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Abstract

The existence of earthquakes within continental lithospheric man-
tle remains a highly controversial topic. Here, we present a detailé set
of seismological analyses con rming the occurrence of a mantle earth-
quake beneath the Wind River Range of central Wyoming. Combining
regional waveform inversion with the analysis of the delay and rela-
tive amplitudes of teleseismically-observed depth phases, we dwn-
strate that the 2013 Wind River earthquake { a My 4.7 highly-oblique
thrust-faulting event { occurred at 75 8km, well beneath the base of
the crust. The magnitude, mechanism, and location of this earthquake
suggest that it represents simple brittle failure at relatively high tem-
peratures within the mantle lithosphere, as a result of tectonic, ather
than magmatic, processes.

Keywords: Continental lithosphere, rheology, earthquake seis-
mology, mantle earthquake.
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Highlights:
Detailed source analysis of M 4.7 earthquake in central Wyoming

A rare example of an earthquake occurring in continental litho-
spheric mantle

Source depth of 75 8 km places it conclusively below the Moho

Waveform similarity suggests the only aftershock occurred at a
similar depth

1 Introduction

The occurrence and signi cance of earthquakes in the mantléhosphere
of stable continental regions has been a subject of much débge.g. Chen
and Molnar, 1983; Wong and Chapman, 1990; Zhu and Helmbergdg96;
Maggi et al., 2000; Chen and Yang, 2004; Priestley et al., Z)0Sloan and
Jackson, 2012), with their existence and location being used argue for
di erent rheological models for the continental lithosphee (e.g. Chen and
Molnar, 1983; Jackson et al., 2008; Burov, 2010). Whilst eadakes in
the mantle of oceanic lithosphere are commonplace (e.g. Wseand Stein,
1983; Craig et al., 2014), well-constrained examples fromntinental litho-

sphere are comparatively rare. Conrmed earthquakes in theontinental

mantle are limited to Utah (Zandt and Richins, 1979), northem Australia

(Sloan and Jackson, 2012), and potentially northern India ahTibet (Chen

and Molnar, 1983; Zhu and Helmberger, 1996; Chen and Yang, 20@riest-

ley et al., 2008; Craig et al., 2012), although the precisedation of deep
earthquakes with respect to the local Moho in this latter casremains uncer-
tain. Occasional other earthquakes at mantle depths in canental areas are
reported in routine earthquake catalogues (e.g. Internainal Seismological
Centre, 2012; Engdahl et al., 1998). However, given the degref precision
required to di erentiate earthquakes in the crust and upperrast mantle, and
the uncertainties in such techniques, these often prove telalse or unveri-
fyable when subjected to more detailed analyses aimed speally at depth

determination (Maggi et al., 2000; Engdahl et al., 2006). Howvidespread
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mantle seismicity in continental regions may be, and the dép extent over
which it can occur, therefore remains a topic severely lingtl by a paucity of
high-quality observational constraints.

As a result of the well-established thermal control on brité failure of the
lithosphere, potential mantle earthquakes in stable contental regions are
expected to concentrate in the uppermost (and therefore clast) few kms
of the mantle, close to the Moho. The con rmation of an earthgake as oc-
curring in mantle lithosphere, rather than in the overlyinglower crust, thus
typically requires precise knowledge of both the depth of éhearthquake, and
the depth of the Moho in the source region. Uncertainties in lblo parame-
ters often result in earthquake depths within error of the loal Moho, which
cannot be conclusively identi ed as either crustal or mand in origin.

Here, we present a comprehensive seismological study of artrepuake
located near the Wind River range in central Wyoming, identi & by the
NEIC Preliminary Determination of Epicenters bulletin (NEIC hereafter) as
having a potentially mantle origin. The location of this eathquake, within
the continental United States, and the large amount of highwplity seismic
data available make it ideal for a detailed analysis to conm the prelimi-
nary NEIC depth. We combine regional seismological estimatef the earth-
guake focal mechanism and depth with teleseismic depth pleasbservations
from both individual broadband stations and from small-tomedium aper-
ture multi-instrument arrays to present conclusive evidere in favour of a
hypocentre located signi cantly below the base of the crusn this region,
well into the lithospheric mantle. We then brie y discuss tle regional con-
text of this earthquake, and how it may impact on current modes for the
rheology of continental lithosphere.

2 The 2013 Wind River Earthquake

This paper focuses on an earthquake that occurred in centrs{yoming,
between the Wind River Range and Wind River Basin (Figure 1). The
Wind River region is relatively seismically quiescent, withnstrumentally
recorded seismicity, covering a period of 60 years, rarely exceeding/l_

3
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4, and only once having reachet¥, 5. The region lies within the central
Wyoming Craton, near the complex western boundary of the caldstable
lithosphere which underlies much of northern North America, &st of the
Rocky Mountains (e.g. Sigloch, 2011; Porritt et al., 2014)The present day
topography largely re ects deformation during the Late Creaceous/Jurassic
Laramide orogeny, of which the Wind River mountains represera distal
part. The Range itself is a basement-cored uplift, boundedylmajor (but
inactive) crustal faults on its southwestern side, withinthe Archean Wyoming
craton. The centre of the range comprises crystalline rocké Archean age.
The Wind River basin contains Paleozoic sediments, overhgrnthe Archean
basement. At present, the region is tectonically inactivewith the nearest
region of signi cant seismicity being that related to the Yowstone Hotspot
(and associated track), some 200 km to the northwest.

At 13:16:33 UTC on the 2% September 2013, a moderate magnitude
earthquake My  4.8) was reported in the area of the Wind River Range,
Wyoming (42.974N, 109.128W; NEIC). Initial estimates of the earthquake
depth, based on routine travel time inversion (NEIC) and sugce and very-
long-period body-wave inversionwWww.globalcmt.org ) indicated that this
earthquake originated in the mantle lithosphere, at betwee70 and 80 km.
Hypocentral locations from both catalogues indicate a sowcbeneath the
margin between the mountains and the adjacent basin. Heregwndertake
a detailed investigation aimed at con rming a source locabn in the mantle
lithosphere for this earthquake.

A single aftershock was reported by the NEIC, occurring two huws after
the initial earthquake. The reported catalogue depth of tis event is similar
(71 km) to that reported for the mainshock (76 km). Whilst the nagnitude of
this earthquake (M 3.0) makes it too small to be analysed with the methods
employed here to study the mainshock, we use similarity ®-P arrival times
and in apparent vector slowness across a regional array, toggest that its
depth is similar to that of the mainshock.
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3 Earthquake source parameters

3.1 Velocity model

The seismological analyses conducted in this study are a#tdwvily dependent
on the near-source velocity structure. In the case of the rnegal inversion,
a layered 1-dimensional model is used to calculate Greensdtions for the
computation of synthetic seismograms. For stations at gréar distances, the
same model is used to calculate depth-phase delay times agdthetic wave-
forms. The use of a simple one-dimensional velocity modell$ato account
for lateral variations in the velocity structure around thesource. However,
the precise details of the local velocity structure are lagly unknown, and
cannot be included accurately. The velocity model used (Téb S1) is based
on the \Western US" model used by Herrmann et al. (2011), who modd
an earlier model developed by the University of Utah in the Yedlvstone
area, in order to t regional surface-wave dispersion measments across
Wyoming and Utah. Our principle modi cations to this model arise from
accounting for the local Moho depth, particularly relevantfor the accurate
conversion of depth-phase delay times to a source depth, am#hor changes
to the nearest-surface layer to match teleseism#P-phase amplitudes.

Moho depth in the region is known to vary on a local scale beter

40 km under the Wind River Range, to 50 km under the adjacent
basin, based on a the results of the Deep Probe seismic tracts€Snelson
et al., 1998). This range of crustal thickness estimates israparable to those
determined through a combination of surface wave dispersianeasurements
and teleseismic receiver functions (42{50 km; Shen et al.0I3). In our
preferred model, we take an intermediate crustal thicknesslue of 45 km
(Table S1).

We further alter the velocities in the near-surface layer igihtly from the
original model of Herrmann et al. (2011), to improve the amplide t of the
synthetic seismograms calculated in Section 3.7, in pantilar the amplitudes
of the sP phase.
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3.2 Regional waveform inversion

To determine a source mechanism, and for an initial estimatef the source
depth, we employ a time-domain regional waveform inversiaoutine (based
on that of Herrmann, 2013). We select available data from brddand and
high-gain seismometers within 600 km of the NEIC earthquakepieentre.
Seismograms, with the station response removed, are sulbgecto a four-pole
Butterworth lter, with a pass band in the range 0.02{0.08 Hz. This fre-
guency range has the advantage of removing sensitivity to @tt-wavelength
variations in the velocity structure which, as stated earér, are not included
in our regional velocity model.

Greens functions are calculated by wavenumber integraticior the ve-
locity model described above for event-station distancesa®ed on the sep-
aration between available stations and the NEIC earthquakeotation (see
Figure 1(b)). Synthetic seismograms are then created for dastation based
on the Greens functions for the epicentral distance, assumgia simple pulse
source, and lItered for the same frequency range used for tbeserved data.
We also assume that the source mechanism can be approprigtedpresented
by a double-couple, and calculate the relative amplitudesf ehe synthetic
seismograms appropriately.

Alignment between observed and synthetic waveforms is basaathe rst
P-wave arrival, calculated for the synthetic waveform, and amually picked
on the observed waveform prior to lItering. To account for ptential errors
in the onset determination, a timeshift of up to 0.5 seconds allowed during
inversion, with the optimum shift being determined by maxinsing a cross
correlation function between the synthetic and observed isenograms over
the 0:5 s window around the picked arrival.

The tin for each set of synthetic seismograms is determinedsing the
function (f,) such that

L. )2
| i Sig (1)
i ]|
whereu; ands; are thejth sample ofith observed and synthetic wave-
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forms respectively, for a total of a total ofN observed waveforms, and, , ,z
are the strike, dip, rake, and source depth.

A best-t solution is determined for each depth increment though a
grid search over a parameter range encompassing the full ggnof possible
mechanism parameters in 5increments for strike, dip and rake. Seismic
moment is calculated based on the best- t amplitude scalinfpr the synthetic
seismograms. Best-t mechanisms are determined for the dbprange 1 {
150 km, in 1 km increments. Figure 2 shows the results of thisversion.

A clear minimum is seen in the mist with depth at 78 km, with the
source parameters =060, =60, =025, My =4:72. The source
mechanism is in good agreement with that determined by the ¢€T project
(www.globalcmt.org), and is largely independent of the soce depth. Using
a similar method, Frolich et al. (2015) reported a best-t rgional source
depth of 72{76 km, depending on the precise details of the weity model
used, again in good agreement with our results.

Given the uncertainties present in the velocity model, paitularly for
the depth of the Moho, we perform similar inversions for a raye of velocity
models with Moho depths ranging from 40 { 50 km (based on inasing the
thickness of the lowest crustal layer in Table S1). Minimum mt source
depths for this range vary from 75 to 84 km, and are all contagd within a
relatively broad but well-de ned minima in the mis t functi on. In all cases,
the minimum mis t source depths are> 25 km below the Moho, and there
is minimal variation in the best- t source mechanism.

Similarly, we undertake a series of separate inversions bdsn the di er-
ent catalogue epicenters available, with a maximum horiztal separation of
50 km. Locations within 25 km of the NEIC epicenter result in only minor
variations in the minimum mis t, little change in mechanism and a variation
in best-t depth of 3 km. At greater variations in epicenter, mis t begins
to increase sharply, verifying the applicability of the NEICepicenter to within

25 km. This relative insensitivity to small changes in epicgral location is
likely due to a combination of the removal of absolute travaimes from the
inversion, the uneven distribution of stations around thedcal sphere, and
the lack of stations close .(140 km) to the source, due to saturation of the
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few seismometers at closer distances.

To assist in the investigation of potential source processdehind this
earthquake, we test how appropriate the assumption of a dolébcouple
source is by also inverting at each depth for a best- t uncotr®ined moment
tensor, allowing the incorporation of volumetric and devi@ric components
into the source mechanism. Whilst this does lead to a slight pnovement
in the t to the data, the percentage non-double-couple comgnent remains
low in all cases € 15%), and the orientation of the double-couple component
being similar to that from the inversion for a pure double-agple source, and
the best-t depth diers by 1 km from the pure double-couple @se. As a
result, we conclude that the marginal decrease in mis t doe®ot warrant the
inclusion of a non-double-couple component.

3.3 Depth phase analyses

Whilst short-range regional waveform inversion allows us tolace initial con-
straints on the earthquake depth, the mist minimum remainsbroad, with
a wide range of possible depths capable of tting the obseavaveforms
well. Figures S1 and S2 show waveform mis ts for the best-t nehanisms
at 10 and 20 km relative to the minimum mis t depth. As these gures
demonstrate, variations of 10 km in depth produce little change in mis t to
the minimum, and it is only at larger variations that signi cant di erences
between regional waveforms emerge. Whilst this strongly irhtes a sub-
crustal source, a signi cant increase in the precision of ¢hestimated source
depth can be derived from the delay times of depth phases (mesurce
surface re ections), relative to the direct arrival, in sesmograms recorded
at teleseismic distances from the earthquake source. Theeusf data at
large epicentral distances allows the path followed by therdct arrival and
depth phases following their re ection to be taken as appramately the same.
Depths derived from this methodology are independent of thebsolute travel
time and the velocity structure along the majority of the raypath, and depend
only on the above-source velocity structure.

We select broadband seismograms at epicentral distancegpsgpriate for
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the observation of depth phases (20 { 99 from regions where such phases
are expected to be of high amplitude, and hence observablegskd on the
radiation pattern for the focal mechanism derived from theegional inver-
sion. We split these observations into two categories { thesstations at 30

{ 90 , where depth phases delay times are expected to be unique éach
phase, and those stations at 20 { 3Qwhere depth phases, whilst still present
and interpretable, may not be unique in their arrival times de to potential
triplications, depending on the precise nature of the wholgarth velocity
structure.

Figures 3 and S3 show selected seismograms where depth-plaaseals
are visible for the 20 { 30 distance range. On all the stations shown, a clear
arrival can be identi ed within 1s of the predictedpP arrival time for a depth
of 75 km. Whilst in some cases this arrival is a short isolatedufse (e.g.,
TKL, D52A), in many cases, it is followed by a complex series afrivals over
the following 5s, consistent with predicted triplicate arrivals. On a nurher
of stations, a subsequent arrival coincident with the predied sP time can
be identi ed (e.g., ODNJ, NCB, G54A, T53A).

Figure 4 shows teleseismic waveforms where depth-phaseslanbserved
without the complication of phase triplications. Whilst, due to attenuation,
the signals become increasingly less clear with distancerfr the source, ar-
rivals consistent with the pP arrival time ( 2s) can be seen at a number of
stations (e.g., ABKAR, SMRT, SIV, LPAZ). Similarly, arrivals at the ap-
proximate time predicted for thesP phase can also be seen, although more
rarely (e.g, LVZ, CCB, MLY, COLA).

On several stations shown on Figures 3 and 4, low-amplituderamals can
be identied at  8s after the direct P-wave arrival (e.g., G54A, M54A,
LPAZ, CCB, MLY). Whilst interpreting such low amplitude phasesis com-
plex, we note that these are at the expected time for depth-plse re ections
from the Moho, given the uncertainty in the depth of this inteface.
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3.4 Waveform analysis from array data

To enhance the signal-to-noise ratio, we also make use of italsle small-to-
medium aperture array data at teleseismic distances (one Europe, three
in Asia, and one in North America). The locations of these arraysre shown
on Figure 4 by the blue circles. The results of the analysis didése arrays
are shown on Figure 5.

In each case, data from across the array are beamformed usthg ex-
pected backazimuth and slowness for the dire& arrival. To aid in identi-
fying coherent signals across the array, we employ the-statistic tests de-
scribed in Heyburn and Bowers (2008). Following Blandford @r4), the
F -statistic is de ned as the power of the beam divided by the @&rage di er-
ence between each individual trace in the array (after timshifting) and the
beam, time-averaged over a boxcar window, such that:

P
o= 00

2
Moz M a2 @

FO=(N D—py
N i=1
whereN denotes the number of traces used;(t) denotes the amplitude
from instrument i at time t, ¢(t) the beam, andM represents averaging over
a boxcar window of widthM seconds. The arrival of coherent signals at the
slowness and azimuth used in constructing the beam results large values
of F, whereas when only random, uncorrelated noise is presehtjs expected
to tend to 1.

For each array, we also construct vespagrams, assessingitte®ming sig-
nal coherence (via thd- -statistic) as a function of time and ray parameter, to
con rm that the signals being received are originating fronthe correct geo-
graphic region (Figure 5). Spatial resolution for the signalource is relatively
poor, due to the small aperture width of the arrays used, padularly for the
smaller arrays at MKAR, PETK and USRK (apertures of 4 km). How-
ever, similarities between the apparent slowness of the éat arrival and of
later arriving signals serves to con rm that the interpretel signal is not back-
ground noise, and is not a coherent signal from another spalty-separated
source.

10
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A clear pP arrival can be seen in both the beam and the-trace at ESDC,
and this is then followed by a low amplitude, high coherencégsal consistent
with sP. The sP phase is particularly clear in both the beam andF -trace at
ILAR and USRK. MKAR and PETK also show evidence for low-amplitue,
high-coherence arrivals, although in both cases they aregéitly later than
predicted. All arrays show the arrival of low amplitude signi, low coherence
arrivals at other points in the waveform, both before and aér the much larger
amplitude depth phase arrivals. Whilst the vespagrams demsirate that
these are indeed coherent signals originating from the agpimate source
region, given their similar apparent slownesses to the datearrival, due to
their low amplitude, we interpret these as Moho/intracrusal re ections and
conversions, arising from impedance contrasts in either éhnear-source or
near receiver velocity structure.

In both the single-station data shown in Figure 4 and in the aay data on
Figure 5 a single depth value is unable to precisely match théserved depth
phase delay times at all stations, with discrepancies for pbest-t depth
(75 km, based on the optimum t to predicted arrival times) ranging up to
2 seconds. This likely represents the three-dimensionaltaee of the near-
source velocity structure, which is not well modelled, andinot accounted for
in the one-dimensional velocity model used in predicting jgise arrival times.
This e ect is rarely a signi cant problem with shallow earthquakes, as the
velocity structure along the depth-phase raypath for statins on di erence
sides of the focal sphere is little di erent, but at the extrene depth of this
earthquake, depth phase bounce-points may be separated Wyslof km at
the surface, which, in the case of this earthquake, can mealetdi erence
between a depth phases passing through the basement-coredn@WiRiver
mountains, or through the sedimentary Wind River basement, ith di erent
velocity structures, and di erent elevations.

Given the azimuthal variation seen in the precise arrival thes of depth
phases, with a single depth unable to t exactly all arrival tmes (see Figures
3,4,5), an error bound on our best- t source depth of 8 km is calculated
based on assuming a depth optimising the ts to all depth pha&sobserva-
tions (underpredicting the delays in some case, overpreting in others, and

11
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assuming an uncertainty in our velocity model of 10%). This ncertainty
interval is consistent with the width of the mist minima in t he regional
waveform inversion (Figure 2), and its variaton with reasonae changes in
the location and velocity structure.

3.5 Focal mechanism estimation using relative ampli-
tude methods

In studies of small to moderate size earthquakes, the rekati amplitude
method (Pearce, 1977, 1980) is often used to nd orientatisrof the double-
couple source that are compatible with the observed polaigs and ampli-
tudes of the phased?, pP and sP. In the relative amplitude method, as
a result of microseismic noise and the interference of othphases arriving
at similar times, there is some uncertainty in the amplitudeof an observed
phase. A nominal box-car probability function is used to dene upper and
lower amplitude bounds within which the true amplitude of eeh observed
phase is judged to lie. As long as the focal mechanism is conipbd with
the observed polarities, and the computed relative amplities ofP, pP and
sP fall within the upper and lower relative amplitude bounds othe observed
phases, the focal mechanism is deemed compatible.

We take eight vertical component seismograms from telesmig stations
with clear phase arrivals distributed around the focal sphie (discarding sev-
eral where multiple observations from similar locations aravailable { e.g.,
Alaska). Table S2 gives the polarities and range of amplitudeassigned to
direct P and the depth phasepP for the Wind River earthquake. The polar-
ity of P could only be con dently determined from un ltered seismogams
for three of the eight stations. Amplitude observations areat included for
MKAR as the IASPEI 1991 model predicts that the phas@PcP will arrive
at a similar time to pP, making the accurate measurement of the ampli-
tude of pP di cult. We also do not include amplitudes for sP as this phase
is very sensitive to the above-source structure and givendhdepth of the
source and the uncertainty in the above-source wavespeedsl alensities it
is possible that acceptable focal mechanisms could be aecithlly deemed

12
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incompatible.

Following the results of our regional tests for the importace of volumetric
or deviatoric components of the moment tensor, we assume tidind River
earthquake is a double-couple source, and perform a grid s#gathrough
orientation parameter space for solutions satisfying theefative amplitude
bounds in Table S2 using increments of Sfor strike, dip and rake. We
calculate the take-o angles ofP and S using the wavespeed model in Table
S1. As the data are relative amplitudes, the absolute scalarament cannot
be determined with this method.

Figure 6(a) is the vector plot (Pearce, 1977) displaying theange of
compatible double-couple solutions. Vector plots displagrientations of the

double-couple (in the co-ordinate system of Pearce 1977¢Buhat strike= [0 ,360],

dip= [0,180], slip= [0,180]) by plotting each compatible mechanism ori-
entation as a unit vector drawn at an angle from the Cartesian point
( , ). The existence of many focal mechanisms that are compatbWith
the observations supports our interpretation that the sowe is at a depth
of approximately 75 km (in e ect, supporting the correct idati cation of
depth phases at times consistent with this depth). The telessmic body
wave observations do not however constrain the source otiamon very well.
Compatible focal mechanisms in the vector plot in Figure 6(ajclude pure
reverse faults, horizontal faults and dip-slip faults. Theyoor constraint is
perhaps due to the low number of polarity observations, hower normal
faults are deemed incompatible due to the positive polaritpbservations at
ILAR, PETK and MKAR.

3.6 Combined focal mechanism

To improve the constraint a set of observations places on tHecal mecha-
nism it is often preferable to use data observed at a range okthnces and
azimuths. For example, a detailed analysis of a small to modge size earth-
quake in China (Selby et al., 2005) showed that while the tedeismic body
wave data poorly constrains the strike of reverse faults, iican be resolved if
surface wave data are included in the analysis. Many studiésve therefore

13
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estimated the source parameters of seismic sources by cammiyg regional
and teleseismic waveforms (e.g., Baker and Doser, 1988; Hatid Wallace,
1987; Heyburn and Fox, 2010).

Figure 6(a) showed that there are many focal mechanisms whiahe com-
patible with the observed polarities and amplitudes of the pdsesP and pP.
The teleseismic body waves on their own do not therefore adedely con-
strain the focal mechanism. Figure 6(b) shows focal mechamis on a lower
hemisphere stereographic projection which have a mist vhin 10% of the
minimum mis t found in the regional inversion. Whilst the regonally-derived
focal mechanism is better constrained than for the telese&c body waves,
ranges of 45to 70 for the strike, 35 to 85 for the dip and -10 to 40 for
the rake (co-ordinate system of Aki and Richards, 1980) meahdre is still
a reasonable degree of uncertainty. To better constrain tfecal mechanism
we search the full covariance matrices from our two indepeedt mechanism
grid searches for focal mechanisms which are compatible lwihe observed
polarities and amplitudes of the phase® and pP and also have a mist
within 10% of the minimum mis t found in the regional inversion. Accept-
able solutions are those which t all observed polarities, ral have relative
amplitudes for teleseismic phases within the uncertaintydunds as speci ed
in Table S2, and which have mis ts in the regional inversion ithin 10% of
the minimum mis t. The lower hemisphere stereographic prection in Fig-
ure 6(c) shows the focal mechanism orientations which mediedse criteria
{ only nine parameter combinations, on our 5 parameter grid. The focal
mechanism is now well constrained with ranges of 5@ 60 for the strike,
75 to 85 for the dip and 30 to 40 for the rake thus demonstrating the
usefulness of combining the two datasets. Our preferred &anechanism
has =55; =75 and = 35 (Figure 6(d)) and is chosen as in the
regional inversion it has the lowest mist of the nine focal rachanisms also
compatible with the teleseismic relative amplitudes and parities, displayed
in Figure 6(c).

In all cases, regions where large-amplituge® depth phases are observed
(Eastern US, Figure 3; South America and the Caribbean, Figure 4jhese
are predicted by the radiation pattern (see Figures 3, 4) froraur combined
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mechanism, even for stations not used in the relative amplitle calculations,
reinforcing that these phases have been correctly identoe and are notsP

phases from a shallower source depth. The same match betwebservation
and prediction is also qualitatively true forsP observations in Alaska and
Asia, despite these not being included in the relative amplitle calculations.
Regional waveform synthetics for this combined mechanisnreashown in
blue on Figure 2. Dierences between the best regional-onlpdal mecha-
nism, and the waveforms for the combined mechanism at the éskismically-
constrained soruce depth are only signi cant on the vertidcecomponents of
DUG and RLMT, where the combined mechanism underpredicts thempli-

tude of the Rayleigh wave, although we note that the signabktnoise ratio at
both stations is poor, and both stations are located close twodal planes.

3.7 Waveform synthetics

To evaluate our best- t focal mechanism, synthetic telesemic P wave seis-
mograms are calculated for our preferred focal mechanism atir best- t
overall source depth of 75 km. The short-period teleseisnfitt wave seismo-
grams are calculated using the method of Douglas et al. (19728nd the nite
source model of Savage (1966). Figure 7 shows the observed symthetic
short-period vertical componentP waveforms calculated using the combined
model source parameters and the source region structure iable S1. AspP
and particularly sP are particularly sensitive to the above-source structure,
to improve the t of the synthetic seismograms to the obserek data, the
thickness and wavespeed of the top sediment layer is modi etightly from
the original model of Herrmann et al. (2011).

To match the scalar moment obtained from the regional invei@n, a cir-
cular fault (Savage, 1966, model) with a radius of 0.85 km araistress drop
of 100 bars is used. Amplitude losses due to anelastic attetioa in the
mantle are made using values af between 0.38 and 0.75. These values (de-
tailed on Figure 7) have been chosen so that the amplitude ofdtieleseismic
synthetic waveforms generated using our combined source aebmatch the
observed amplitudes of teleseismie-waves. However, we note that using a
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di erent set of elastic parameters in our regional inversio (which constrains
the scalar moment) would result in a di erent moment, and regire di erent
t* values.

The t of the synthetic seismograms to the observed is mostlgood.
At SMRT, LPAZ, PTGA, and ESDC, the low amplitude P and large pP
are modelled well. The large amplitudesPs at ILAR and USRK are also
modelled well. At PETK where a simple seismogram is observedth no clear
pP or sP, again the synthetic seismogram is in good agreement. At MKAR
amplitude measurements were not included in the relative aptitude analysis
however there is reasonable agreement between the obseraad synthetic
seismograms withP being the dominant phase on both seismograms. On the
observed seismograms at MKAR two low amplitude arrivals arebgerved 21
sec and 33 sec afteP. This is later than the arrivals interpreted aspP and
sP at many of the other teleseismic stations which arrive at 18es and 28
sec. However as discussed abop®cP and sPcP are predicted to arrive at a
similar time to pP and sP so these two arrivals observed at MKAR may not
in fact be pP and sP. The method of Douglas et al. (1972) does not model
PcP and its depth phases so they are not seen on the synthetic setgrams.

Synthetic waveform polarities at LPAZ and ESDC appear that tley may
be incorrect. The application of a bandpass Iter distorts he waveform
(Douglas, 1997), and polarities were not clearly identi ale on the un ltered
trace, hence polarities at these stations were not includdgtle mechanism
inversion. We note that ESDC lies close for th&-wave nodal plane, and
hence polarity reversal would require only a small change armientation. We
also note the potential for distortion due to Itering to be d erent between
the synthetic and observed, due to an inaccurate represetitm of the source
duration and rupture history.

3.8 Analysis of the aftershock using Pinedale array
data

Finally, we make use of the location of the short-period arragvertical com-
ponent only) and single broadband station (three-compongnat Pinedale,
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WY, located on the south side of the Wind River Range (see Figureh), and
in close proximity to the earthquake epicentre ( 42 km). In particular, we
use this array to examine the aftershock reported by the NEICtd5:15:34
UTC, approximately two hours after the main Wind River earthquake, and
with a similar catalogue location. Whilst the small magnitu@ of the after-
shock My 3) makes is unsuitable for the analyses conducted so far ingh
paper, the proximity of Pinedale to both earthquakes meanshat a clear
signal was recorded for both events. Figure 8(a) shows the utered three-
component waveforms from the broadband seismometer at Pdade, aligned
by the P arrival, and clearly demonstrates that the delay time betwenP and
S arrivals for the mainshock event (red waveforms) is virtu@y identical to
that for the aftershock (blue waveforms). A similar gure ugng all the short-
period data from the Pinedale array is included in suppleméry material
(Figure S4). Figure 8(b) then shows the relative inter-statio delay times for
arrivals between short-period instruments within the Pindale array. Delay
times were calculated using picks for the initial peak, raér than the onset
as for both earthquakes the onsets are low amplitude and diwt to pick
meaning that onset picks could potentially be a ected by vaable noise levels
across the array. The sampling interval for these instrumésis 0.05 seconds
and all inter-channel delays are within one sample of beinge& same for both
the mainshock and aftershock, indicating that the apparentector slowness
across the array is the same for both events. Given the sintikzes in the
delay time betweenP and S arrivals (in e ect, the event-station distance),
and in the apparent vector slowness, it is highly likely thathe two events
occurred in close proximity to each other. Hence, we conclutieat the af-
tershock likely had a similar depth to the mainshock, and waalso located
in the lithospheric mantle.

4 Discussion

The depth of this earthquake (75 8 km) makes it the second deepest
earthquake yet identi ed in a stable continental region (egluding the special
case of the India-Asia collision zone). The depth of the Moha this areas is
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well constrained from combined surface-wave dispersiondareceiver function
studies, with local crustal thicknesss between 42 and 50 krsHen et al.,
2013). Hence, this earthquake occurred well within the mamet] and likely
over 20 km deeper than the base of the crust. We are aware ofyotwo other
comparable earthquakes, occurring at signi cant depths ia the continental
mantle lithosphere: the 1979 Randolphe, Utah, earthquake 80 km (Zandt
and Richins, 1979),& 40 km into the mantle, and the 2000 Arafura Sea
earthquake, at 61 4 km, 25 km into the mantle (Sloan and Jackson,
2012).

The extreme depth of this earthquake poses some interestiggestions
as to how it ts within our understanding of the rheology of the continental
mantle, although the isolated nature of this earthquake mads it hard to draw
any rm conclusions as to the underlying causative proces©ne possibility
is that this earthquake may result from the migration of uids within the
mantle.

Microseismic activity in a variety of volcanic regions havéeen reported
at depths signi cantly greater than would ordinarily be expected for seis-
mogenesis { a phenomena typically ascribed to the high strarates present
during the movement of magma allowing the seismogenic, lité failure of
rocks at temperature where they normally deform in a ductilenanner at
lower tectonic strain rates (e.g. Keir et al., 2009; Reynerst al., 2007; Lin-
denfeld and Rempker, 2011). The Wind River range is not an aseof active
surface volcanism, and the earthquake considered here i;ne0200 km from
the current location of the Yellowstone hotspot, and its asxiated volcan-
ism, in northwestern Wyoming (see Figure 1). There is little @dence for any
connectivity between the magmatically active areas aroundellowstone, and
our earthquake, with no intervening seismicity or volcanig, and a signi cant
change in the seismic velocities between the source regidmor earthquake,
and the region underlying Yellowstone (Schmandt and Humptes, 2010).
In addition, such magma-related seismicity is typically ofimited maximum
magnitude. Simple scaling relationships suggest that the Wil River earth-
quake ruptured an area of 10° m2. Whilst the relations governing such
calculations are not strictly appropriate for magma-asdied earthquakes, the
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scale of the rupture patch is inconsistent with a magmaticht-driven source
process. The relatively large magnitude, the predominastldouble-couple
source, and the lack of any progressive sequence of seigwiail argue in

favour of a tectonic, rather than a magmatic or uid-relatedorigin. However,
we cannot completely rule out the possibility that this isated earthquake is
the result of the migration of some form of uid, potentiallyeither as a distal
e ect of the Yellowstone plume, or as a result of the backgrow migration

of small-fraction melts within the mantle lithosphere.

The other main alternative, that this earthquake represers the brittle
failure of the mantle as a result from tectonically-derivedtresses, is similarly
di cult to reconcile with our current understanding of continental seismogen-
esis. The prevailing view, drawn principally from the strog age-dependence
of the thermal structure and seismogenic thickness of ocearithosphere
(Wiens and Stein, 1983; Craig et al., 2014), is that seismigiin the oceanic
mantle persists to depths consistent with 600 C. The continental man-
tle earthquake under the epicratonic Arafura Sea was detern&d to lie near
the boundary of a seismically-fast, cold region of lithosghe, with a probable
temperature in the source region of close to, but less tharfQ®C (Sloan and
Jackson, 2012). However, the location and depth of the Randblp, Utah,
earthquake are unlikely to be so cold, if a 1-dimensional estdy-state thermal
structure is assumed (Wong and Chapman, 1990). For the areatbe Wind
River earthquake, the interaction of the Yellowstone plumevith the edge of
cratonic North America, and uncertainties about the preciseotcation of this
edge, makes the thermal structure of the lithosphere herdpag the margins
of stable North America, hard to assess in detail. However, we dote that
the source region lies marginally within the faster wavespd region of the
North American mantle which underlies much of stable North Ameca (e.g.
Schmandt and Humphries, 2010; Sigloch, 2011; Schmandt ana,2014), of-
ten interpreted to represent cold, strong lithosphere, andithin an area with
relatively low surface heat ow (Mareschal and Jaupart, 2013 In addition,
the mechanism orientation is consistent with an approximaly N-S principle
compressive stress direction, as demonstrated by the sball regional seis-
micity in this area (Herrmann et al., 2011), suggesting it maype a response
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to the regionally coherent stress eld. If indeed this earttjuake is the result
of brittle failure of the lithospheric mantle at close to 80 kn depths, and
hence is indicative of persistent lithospheric strength ithis region to such
depths, it poses some interesting geodynamic questions arrhs of the forces
required during the Laramide Orogeny to deform the Archeanthosphere in
forming features such as the Wind River range. It would also sggst the
potential for stable and extremely strong regions of the ctinental interior
to experience extremely infrequent seismicity, presumabhs a result of the
long-term support of applied tectonic stresses.

Several hypothesis have been suggested to explain the ocence of inter-
mediate and deep-focus earthquakes within subducting lidlsphere at depths
and temperature believed to be inconsistent with normal itie failure (e.g.,
transformational faulting, dehydration embrittlement, shear-heating). How-
ever, we consider these mechanisms are unlikely to apply teetcase of the
Wind River earthquake, given its location within a region of acient, appar-
ently stable, steady-state lithosphere.

5 Conclusion

We present a robust set of seismological analyses, takingvadtage from
a high-quality, globally distributed, dataset, demonstréng that the My
4.7 2013 Wind River earthquake occurred at a depth of 75 8 km, with
strike=55 , dip=75 , rake=35 . The depth of this earthquake places it some
20-30 km below the Moho in this region, well within the contiantal litho-
spheric mantle of North America. The interpretation of this inthe context
of the rheology of the continental mantle remains open to dake, due to the
uncertain thermal structure along the craton boundary in tis region, and
the potential distal in uence of the Yellowstone plume.
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Figure 1: (a) Location map. Black points indicate seismicity from the NEIC cat-
alogue, scaled by magnitude. (b) Regional context. Black points are again NEIC
catalogue seismicity. Green mechanisms indicates the Wind Riverathquake.
Yellow circle indicates the 1979 Randolphe, Utah, earthquake at 90 km defbt
(Zandt and Richins, 1979). Red circles indicate the locations of regional esmic
stations used in the regional waveform inversion (Figurse 2, S1, S2). Bacircle
indicates the location of the Pinedale seismic array (PDAR) used in he aftershock
analysis (Figures 8, S4. (c) Simple geological context, highlighting thedcation of
the Wind River earthquake relative to the Wind River Range and Basin, and to
the present location of the Yellowstone hotspot.
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Figure 2. Results of the the regional waveform inversion. The panel inlie top left
shows how mis t evolves with varying depth. Best-t focal mechanisms (aligned
with “north' along the mis t axis and “east' along the depth axis) for a given depth
are shown only at 5 km intervals, for clarity. The minimum mist solut ion and
depth are highlighted by the red focal mechanism and red bar. The remaing
panels show the waveform ts for the overall minimum mist solution. X-axis
tick marks are 5 second intervals. Grey traces are observed data. Reddces are
the aligned synthetic waveforms for the best-t model. Blue traces are aligned
synthetic waveforms for the mechanism determined by combination vih the tele-
seismic relative amplitudes and polarities, at the depth consistenwith the arrival
times of depth phases. Waveforms are2ffouped into vertical, radial andransverse
components, and are identi able on Figure 1 by their station ID, shown on the
bottom left of each seismogram.
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Figure 3: Analysis of broadband records at 20 { 30 epicentral distance. Panels
(a) and (b) show the radiation patterns for pP and sP arrivals respectively, based
on the focal mechanism determined from the joint regional and teleseisic ampli-
tude inversion (shown by the green focal mechanism). Blue circkindicate the
location of the stations corresponding to the remaining panels of the gue, iden-
ti ed by station ID. Red circles indicate those seismograms includel on Figure S2.
The remaining panels show broadband seismograms (bandpassed using a dle
Butterworth Iter for the frequency range indicated). Grey, blue , and green bars
indicate the predicted arrival times for P, pP, and sP phases respectively, calcu-
lated for a source depth of 75 km. If the station lies at an epicentral disance where
triplications are predicted, the rst-arrival triplication is take n for each phase.
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Figure 4. Broadband teleseismic records. The top two panels show theadiation
patterns for pP and sP arrivals based on the focal mechanism determined from
the joint regional and teleseismic amplitude inversion (shown by tlke green focal
mechanism). Red circles show the location of single-station broadbangeismome-
ters shown on this gure. Blue circles show the location of multi-nstrument arrays
used in Figure 5. Lower panels shown broadband seismograms (bandpasseihgsa
4-pole Butterworth lter for the frequency range indicated). Grey, blue, and green
bars indicate the predicted arrival times’for P, pP, and sP phases respectively,
calculated for a source depth of 75 km.
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Figure 5: (a) { (e) Seismic array analysis at teleseismic distances. Aay locations
are identi ed by array ID on the radiation pattern plots on Figure 4. For each
array, the top panel shows the bandpassed beamformed seismogram, for tipass
band indicated, and at the azimuth and ray parameter predicted for the drect P
wave arrival. Grey, blue, and green bars indicate the predicted arwal times for
P, pP, and sP arrivals. The second panel shows the normalise# -statistic. The
nal panel shows a the F -statistic as a function of time and slowness. Grey, blue
and green points show the predicted arrival times in time and slownss space for
P, pP, and sP.
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Figure 6: (a) Vector plot (Pearce, 1977) for the 21 September 2013 Wyoming
earthquake showing the orientations of double-couples which are corsient with
the observed polarities and amplitude bounds in Table S2. The lower-amisphere
stereographic projection shows the focal mechanism with the lowéscalculated
mis t in the regional inversion which is consistent with the observed polarities and
amplitude bounds (shaded quadrants show compressional polarity). Theoordi-
nate system used is that of (Pearce, 1977). (b-d) Lower hemisphere swwgraphic
projections showing: (b) Focal mechanisms which have a mist wihin 10% of the
minimum mis t in the regional inversion. (c) Focal mechanisms which have a mis-
t within 10% of the minimum mis t in the regional inversion and are compat ible
with the observed teleseismic body-wave polarities and amplitud bounds in Table
S2. (d) Our preferred source orientation with stations used in the téeseismic body
wave analysis marked on the projection. The positions of these stationare calcu-
lated using the take-o angles of P predicted by the IASPEI 1991 model (Kennett,
1991) for a source depth of 75 km.
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Figure 7: Observed (black) and synthetic (red) vertical component &ort-period

waveforms calculated for our preferred source mechanism. The obsen and syn-
thetic seismograms have all been converted to a Yellowknife shogteriod response
and have been ltered with a passband of 0.5-3.5 Hz. At each station the ssi

mograms are plotted on a common amplitude scale. The values d@f used in the
calculation of each synthetic seismogram are reported on the lower leftazner of
each panel.

33



Figure 8: (a) Un ltered broadband seismograms for the 3-component broadband
seismometer at Pinedale for the main Wind River event (red) and the sbsequent
aftershock (blue). Traces are aligned on theP-wave arrival and amplitudes are
normalised. Note that the S-wave arrival for the mainshock saturates theseis-
mometer. (b) Relative delay times for P-wave arrivals at the short-period seis-
mometers within the 13-instrument Pinedale array. Seismometer samling rate is

0.05 seconds.
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