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EARTHQUAKE DYNAMICS

Supershear rupture in a M, 6.7

aftershock of the 2013 Sea of
Okhotsk earthquake

Zhongwen Zhan,">* Donald V. Helmberger,> Hiroo Kanamori,” Peter M. Shearer"

Earthquake rupture speeds exceeding the shear-wave velocity have been reported for
several shallow strike-slip events. Whether supershear rupture also can occur in deep
earthquakes is unclear, because of their enigmatic faulting mechanism. Using empirical
Green's functions in both regional and teleseismic waveforms, we observed supershear
rupture during the 2013 moment magnitude (M,,) 6.7 deep earthquake beneath the Sea
of Okhotsk, an aftershock of the large deep earthquake (M,, 8.3). The M,, 6.7 event
ruptured downward along a steeply dipping fault plane at an average speed of 8 kilometers
per second, suggesting efficient seismic energy generation. Comparing it to the highly
dissipative 1994 M,, 8.3 Bolivia earthquake, the two events represent end members of deep
earthquakes in terms of energy partitioning and imply that there is more than one rupture

mechanism for deep earthquakes.

ost earthquakes rupture at speeds less
than the shear-wave speed (V). Theory
and laboratory experiments indicate that
rupture speeds in excess of Vg are pos-
sible (I-3), and supershear ruptures have
now occasionally been reported for large strike-
slip events (mode II), including the 1979 Imperial
Valley (4), 1999 Izmit (5), 2001 Kunlun (6-8), 2002
Denali (7, 9), 2010 Yushu (10), and 2013 Craig (1)
earthquakes. All of these documented occurrences
were shallow earthquakes with a simple fault geo-
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metry (12), and mostly with surface breaks, which
is consistent with theoretical studies that the free
surface helps promote supershear rupture (13, 14).

No definitive evidence has yet been obtained for
supershear rupture in deep earthquakes (depth >
300 km) (15). However, the rupture speeds of
these events are difficult to estimate because
of a general absence of near-field observations,
and they appear highly variable. For example,
the rupture speeds of the two largest deep earth-
quakes observed to date, the 1994 moment mag-
nitude (M,,) 8.3 Bolivia earthquake and the 2013
M,, 8.3 Sea of Okhotsk earthquake (16-18), were
about 0.2 to 0.4 and 0.7 Vg, respectively. About
80% of the rupture velocities for deep earth-
quakes fall between 0.3 and 0.9 Vs (19), a greater
range than is seen for shallow earthquakes (15).
The rupture speed may depend on the slab ther-

mal state (20, 21), with ruptures propagating more
slowly in warm slabs than in cold slabs, but seismic
observations have been inconclusive (22, 23). The
one previous example of observed supershear rup-
ture during the 1990 M,, 7.1 Sakhalin deep earth-
quake neglected to take into account waveform
changes from attenuation and the high-velocity
subducted slab (24, 25).

The 24 May 2013 M,, 8.3 Sea of Okhotsk event
(depth, 607 km) was the largest deep earth-
quake ever recorded (Fig. 1), slightly larger than
the 1994 Bolivia earthquake. On the same day,
an M,, 6.7 earthquake at a depth of 642 km oc-
curred about 300 km southwest of the mainshock
and was recorded by many teleseismic stations
and one regional station (Fig. 1). An extraordi-
nary feature of the M, 6.7 event was its sharp
teleseismic P waves, which had displacement
pulse widths at most azimuths of 1 to 2 s (Fig. 1).
These are much less than the expected source
duration of 8 s, based on its magnitude and pre-
vious studies of scaled durations of deep earth-
quakes (26, 27). If taken as a rough estimate of
the M,, 6.7 earthquake’s source duration, these
very short teleseismic P-wave durations imply
extremely high stress drops in a range from
157 MPa to 5.856 GPa (17). On the other hand,
the regional station PET (distance = 495 km) on
the Kamchatka Peninsula to the east displayed a
much longer direct P wavetrain of about 5 s (Fig.
1). Because the P wave to the PET station left the
source along an upgoing ray path, instead of the
downgoing rays for the teleseismic stations, this
longer P-wave duration at PET suggests possible
downward rupture directivity during the M., 6.7
earthquake. However, to test this possibility we
first need to account for possible path effects such
as wave diffractions along the high-velocity slab
in which the earthquake occurred and site effects
at the stations.

We used waveforms from two nearby smaller
earthquakes (Fig. 1; the 24 June 2013 M,, 4.3
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event and the 30 August 1996 M., 5.5 event) as
empirical Green’s functions (EGFs) to calibrate
the paths. The M, 4.3 earthquake’s small mo-
ment, similar depth, and probably similar focal
mechanism as the M, 6.7 earthquake (fig. S1)
make it an ideal EGF event. Its direct P wave

recorded at the PET station displays two dis-
tinct arrivals separated by about 2 s (Fig. 2), due
to diffraction along the dipping high-velocity
slab in the upper mantle (25). Therefore, the
apparent 5-s P duration of the M, 6.7 earth-
quake at the PET station was partly caused by
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Fig. 1. Earthquake and station locations. The 2013 Okhostk M,, 8.3 mainshock and M,, 6.7
aftershock are displayed as the black and red beachballs, respectively. The two red stars connected
with two smaller beachballs represent the EGF events used in this study. Slab contours from the Slab
1.0 model (31) are shown as dashed lines. The inset shows teleseismic and regional stations with four
representative P vertical displacement seismograms (green lines).
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Fig. 2. EGF and deconvolution. The three columns display vertical-component seismograms of the M,,
6.7 earthquake, EGFs, and the deconvolved STFs. To ensure high signal-to-noise ratio and enhance high-
frequency energy, we used acceleration seismograms filtered between 0.5 and 1 Hz. Seismograms of the
M,, 6.7 event and EGFs are flipped to have the same polarity before deconvolution. The black and red traces
in the first column are the data and predictions, respectively. The two numbers beneath station names are
distances and azimuths in degrees. In the third column, we show the STF durations defined by the red
shading, which includes most of the energy.
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the structural path effect. We deconvolved the
EGF waveform from the M., 6.7 earthquake P
wave to remove the path effect and obtained a
more accurate source-time function (STF) (28).
Most of the energy then concentrated in the
first ~2 s, which we measured as the STF dura-
tion at the PET station (Fig. 2; red shading in
top STF).

Because teleseismic records of the M, 4.3 event
are noisy, we used the 1996 M., 5.5 event at some-
what shallower depth (~590 km) with a slightly
rotated focal mechanism (Fig. 1) as the tele-
seismic EGF event. Because we only used tele-
seismic direct P waveforms (no absolute amplitude),
these small differences in depth and radiation
pattern did not significantly affect the accuracy
of the EGFs. The M,, 4.3 and 5.5 EGF events had
highly similar waveforms at the regional station
PET and several quiet teleseismic stations (fig. S2),
despite their difference in moment. This suggests
that both EGF events can be regarded as delta-
function-like point sources and their waveforms
are mostly controlled by path effects. We chose
teleseismic stations with clean direct P waves
from both the M,, 6.7 and the M, 5.5 earthquakes
(Fig. 1 inset) and then deconvolved to estimate
STFs and their durations (Fig. 2 and fig. S3).
The resulting teleseismic STF durations range
from ~0.5 to ~1 s. For both regional and tele-
seismic stations, relatively simple and compact
STFs convolved with the EGFs produce good fits
to the direct P and P-coda waveforms of the
M,, 6.7 earthquake, which suggests effective cor-
rection of the path effects. We also attempted to
include two more stations, MA2 and YSS, at dis-
tances of about 818 and 858 km, respectively
(fig. S4). Direct P waves from these stations left
the source along approximately horizontal ray
paths. However, because of waveform complex-
ities caused by triplications due to the 660-km
discontinuity (figs. S4 to S6), we were unable to
find an appropriate EGF event to correct for these
structural effects.

After removing the path effects with EGFs, we
inverted the resulting STF durations for earth-
quake rupture parameters. The path-corrected STF
duration of the PET station (~2.1 s) is still more
than two times longer than those of the teleseismic
stations (0.5 to ~1 s), suggesting downward rupture
directivity. For three-dimensional unilateral rup-
ture (fig. S7), the STF duration of the 7-th station 7;
can be written as a function of rupture duration ,
horizontal rupture azimuth 6,, and horizontal and
vertical dimensions L and H, as T; = t + ££0,)L +
n:H, where 2(0,)L and n;H are the corrections for
azimuthal and vertical directivity, respectively.
Note that @;(0,) = M is the horizontal
directivity parameter for'the i-th statlon with
azimuth 6, and P-wave phase velocity c = Sm“
(18, 29). Here ;, is the takeoff angle for the - th
station, and o is the P-wave speed. Therefore,
the azimuthal variations in STF durations
resolve the rupture direction 6, and horizontal
extent L. In the final term, n; = — ¢ o is the
vertical slowness, negative for teleseismic sta-
tions (with down-going rays) and positive for
regional stations (with up-going rays). This sign

11 JULY 2014 « VOL 345 ISSUE 6193 205



RESEARCH | REPORTS

Fig. 3. Inversion for A 180 I B o.0s

earthquake rupture |

parameters. (A) Mis- 170 | |

fit as a function of ll Vs 1.6 0.06

the grld—searched 1601 , £

vertical rupture @ 0041 1

extent H and rupture | 1.4 5]

azimuth 6,. The red & 1507 | 2 o2l |

dot at (11 km, 130°) ¢ | L s g -

marks the optimal g 140 - | Ce o

solution without a g | é’ ? or 7

substantial tradeoff. o 130 | Ly §

The dashed contours g_ | -5 0021 |

show the rupture & 120+ | =

speeds for all grid- l 0.8 %

searched solutions at N -0.04 1
110 | [}

reference speeds of | T

Vs, V2 Vs, an.d Ve. 100+ [ 06 -0.06 @ STF duration i

(B) STF durations @ With vertical correction

with and without : == Best fitting line

i i ivi 90 : 0.4 -0.08 ! !
vertical directivity o 5 15 20 0 3

corrections, assuming
the optimal values

10
Vertical Rupture Extent H (km)

1 2
STF Duration (s)

from (A). The corrected STF durations (blue dots) fall near a straight line with a slope of L = 4 km, and zero-crossing duration of 1 = 1.5 s (red cross).
The green dots show the STF durations without the vertical directivity corrections, in which the PET station has a longer STF duration than all the

teleseismic stations.

difference in n; accounts for the major observed
difference between teleseismic and regional
STF durations.

‘We used a grid-search method to invert for the
rupture parameters (t, 6,, L, and H). The least-
squares misfit of the STF durations, as a function
of rupture vertical extent H and rupture azimuth
0,, has a well-defined global minimum at H =
11 km and 6, = 130° (Fig. 3A). With these opti-
mal values, the STF durations corrected for the
downward vertical directivity (Fig. 3B) fall near
a straight line with a slope of L = 4 km and zero-
crossing duration of T = 1.5 s. With L = 4 km
and H = 11 km, we estimated the rupture dip
to be ~70° coincident with the steeper fault
plane's dip of ~69° (7). Because the rupture di-
rection 0, = 130° is roughly perpendicular to the
fault strike (~26°), we conclude that the M, 6.7
earthquake features a downward mode II rup-
ture on the fault plane dipping steeply to the
southeast (Fig. 4A). The rupture propagated
VL2 + H? or ~12 km in t = 1.5 s, from which
we estimate an average rupture speed of about
8 kmy/s. This speed is about v/2 Vs, which is sub-
stantially higher than the local shear wave speed
(Vs ~5.5 km/s, based on the Preliminary Refer-
ence Earth Model). Contouring the average rupture
speeds for all grid-searched rupture parameters
(Fig. 3A) shows that within the region with
reasonable misfit (inside the dark blue contours),
the rupture speed is always higher than Vs and
lower than V. Within 95% confidence limits, the
average rupture speed is 8.0 + 0.7 km/s. Anom-
alously broad teleseismic depth phases (pP) also
are roughly consistent with the downward super-
shear rupture model (figs. S8 and S9). However,
PP pulse widths exhibit much larger scatter than
P pulse widths, and their behavior appears to be
heavily influenced by complicated path effects,
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Fig. 4. Earthquake stress drop and energy partitioning. (A) Rupture geometry of the M,, 6.7
earthquake. In the focal mechanism in map view, the thick red line marks the steep fault plane on
which the rupture is inferred to occur. The orange arrow shows the estimated rupture direction,
almost perpendicular to the fault strike. In the side view along the fault strike from the southwest, the
earthquake ruptured along the steeper fault plane downward at a speed of 8 km/s. The horizontal
and vertical rupture extents are 4 and 11 km, respectively. (B) Stress drop and available strain energy
as a function of rupture area radius. Assuming a rupture speed from 1.5 to 4.5 km/s, Ye et al. (17)
obtained rupture radii of 1 to 3 km (thick black line), which correspond to stress drops higher than
those of the 2013 Okhostk M,, 8.3 mainshock and the 1994 Bolivia earthquake (dashed blue lines as
references, left vertical axis). The resulting available strain energy is also significantly higher than the
radiated energy (dashed red line, right vertical axis) (17), which suggests low radiation efficiency. Our
preferred result with a supershear rupture speed of 8 km/s is marked as the red dot, assuming a
circular crack. The stress drop is about 32 MPa, and the available strain energy is close to the
radiated energy, suggesting a radiation efficiency of near unity.

thus we cannot invert the pP waveforms for rup-
ture parameters with any confidence.
Previously identified extremely high-stress
drops (157 MPa to 5.856 GPa) of the M, 6.7
earthquake and subsequently low radiation ef-

ficiency (0.005 < ng < 0.15) (16, 17) depict this
event as mechanistically distinct from the Okhotsk
M,, 8.3 mainshock (Ac = 15 MPa, ng = 0.6) and
more similar to the 1994 M,, 8.3 Bolivia earth-
quake (Ac = 114 MPa, nr < 0.036) in a warmer
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slab (Fig. 4B). This complexity suggests strong
stress heterogeneity in subducted slabs (17). How-
ever, supershear rupture during the M, 6.7 earth-
quake brings its stress drop down to 32 MPa and
its radiation efficiency to about 1.0 (Fig. 4B),
which are much closer to values for the M, 8.3
Okhotsk mainshock. Therefore, strong stress het-
erogeneity inside subducted slabs is not required
to explain the 2013 Okhotsk mainshock and its
M,, 6.7 aftershock. However, the difference in rup-
ture speed (subshear versus supershear) indicates
substantial spatial heterogeneity in the fracture
strength or fracture energy within the slab.

Compared with shallow supershear events,
this deep event has a relatively small rupture
dimension and higher static stress drop (by a
factor of ~10). Our estimate of high radiation
efficiency (ng ~1.0) during the M,, 6.7 event is
also consistent with theoretical predictions of
low fracture energy during supershear ruptures
(30). This constraint of low fracture energy bears
on the question of deep earthquake faulting
mechanisms, which is still enigmatic (15, 19).
The 1994 Bolivia earthquake involved a large
amount of fracture/thermal energy and radiated
relatively little energy in seismic waves (16). In
terms of energy partitioning, the supershear M,
6.7 earthquake represents the opposite end mem-
ber from the Bolivia earthquake, with almost all
the available strain energy being radiated as
seismic waves. This contrast is consistent with
the idea of more than one rupture mechanism for
deep earthquakes in slabs with different thermal
states (I8, 20, 2I). The Okhotsk mainshock and
aftershock in a cold slab ruptured with the trans-
formational faulting mechanism, whereas the
Bolivia earthquake in a warm slab was dominated
by shear melting (78).
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OCEAN MICROBES

Multispecies diel transcriptional
oscillations in open ocean
heterotrophic bacterial assemblages

Elizabeth A. Ottesen,>® Curtis R. Young,"? Scott M. Gifford,">
John M. Eppley,”? Roman Marin IIL,* Stephan C. Schuster,’
Christopher A. Scholin,* Edward F. DeLong"2%*

Oscillating diurnal rhythms of gene transcription, metabolic activity, and behavior are
found in all three domains of life. However, diel cycles in naturally occurring heterotrophic
bacteria and archaea have rarely been observed. Here, we report time-resolved
whole-genome transcriptome profiles of multiple, naturally occurring oceanic bacterial
populations sampled in situ over 3 days. As anticipated, the cyanobacterial
transcriptome exhibited pronounced diel periodicity. Unexpectedly, several different
heterotrophic bacterioplankton groups also displayed diel cycling in many of their gene
transcripts. Furthermore, diel oscillations in different heterotrophic bacterial groups
suggested population-specific timing of peak transcript expression in a variety of
metabolic gene suites. These staggered multispecies waves of diel gene transcription
may influence both the tempo and the mode of matter and energy transformation

in the sea.

he coordination of biological activities into
daily periodic cycles is a common feature
of eukaryotes and is widespread among
plants, fungi, and animals, including man
(I). Among single celled noneukaryotic
microbes, diel cycles have been well documented
in cyanobacterial isolates (2-4), one halophilic
archaeon (5), and bacterial symbionts of fish and
squid (6, 7). Some evidence for diel cycling in
microbial plankton has also been suggested on
the basis of bulk community amino acid incor-
poration, viral production, or metabolite consump-
tion (8-10). However, the existence of regular diel
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oscillations in free-living heterotrophic bacterial
species has rarely been assessed.

Microbial community RNA sequencing tech-
niques now allow simultaneous determination
of whole-genome transcriptome profiles among
multiple cooccurring species (11, 12), enabling
high-frequency, time-resolved analyses of mi-
crobial community dynamics (72, 13). To better
understand temporal transcriptional dynamics
in oligotrophic bacterioplankton communities,
we conducted a high-resolution multiday time
series of bacterioplankton sampled from the North
Pacific Subtropical Gyre (14).

To facilitate repeated sampling of the same
planktonic microbial populations through time,
automated Lagrangian sampling of bacterio-
plankton was performed every 2 hours over 3 days
by using a free-drifting robotic Environmental
Sample Processor (ESP) (13, 15) (fig. S1). After
instrument recovery, planktonic microbial RNA
was extracted, purified, converted to cDNA, and
sequenced to assess whole-genome transcriptome
dynamics of predominant planktonic microbial
populations (tables S1 and S2). The recovered
cDNAs were dominated by transcripts from
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