggested as an impor-
tant component in dynamic triggering since early

Fig. 3. Matched-filter enhanced catalog for Prague,Oklahoma. (A) Detected events, showing triggering by the
2010 Maule earthquake. Red star marks the 6 November 2011 5.7 Mw main shock. Other details are as in Fig. 2A.
(B) Mapped distances to detected events. Details are as in Fig. 2B. (C) Cumulative event count around the 2012
Sumatra earthquake. Cumulative recording time for this intermittently operating station is shown over the same period.

Fig. 2. Matched-filter enhanced catalog for
Snyder, Texas. (A) Detected events, showing trig-
gering by the 2011 Tohoku-oki earthquake. Symbols
along top show strength of triggering (red, strong;
green, none). Red star marks 11 September 2011
4.3 Mw main shock (NEIC catalog). Colors correspond
to station in (B), with ANSS catalog in gray. Seis-
mometer operating times and the times at which
we have enhanced the catalog are shown by thin
and thick horizontal bars, respectively. (B) Mapped
distances to detected events. Small circles are ANSS
catalog earthquakes; a red star shows the main shock.
Yellow squares are nearby active injection wells. (C)
Cumulative event count around the 2010 Maule
and 2011 Tohoku-oki earthquakes.
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observations showed preferential triggering in ac-
tive volcanic and hydrothermal systems (13, 20, 21).
Some features of our observations are also sug-
gestive of a fluid mechanism for triggering. First,
in all of the studied cases the triggered earthquakes
occurred with a small delay with respect to the
passage of the seismic waves, initiating within less
than 24 hours and continuing for days to months
afterward. This pattern suggests a triggering mech-
anism that relies on dynamic permeability enhance-
ment and transport of fluids (22, 23), as has been
suggested for natural triggered seismicity (20–22).
In this scenario, stress transients alter the perme-
ability of hydraulic conduits in the reservoir, accel-
erating diffusion of pore pressure into local faults.
Fractures in active injection reservoirs may be
particularly susceptible to this mechanism because
the injection of unequilibrated fluids may lead to
clogging through mineralization and sedimenta-
tion. A brief pressure transient may then flush out
these clogged fractures (22, 24).

In Prague andTrinidad, only the first of two large
remote events caused earthquakes, despite impart-
ing dilational and shear strains that are similar to
subsequent events (table S4). This is also consist-
ent with the permeability enhancement model,
which requires a certain amount of recharge time
between triggering episodes (24). After local fault
slip is triggered, the local permeability rises dra-

matically because of microfracturing and dilation
(25), promoting further fluid diffusion over several
rupture dimensions (26). Hence, once the seismic
swarm is underway the fractures may not return to
a state in which they are susceptible to unclogging
by small transient stresses.

We find that certain areas of fluid injection
are sensitive to small changes in stress associated
with the passage of seismic waves from remote
large earthquakes. The observations suggest several
requirements for an induced region to be sensitive
to remote triggering. First, all of the triggered sites in
this study had a long history of regional subsur-
face injection over a period of decades. Second,
each triggered site was near to hosting a mod-
erate magnitude earthquake, suggesting critically
stressed faults. Last, each site had relatively low
levels of seismicity rate in the immediate vicinity
(10 km) before the first triggering episode. Re-
mote triggering can therefore indicate that condi-
tions within an injection field have crossed some
critical threshold, and a larger induced earthquake
could be possible or even likely. This underlines
the importance of improved seismic monitoring in
areas of subsurface fluid injection.
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Fig. 4. Matched-filter enhanced catalog for Trinidad, Colorado. (A) Detected events, showing
triggering by the 2010 Maule earthquake. Red star marks the 23 August 2011 5.3 Mw main shock.
Other details are as in Fig. 2A. (B) Mapped distances to detected events. Details are as in Fig. 2B. (C)
Waveform detection counts around the 2010 Maule, 2011 Tohoku-oki, and 2012 Sumatra earthquakes
(curves offset for clarity). Filled circles are within 2.5-km radial distance relative to the 5.3 Mw main
shock, and open circles are within ~5 km (fig. S2).
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Materials and Methods 

Triggering detection: matched filter 
A matched filter is used as an event detector in continuous waveforms at each of the 

TA stations to identify un-cataloged earthquakes. In this approach, we start with a set of 
seismograms from earthquakes known to have occurred in the region of interest, either 
identified on high-pass filtered seismograms or taken from the ANSS catalog. These 
seismograms are stacked to produce a template (Fig. S1), which is then cross-correlated 
with the entire continuous recording at a given station. Spikes in the cross-correlation 
score correspond to likely earthquakes in the target location. This lets us search quickly 
and efficiently for earthquakes that may have been too small to register on the multiple 
seismic stations required to obtain a catalog location.  

 
We use the matched filter as a candidate event detector, and do not use cross-

correlation scores alone to assign detections. We design the detector to admit some range 
in waveform similarity, as we want to detect any events within +/- several kilometers 
relative to the template events. We find the greatest success using a relatively high-
frequency band-passed template (8-12 Hz), with a relatively long duration (10 – 20 
seconds), where success is subjectively defined as a high number of candidate detections, 
a manageable proportion of false positives, and reasonable computation time. At these 
frequencies the template largely reflects scattered energy. The long duration of the 
template means that any signal showing a low amplitude P-wave with a sudden step to a 
higher amplitude S-wave (with the appropriate polarity) tends to show up in the detector 
function. Candidate detections are those with a cross-correlation score greater than 5 
standard deviations above the noise level, and are all visually confirmed, except where 
mentioned below. 

 
We apply the matched filter to a single station at a time, due to the sparseness of 

stations in the regions of interest. This method has previously been used to look at 
induced seismicity in Texas (15). With the single-station approach it is impossible to 
automatically distinguish between spatially separated families of events using the 
correlation function alone. Instead, we sort out spatially distinct earthquakes (and remove 
spurious detections and quarry blasts) by visually reviewing every detection and 
measuring the S-P time. This allows us to accurately measure the radial distance from the 
station, but not to precisely determine the azimuth.   

 
The stations used in this study are mostly from the Earthscope Transportable Array 

(TA), which was fortuitously present for the three cases of induced seismicity studied 
here (Table S3). This study would have been much more difficult or impossible without 
high-quality continuous stations located nearby the swarms. However, due to the 
evolving structure of the TA deployment, there is sometimes no single station operating 
throughout the entire period of interest, resulting in an evolving detection capability with 
time. For the Oklahoma earthquakes, no single station is operating for the entire duration 
of the seismicity between the Feb 2010 Maule earthquake and the first Nov 2011 M5.0 
Prague main shock, and we use multiple overlapping records to complete the time period. 
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The templates are designed using either the known times of cataloged earthquakes, 
or events detected on high-pass filtered waveforms in the several days around a trigger 
event or main shock. For example, the template for station TA.V34A, in Oklahoma, was 
constructed from visually identified events in a two-day window after the Feb 2010 
Maule earthquake. We bandpass the waveforms between 8 and 12 Hz, pick the S-wave 
arrivals, and then align the traces by cross-correlation of a +/- 1 second window around 
the S-wave arrival. Finally, the traces are stacked to produce the template (Fig. S1). In 
Oklahoma, we achieve satisfactory detector performance using a stack of all three 
broadband components to build the final template, while in Texas and Colorado we use a 
single horizontal component. 
 
Auto picker for station TA.T25A 

The matched filter at station TA.T25A, near Trinidad, turns up ~10,000 detections in 
the months after the 23 Aug 2011 M5.3 Trinidad earthquake – too many for visual 
analysis. Except for the +/-30 days around the 2012 Sumatra earthquake, we do not 
review and manually measure the S-P times of these earthquakes, and they are not 
included in any of the statistical analyses. However, in order to get a general picture of 
the activity, we use an auto-picker and a linear discriminant anlysis to assign S and P-
wave times to these detections (Fig. S2). We use a simple AIC picker (27, 28) to find 
both P and S arrival times in the high-pass filtered waveforms (corner 8 Hz), using the 
cross-correlation detection time as the starting guess for the S-wave pick. The AIC picker 
allowed to search within a +/-1 second window in order to get an estimate of the pick 
robustness, as discussed below. The P-wave arrival is assumed to fall within a 2-10 
second window prior to the S-pick.  

 
A linear discriminant analysis is then used to classify picks as reliable or spurious 

(29). In this approach, one defines a vector of measurements on the data (e.g. signal to 
noise ratio) that differs for real and spurious events. Our classification vector consists of 
the AIC scores of the P and S picks, the difference between the AIC picker and cross-
correlation S-wave pick times, and the cross-correlation coefficient itself. An optimal set 
of coefficients for a linear combination of these measurements can then be found from a 
training sample (we use algorithm ClassificationDiscriminant from the Matlab Statistics 
toolbox). The hand-picked interval before the M5.3 Trinidad main shock is used as the 
training interval. We adjust the cost function (i.e. the relative penalty for missing a 
known event vs. including a spurious event) until the spurious detection rate is less than 
7%, and the missed detection rate is less than 20%. 

 
Other detectors: STA/LTA 

One of the stations, AG.WHAR in Arkansas, is too close to the Guy seismic swarm 
for a matched-filter detector to be effective. The back azimuth to the earthquakes from 
the Guy swarm varies by almost 180 degrees, and it would be necessary to define a 
number of templates in order to detect events from all locations in the ~10 km long 
swarm. Instead, we use a less refined short-term average/long-term average filter to 
detect all candidate events. We use a short and long-term window of 1 and 15 seconds, 
respectively, and set a threshold at 4 times the standard deviation for a noise segment. 
This technique results in significantly more spurious detections than the matched filter, 
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and we visually review every event in the time window of interest (+/-5 days) to make a 
catalog of confirmed detections. 

 
Magnitude and distance calculations 

The time between the arrival of the S and P waves scales approximately linearly 
with distance over small distance ranges. The move-out velocity VS-P = (1/VS – 1/VP)-1. 
Using the known catalog locations for calibration, we find move-out velocities between 
7.7 and 8 km/s for different stations and regions, corresponding to VS = 3.3 - 3.4 km/s 
over a typical ray path. Each set of detections is inspected to identify a distinct cluster of 
S-P times that defines the swarm of interest. The range of S-P times used to define each 
swarm varies depending on the geometry of the swarm with respect to the station and the 
presence of other known seismicity in the region.  

 
Magnitudes are estimated from peak amplitudes, measured in a 4-second window 

after the S-wave arrival on 8 Hz high-passed waveforms to remove long-period noise. We 
assume that a factor of 10 difference in amplitude corresponds to one unit of difference in 
magnitude, and use cataloged earthquakes of known magnitude to calibrate the amplitude 
measurements. When there is a relatively large range of distances, e.g. Trinidad CO (Fig. 
S2), we also use a least squares fit to the log-amplitude vs. log-distance scaling to correct 
for the distance dependence. 

 
Estimation of statistical significance 

In the main text we report statistical significance using a simple binomial test, which 
treats each observed earthquake as an independent event with equal probability of falling 
before or after the trigger. This test makes no additional assumptions about the 
underlying probabilistic distribution of the event count. In Table S2 we also report a test 
that treats the total number of observed events as the realization of a random Poisson 
process, i.e. we calculate the significance of the observed rate change factor using total 
number of observed events as an estimate of the intensity (average rate). 

  
We also compute the magnitude of completeness Mc for each enhanced catalog 

(Table S2). This is relevant for comparing the triggering signal between disparate 
regions. We compute Mc by the method of maximum curvature (30). This method 
equates Mc with the peak in the discrete frequency-magnitude distribution for each 
enhanced catalog. Aside from a smoothing parameter of 0.5 magnitude units, the method 
is non-parametric, and assumes only that the true number of events should decrease as a 
function of increasing magnitude. Applying a cutoff at Mc slightly affects the statistical 
significance assessments for some of the marginal cases.  

 
Surface wave strains resolved on target faults 

We looked at the triggering response to the 27 Feb 2010 MW 8.8 Maule; 11 Mar, 
2011 MW 9.1 –Tohoku-oki, and 12 Apr, 2012 MW 8.6 Sumatra earthquakes. These three 
remote trigger earthquakes were chosen because they generated large surface waves with 
strains above 10-7 at periods of 10-100 seconds across the Midwestern United States. 
Shaking of this amplitude is known to trigger earthquakes in a variety of tectonic 
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environments (10, 20, 31-33) These are the largest strains in this frequency band by 
almost an order of magnitude, over the last 4 years.  

 

We interpret varying responses to the three large trigger earthquakes as reflecting 
local conditions in the injection fields. An alternative hypothesis would be that the three 
triggers generated different strain amplitudes resolved on the faults, and therefore had 
varying triggering power. We evaluate the relative triggering power of each trigger by 
resolving the dilatational and Coulomb strain components on each fault. We find no 
systematic differences between the amplitudes of surface waves that did or did not trigger 
seismicity at each of the injection sites. 

 
Using focal solutions from the USGS/SLU database, we select the nodal planes most 

consistent with cataloged aftershock locations. At Prague, we use the trend of the 
relocated seismicity (4) to define the fault strike. Waveforms at Prague, OK, are taken 
from station TA.TUL1, those for Snyder, TX, are taken from station TA.ABTX, and 
those for Trinidad, CO, are from station TA.T25A, downloaded through IRIS Web 
Services. We remove the instrument-response and filter between 1 and 100 seconds. We 
use the method described in Miyazawa and Brodsky (34) (attributed to (35) to correct the 
observed surface Rayleigh wave component to 5 km depth, and to estimate the vertical 
strains. For the Rayleigh wave correction, we assume a half space p- and s-wave velocity 
of 8.7 and 5.0 km/s, respectively, and a group velocity of 3500 m/s (note that these 
velocities represent the averages over the Rayleigh wave sensitivity kernel, and not the 
local velocities at 5 km depth). The Love wave correction at these shallow depths is 
negligible (<1%) and we neglect it in calculating the shear and normal tractions on the 
vertical strike slip faults. In the case of the normal-faulting Trinidad main shock, the peak 
shear traction in the down-dip direction is carried by the Rayleigh wave, as the transverse 
components for the remote earthquakes are all sub-parallel to the fault strike. 

 
The Coulomb strain  is calculated using a coefficient of friction µ = 

0.6, and a Skempton’s poro-elastic coefficient B = 0.8. The angles of incidence between 
the surface waves from the three triggers and the three target faults are all relatively 
similar (Table S5), and changing the parameters values does not significantly alter the 
relative magnitudes of the Coulomb strain. 

Supplementary Text 

Geology and pumping history of the Study Areas 
Snyder, TX  

Snyder, Texas, has a history of seismicity associated with subsurface fluid injection. 
The area is part of the Horseshoe Atoll, a series of large carbonate reef reservoirs. In 
1978, earthquakes up to ML5.3 (ANSS) occurred in the Cogdell field, induced by water-
flooding as part of secondary oil recovery, which began ~20 years prior to the onset of 
seismicity (8). Waterflooding and CO2 injection for secondary recovery continue today in 
the Cogdell field, now along with the disposal of wastewater and CO2 [Texas Railroad 
Commission]. Injection rates for the field as a whole have remained fairly constant or 
increased slightly since the late 1980s (Fig. S3). After the earthquakes in the late 1970s to 
mid 1980s, the Cogdell field had a period of relative quiet, with no earthquakes from 
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1986-2005 and five earthquakes between 2006-2009 (ANSS catalog). In 2010, seismicity 
rates increased dramatically to 10/yr. This recent activity is within the same injection 
field as the 1970s events, within the accuracy of the ANSS catalog. The rate continued to 
increase until an M4.5 earthquake on 11 Sept 2011, the largest to occur in this latest 
sequence. Seismicity has decreased in the area near the Cogdell field since this event. 

 
The Cogdell oil fields are located within a larger ancient carbonate platform (36). 

The Horseshoe Atoll is a carbonate reservoir within this larger structure that accumulated 
in the Late Paleozoic. Surveys of the nearby Diamond-M field have shown that the 
Canyon Reef formation is highly compartmentalized (36) associated with lateral 
variations within the reef. Waterflooding for secondary oil recovery into the Canyon Reef 
Formation is a typical practice for this area.  

 
Prague, OK 

Oklahoma has a long history of oil and gas extraction, and underground disposal of 
associated fluids has been taking place in the Wilzetta fields near Prague for nearly 20 
years (OK Corp. Commission). Oklahoma has historically produced a small but steady 
trickle of cataloged earthquakes, with ~1.7 M3.0 or larger earthquakes recorded per year 
since 2002 in the ANSS catalogs. This changed dramatically in 2009 and 2010 when the 
number jumped to 31/yr (37). Earthquake rates increased until November 2011, when 
Prague was struck by three M5.0 and larger earthquakes in four days. The aftershock 
sequences of these events define three rupture planes that extend to within ~200 meters of 
two of the disposal wells, strongly suggesting that these earthquakes were induced (4). 

 
The geology in the Prague area consists of mostly sandstones, shales and carbonates.  

The area has been actively extracting hydrocarbons since the 1940s. Many of the oil 
fields are broken up into isolated pockets, where the producing regions are isolated 
laterally from non-producing regions by impermeable faults, as evidenced by non-
producing wells surrounding these pockets (4, 38). Vertical movement of hydrocarbons is 
limited by impermeable shale layers. Wastewater disposal into an isolated pocket near 
Prague began into the Hunton and Arbuckle formations in the 1990s at very low volume 
and zero wellhead pressure. Pressures were incrementally increased, until 2006 when 
they reached their peak of ~3.5 MPa. Pressures were halved in 2011. Seismicity in the 
region did not begin until 2010, as discussed in this paper.   

 

Trinidad, CO 
The Raton Basin near Trinidad, Colorado is an active coal bed methane field where 

a swarm of felt earthquakes occurred in 2001, including an M4.6 (39). The rate of M3.0 
and greater earthquakes in the field has increased drastically since 2001 from about 1 
every 6 years prior to 2001 to 1 every 20 days between Jan. 2009 and Jan. 2011 (Fig. S3). 
In Aug. 2011, the Raton basin experienced an earthquake swarm that included a M5.3 
(7). Increasing evidence suggests that most of the seismicity in this region is related to 
industrial activities (7). 

 
There are at least five active injection wells within 10 km of the catalog epicenter, 

most of which began injecting between 2000 and 2001 [Colorado Oil and Gas 
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Conservation Commission]. The closest well (4.5 km from the main shock) began 
injecting in late 2005, but increased pumping rates by almost a factor of 3 starting in Jan. 
2009 (Fig. S3). Three other wells within 7.8 to 8.5 km of the M5.3 main shock also 
increased pumping rates in Jan. 2009, including one that increased injection volumes to 
~650 m3 per day after a 4-year hiatus. This rapid increase in fluid volume in 2009 may 
have caused fluid pressure to increase in surrounding formations and along faults. 

 
The Raton Basin is a Cretaceous-aged syncline that formed during the Laramide 

Orogeny. The western limb of the syncline is steeply dipping to overturned. The eastern 
side is very shallowly dipping (3 degrees) (40, 41).  The Raton Basin has been an active 
area of coal bed methane exploration for decades, with most of the natural gas extraction 
taking place in the Raton and Vermejo sandstones (41). Wastewater injection began in 
the late 1980s and injects mostly into the Purgatoire and Dakota Formations, as well as 
the Niobrara, Entrada and Glorieta Formations (39) [Colorado Oil and Gas Conservation 
Commission]. The Purgatoire Formation consists of sandstone, shale and coal beds, 
whereas the Dakota Formation consists mostly of evenly bedded shales and sandstones 
(40). These formations are immediately overlain by the Pierre Shale, which is thought to 
be an aquatard, although fractures within the shales might allow fluid flow (42). Injection 
into almost all wells requires zero wellhead pressure (39). 

 
Detailed analysis of triggering at Trinidad, CO 

The Feb 2010 Maule earthquake triggered four small events near the Trinidad main 
shock (Labeled ‘A’ in Fig. S2). It may also have triggered a separate burst located ~5 km 
closer to station TA.T25A than the M5.3 main shock epicenter and consistent with its 
rupture zone (Labeled ‘B’ in Fig. S2). This burst consisted of ~30 events between 11 and 
12 days after the Feb 2010 Maule earthquake (Fig. 4C). While this burst is suggestive of 
triggering along the eventual rupture zone, the delay and the spatial separation from the 
epicenter make it difficult to establish a definitive triggering link for this particular 
subset. The Apr 2012 Sumatra earthquake triggered a sequence consistent with the 
distance to the far edge of the swarm, where activity had not been very high, prior 
(Labeled ‘C’ in Fig. S2). According to the model discussed in the main text, such 
triggering at the margins of the swarm may indicate that fracture permeability in these 
marginal regions is not yet dominated by local microseismicity, allowing them to respond 
to permeability enhancement by transient stresses. 

 
Regions of active intraplate or induced seismicity with no observed triggering 
Jones, OK  

A prominent ongoing swarm has occurred near Jones, OK, ~50 km west of the 
Prague sequence (Fig. S4), starting in 2008. While we do not know the relationship, if 
any, between these earthquakes and injection or extraction activities, we include this 
cluster because of its proximity to active disposal and production fields. We construct a 
template for the Jones swarm using stations TA.V34A and OK.FNO. The Jones region 
had a number of earthquakes up to M3.9 in 2009 and 2010. Taking only detections with 
S-P times less than 7 seconds at both stations excludes the Prague swarm (Fig. S4). The 
swarm in Jones, OK, does not respond to the Feb 2010 Maule, or Apr 2012 Sumatra 
earthquakes (Fig. S4, Table S4). For the Mar 2011 Tohoku-oki earthquake, the case is 
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more equivocal. The 10-day statistics appear significant, with 2 events prior and 15 
events after (Table S4). However, the rate increase follows the timing of the trigger by 4 
days, whereas all the other triggering signals in the main text begin with 1 day. Also 
unlike any of the triggering signals in the main text, the significance is predominantly due 
to a relative lull in the 10 days prior. The rate of earthquakes 4 days after the trigger is 
consistent with the longer-term average over the 10-30 days prior to the trigger. 
Nevertheless, the Jones region warrants continued monitoring over the next several years. 

 

Guy, Arkansas 
Guy, Arkansas had a prominent swarm from Sept 2010 to Apr 2011, including 

earthquakes up to M4.7, but shows no response to either the Feb 2010 Maule earthquake, 
which preceded the swarm by 7 months, or the Mar 2011 Tohoku-oki earthquake, which 
occurred during the peak of swarm activity (Table S4). Pumping has occurred within 10’s 
of kilometers of the swarm location since at least 2009, at relatively high pressures (>10 
MPa) (3). However, the wells most closely associated with the ensuing swarm began 
pumping in Aug 2010, preceding the onset of seismicity by only a month. Intense swarm 
activity eventually prompted a shut-down of these wells on 3 Mar 2011. Nearby pumping 
therefore had not begun at the time of the Feb 2010 Maule earthquake, and had ceased by 
the time of the 11 Mar 2011 Tohoku-oki earthquake. 

 
Station NM.UALR was the closest station during the 27 Feb 2010 Maule 

earthquake. The sensitivity of this station is somewhat poor, with only a few more events 
detected than are present in the ANSS catalog. No rate increase is observed. 

 
The closest station operating during the 11 Mar 2011 Tohoku-oki earthquake, 

AG.WHAR, is located only ~1 km from the closest earthquakes of the Guy swarm, which 
extends approximately 10 km to the NE and SW. This is too close for a correlation-based 
detector, which requires a relatively similar path between all candidate events and the 
station. We use a simple STA/LTA detector instead, and focus on the +/-5 days around 
the Tohoku-oki earthquake. As with the cross-correlation detector, each candidate event 
is visually reviewed, and only earthquakes with S-P times less than 1.5 seconds are 
retained. We also take care not to include potential quarry blasts, recognizable by their 
large Lg components relative to the P and S wave amplitudes. The Guy swarm shows no 
response to the Mar 2011 Tohoku-oki earthquake (Fig. S5), but instead shows a gradual 
decrease in rate that reflects the shut-down in pumping 8 days prior. 

 
Youngstown, Ohio 

The Youngstown earthquake swarm of 2011-2012, which included an M4.0 
earthquake on Dec. 31 2011, occurred under circumstances similar to those in Arkansas, 
with pumping at associated wells beginning in Jan. 2011, only 11 days before the first 
observed seismicity, and being shut down several months before the occurrence of the 
Apr. 2012 Sumatra earthquake. A single-station correlation detector has already been 
used to study un-cataloged earthquakes at the Youngstown site (5). There are 8 
earthquakes detected in the 10 days after the Mar 2011 Tohoku-oki earthquake, relative 
to 4 prior (Kim, personal communication). This increase has a 19% probability of being 
observed by chance (Table S4). The earthquakes in the 10 days prior are relatively small 
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in magnitude, and applying a cutoff at the magnitude of completeness (Mc = 0.8) results 
in a probability estimate of 4%. The results at Youngstown are therefore suggestive, but 
inconclusive. None of the 8 post-trigger earthquakes fall within 24 hours of the Tohoku-
oki earthquake seismic waves. 



 
 

10 
 

 

Fig. S1. 

 

Fig S1. Example template for station TA.V34A constructed from earthquakes triggered 
by the 2010 Maule earthquake near Prague, OK. The bottom trace shows a representative 
high-pass filtered event (8Hz), showing the P-wave arrival at -9.6 seconds. A strong basin 
reverberation comes in at 2.5 seconds after the S-wave arrival. 



 
 

11 
 

Fig. S2 

 

Fig. S2. Map of S-P times (distance) for matched-filter detections at station TA.T25A, 
showing the rise in activity between 25-35 km distance in Oct. 2010, leading up to the 
2011 Trinidad earthquake swarm. Grey circles are auto-picked detections, and have not 
been reviewed. Horizontal lines show the range of S-P times plotted in Fig. 5, main text. 
Labels ‘A’, ‘B’, and ‘C’ mark bursts of triggered earthquakes (SM text). 



 
 

12 
 

Fig. S3 

 

Fig S3. Pumping and seismicity histories for triggered locations. (A) Snyder, Texas. 
Total Cogdell oilfield injection by month, (courtesy C. Frohlich), showing late onset of 
seismicity. Most of the Cogdell oil field wells are within 10 km of the M4.5 Snyder 
earthquake epicenter. (B) Pumping history for the Raton basin, for 5 deep injection wells 
within 10 km of the M5.4 Trinidad earthquake epicenter (API 05-071-07035, 05-071-
06946, 05-071-07455, 05-071-06741, and 05-071-06421). Data are available from 
cogcc.state.co.us. For injection history near Prague, Oklahoma, see Keranen et al. (4). 
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Fig. S4 

 

 

Fig S4. Matched-filter enhanced catalog for Jones, Oklahoma. No triggering is evident 
for this ongoing swarm region, 50 km west of Prague, OK. (A) Matched-filter detection 
distances for the Jones swarm region. Black circles show ANSS earthquake locations. (B) 

Count of detections for the Jones region, over the +/-30 days around three potential 
triggers earthquakes: Feb 2010 Maule, Mar 2011 Tohoku-oki, Apr. 2012 Sumatra. 
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Fig. S5 

 

 

Fig. S5. Filtered-waveform enhanced catalog at Guy, Arkansas. No triggering is evident 
in the rate of earthquakes recorded at station AG.WHAR, 1 km from the Guy Arkansas 
swarm, from high-pass filtered waveforms. Time is relative to the Tohoku-oki 
earthquake, approximately 8 days after pumping has stopped at nearby wells. 
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Table S1. 

Locations of all M4.5 or larger earthquakes in the mid-continental United States between 
1-Jan-2003 and 1-Jan-2013 (ANSS catalog). 

Location Date ANSS 

Magnitude 

Field/Formation Reference
†
 

New Madrid SZ*, AL 2003-04-29 4.6 - - 

Raton, NM 2005-08-10 5.0 Raton Basin Meremonte et al., 2002 

Wabash SZ*, IL 2008-04-18 5.2 - - 

Wabash SZ*, IL 2008-04-18 4.7 - - 

Guy, AR 2011-02-28 4.7 Fayetteville Shale Horton, 2012 

Trinidad, CO 2011-08-22 4.7 Raton Basin Meremonte et al., 2002 

Trinidad, CO 2011-08-23 5.4 Raton Basin Meremonte et al., 2002 

Snyder, TX 2011-09-11 4.5 Cogdell Davis and Pennington, 1989 

Prague, OK 2011-11-05 5.0 Wilzetta Keranen et al., 2013 

Prague, OK 2011-11-06 5.7 Wilzetta Keranen et al., 2013 

Prague, OK 2011-11-08 5.0 Wilzetta Keranen et al., 2013 

Timpson, TX 2012-05-17 4.8 Haynesville Shale Brown et al., 2012 

*SZ: Seismic Zone 

†Reference suggesting link between named field and historical or recent induced earthquakes. 
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Table S2. 

Statistical significance of observed rate changes in triggered regions 

Location 

Catalog/ 

Station
*
 

Remote 

Trigger 

Num. 

before
†
 

Num. 

after
†
 

Mc 

Binomial
‡
 Poisson

‡
 

p pc p pc 

Midwest § ANSS Stack 4 12 3.0 0.04 0.04 0.03 0.03 

Snyder, TX TA.130A Maule 3 3 1.1 0.66 0.81 0.58 0.69 

 TA.ABTX Tohoku 1 8 2.6 0.02 0.02 0.02 0.05 

 TA.ABTX Sumatra 0 0 2.6 - - - - 

Prague, OK TA.V34A Maule 0 51 1.0 10
-16

 10
-16

 10
-16

 10
-16

 

 TA.V35A Tohoku 0 1 1.3 0.50 0.50 0.61 0.61 

 OK.FNO Sumatra 0 6 2.4 0.02 0.13 0.05 0.22 

Trinidad, CO TA.T25A Maule 1 4¶ 0.4 10
-4

 10
-4

 0.01  0.01 

 TA.T25A Tohoku 4 2 0.4 0.89 0.81 0.82 0.69 

 TA.T25A Sumatra 2 7 0.4 0.09 0.06 0.06 0.05 

*Station counts from matched-filter enhanced catalogs 

†10-day window 

‡A low probability indicates a stronger potential triggering signal. Columns marked pc use only events 

about Mc. Grey rows are significant above 95% confidence for all tests. The Binomial test treats the number 

of events as fixed, while the Poisson probability treats the observed number of events itself as a realization 

of a random variable. A continuous approximation of the Poissonian probability density function is used. 

§Excluding Guy, Arkansas due to active induced swarm (See below) 

¶The 10-day binomial test has insufficient power if the number of triggered events is fewer than 5. 

Significance in this case is computed using a post-trigger window of 1 day. 
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Table S3:  

Stations used to construct matched filter catalogs. 

Station Location Start time End time Region Distance 

(km)* 

SP time 

range (s) 

Potential 

Triggers† 

TA.V34A N35.83 W97.52 2009/10/31 2011/09/03 
Prague 

Jones 

65 

40 

9.0 - 9.7 

4.2 – 7.2 
M T  - 

TA.V35A N35.76 W96.84 2010/03/13 2012/02/20 Prague 24 3.5 - 4.0 -  T  - 

TA.TUL1 N35.91 W95.79 2008/10/16 N/A Prague 180 N/A M T S 

OK.FNO N35.26 W97.40 2011/10/10 N/A 
Prague 

Jones 

67 

39 

7.7 - 8.7 

3.5 – 6.0 
-  -  S 

TA.ABTX N32.62 W99.64 2009/02/12 N/A Snyder 113 14 - 15.5 M T S 

TA.130A N32.60 W100.97 2009/03/12 2011/02/09 Snyder 36 3.5 - 5.5 M  -  - 

TA.T25A N37.14 W104.41 2008/05/25 N/A Trinidad 27 3.5 - 4.5 M T S 

NM.UALR N34.78 W92.34 1999/06/22 N/A Guy 59 5.9 - 8.5 M  -  - 

AG.WHAR N35.29 W92.29 2010/05/17 N/A Guy 1.5 0.1-1.5 -  T S 

*Distance between station and target triggered events. 

†M: Feb 2010 Maule; T: Mar 2011 Tohoku-oki; S: Apr 2012 Sumatra 
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Table S4: 

Statistical significance of observed rate changes in other selected regions 

*10-day window 

†Significance is attributed to unusually low rates in the previous 10 days and is inconclusive (see text) 

‡5-day window. Magnitudes were not systematically calculated for this station. 

§ Too few events were detected to establish completeness. We use the average completeness level found for 

stations at ~60km from Prague, instead, which leaves zero events before and after. 

Location 

Catalog/ 

Station
*
 

Remote 

Trigger 

Num. 

before
†
 

Num. 

after
†
 

Mc 

Binomial Poisson 

p pc p pc 

Jones, OK TA.V34A Maule 33 25 1.3 0.88 0.87 0.96 0.83 

 TA.V34A Tohoku 2 15 1.3 10
-3†

 10
-3†

 10
-3†

 10
-3†

 

 OK.FNO Sumatra 26 10 2.2 1.00 1.00 1.00 1.00 

Guy, AR NM.UALR Maule 4 1 1.5‡ 0.97 -  0.90 - 

 AG.WHAR Tohoku 3594§ 2363§ - 1.00 - 1.00 - 

Youngstown, OH TA.T25A Tohoku 4 8 0.9 0.19 0.06 0.16 0.05 
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Table S5:  

Remote trigger earthquakes and resolved strain at each triggered site. 
Site Trigger Distance Back 

Azimuth 

Strike Dip Peak 

Dilation 

[µstrain] 

Peak 

Coloumb 

[µstrain] 

Triggering 

 

Snyder, Maule 74º 156º 30 90* 0.22 0.22 No 

TX Tohoku 89º 316º   0.24 0.16 Yes 

 Sumatra 143º 339º   0.11 0.20 No 

Prague, Maule 75º 160º 34 90* 0.25 0.25 Yes 

OK Tohoku 89º 319º   0.29 0.20 No 

 Sumatra 141º 347º   0.16 0.23 Some 

Trinidad, Maule 79º 153º 21 53† 0.22 0.33 Yes 

CO Tohoku 83º 313º   0.24 0.34 No 

 Sumatra 137º 334º   0.11 0.15 Some 

*Peak Coulomb strain carried by Love wave component. 

†Peak Coulomb strain carried by Rayleigh wave component. 
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Additional Data Table S1 Caption 

Matched-filter enhanced catalogs for each station in Table S3, containing detection times 
in Matlab and calendar formats, magnitude, and S-P times of all detected events. 
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