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of thermal pressurization of pore fluid and that
the gouge behaved like a fluid during high-
velocity shearing.

Our experiments show that the Japan Trench
décollement material behaves in a manner that
promotes further large displacement once high-
velocity slip initiates, predominately due to very
low shear stress. To understand if this is similar to
the behavior of material from other subduction
zones, we also performed high-velocity friction
experiments on décollement materials for the
Nankai Trough (/2). Like materials from the Japan
Trench, the Nankai Trough materials also exhibit
lower shear stress in the experiments under im-
permeable conditions than in those under per-
meable conditions, consistent with the idea that
low-permeability conditions better contain pore
fluid so that thermal pressurization occurs more
effectively (Fig. 3, A and B). However, when we
compare the data obtained under the same ex-
perimental conditions for the two different re-
gions, the décollement material from the Japan
Trench has overall lower shear stress from peak
to steady-state conditions than the material from
the Nankai Trough.

The clay content and clay mineralogy of the
fault-zone material differs between the Japan
Trench and the Nankai Trough (Fig. 3C) (12). The
décollement of the Nankai Trough developed in
the hemipelagic mudstone (27), whereas that of
the Japan Trench is localized in pelagic clays (10).
The total clay content in the Nankai décollement
is estimated to be 65% (21), compared with 85%
for the Japan Trench décollement. The smectite
content in the Nankai Trough and Japan Trench
décollements is 31 and 78% of the total mineral-

ogy, respectively (/2). Smectite is known as one
of the lowest-friction minerals (22, 23). The abun-
dance of smectite means that large slip on the
shallow plate-boundary thrust of the Japan Trench
can occur more easily than for the Nankai Trough.

Our results indicate that large slip resulted
from coseismic weakening of the fault due to the
abundance of smectite and thermal pressuriza-
tion. Seismic slip could be promoted even in un-
strained portions at shallow depths, as the slip
propagates through the smectite-rich fault mate-
rial under fluid-saturated, impermeable conditions.
Similar pelagic clay is widely distributed on the
ocean floor, and plate-boundary décollements
have developed in these smectite-rich sediment
layers at several subduction zones (24, 25). Such
regions also have the potential for very large
coseismic displacements on shallow faults, which
could generate very large tsunamis similar to the
2011 Tohoku-Oki earthquake.
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Low Coseismic Friction on the
Tohoku-0ki Fault Determined
from Temperature Measurements
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The frictional resistance on a fault during slip controls earthquake dynamics. Friction dissipates
heat during an earthquake; therefore, the fault temperature after an earthquake provides
insight into the level of friction. The Japan Trench Fast Drilling Project (Integrated Ocean
Drilling Program Expedition 343 and 343T) installed a borehole temperature observatory

16 months after the March 2011 moment magnitude 9.0 Tohoku-Oki earthquake across the
fault where slip was ~50 meters near the trench. After 9 months of operation, the complete
sensor string was recovered. A 0.31°C temperature anomaly at the plate boundary fault
corresponds to 27 megajoules per square meter of dissipated energy during the earthquake.
The resulting apparent friction coefficient of 0.08 is considerably smaller than static values for

most rocks.

are moderated by the dynamic shear re-
sistance on the fault. Any complete model
of earthquake growth therefore requires quantifi-

Earthquake rupture propagation and slip

cation of shear stress, which is difficult to measure.
Historically, the shear stress during an earthquake
was thought to nearly equal that controlled by
static friction, but recent laboratory experiments

and field observations have brought this assumption
into question (/, 2). Direct measurement of the mag-
nitude of earthquake stress is challenging because
seismological measurements only record stress changes.

Rapid-response drilling provides a solution (3).
Because the frictional stress during slip results
in dissipated heat, subsurface temperature mea-
surements soon after a major earthquake can
record the temperature increase over the fault
and its decay. If the slip on the fault is known,
the thermal observations allow one to infer the
frictional shear stress (4, 5). On 15 July 2012, as
part of the Japan Trench Fast Drilling Project
(JFAST) [Integrated Ocean Drilling Program
(IODP) Expedition 343 and 343T], we installed
a sub-sea-floor temperature observatory in the
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Japan Trench through the plate boundary fault
zone (Hole C0019D) (Fig. 1), which was identi-
fied through logging and coring in two adja-
cent boreholes ~30 m away along strike (Holes
C0019B and COO019E, respectively) (supplemen-
tary text) (6). The deep-sea drilling vessel Chikyu
developed procedures to allow drilling and instal-
lation of the observatory at the requisite 6900-m
water depth, making it the deepest open-ocean
borehole observatory. The observatory consisted
of a string of 55 temperature-sensing data loggers
with ~0.001°C accuracy that extended beneath the
sea floor in a fully cased 4.5-inch-inner-diameter
borehole (Fig. 1). Ten of the instruments also
recorded pressure at <1 kPa accuracy to provide
control on sensor depths.

On 26 April 2013, the Japan Agency for Marine-
Earth Science and Technology deep-sea research
vessel (R/V) Kairei recovered the observatory
sensor string with the remotely operated vehicle
Kaiko700011. All 55 sensors and the sinker bar
were recovered from a maximum depth of 820.6 m
below sea floor (mbsf). The water depth of the
observatory is ~8 m deeper than the adjacent
coring and logging holes, and thus the fault depth
relative to the sea floor is expected to be shal-
lower than observed in logging and coring. The
successful recovery implies that there was neg-
ligible afterslip or distributed deformation in the
borehole 16 to 25 months after the mainshock.
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Fig. 1. Observatory configuration. The observa-
tory sensor string of 55 temperature-sensing data
loggers attached to a rope was installed within
4.5-inch steel casing that is open at the sea floor
and has a check-valve at the bottom preventing
inflow of fluid.

The temperature data reveal a background geo-
thermal gradient of 26.29° + 0.13°C km ' within
the region of 650 to 750 mbsf, resulting in a
vertical heat flow value of 30.50 + 2.52 mW m
when combined with thermal conductivity of 1.16 +
0.09 W m™ °C™" over this interval (supplemen-
tary methods). The temperature from 812 m to
the bottom at 820 m is elevated by as much as
0.31°C relative to this background gradient (Fig. 2).
This is the largest temperature anomaly within
the data set and centered on 819 mbsf at the
stratigraphic level estimated for the décollement
fault zone (6, 7).

We interpret the temperature anomaly as the
frictional heat from the 2011 Tohoku-Oki earth-
quake. This signal is larger than previous rapid-
response measurements of frictional heat across a
fault after an earthquake (4, 5) and is temporally
resolved so that its transient nature is distinguished.
The temperature data record the combination of
the background geotherm, the decaying signa-
ture of frictional heating during the 2011 Tohoku-
Oki earthquake, and transient effects caused by
drilling the borehole and hydrologic processes.
Low temperatures relative to the background
geotherm early in the experiment (Fig. 2) reflect
the effects of water circulation during drilling
and equilibration of the observatory upon instal-
lation. Because this drilling disturbance acts as a
line source compared to the plane or slab source
from frictional heating on the fault, its charac-
teristic diffusion time is much shorter, allowing
measurement of the frictional heat during the
9-month observatory experiment (8, 9) (supple-
mentary text).

To connect the temperature data to the stress
on the fault during slip, we modeled the combined
effects of the drilling disturbance and frictional
heating on the evolution of the temperature field
over time and find the energy during the earth-
quake dissipated as heat that maximizes the nor-
malized cross-correlation between simulations and
data (supplementary text and Fig. 3). Parameter
values are constrained by independent drilling and
material properties data (supplementary text and
table S1).

From an inversion exploring a wide range
of depths, the preferred location of the fric-
tional boundary is 821.3 mbsf, which is 7718.8 m
below mean sea level [7717.8 to 7719.6 mbsl,
90% confidence interval (CI); supplementary
text and table S2]. The inversion places the
fault below the deepest data logger because
the width of the predicted temperature anomaly
requires extension to depth for the homogeneous
thermal properties used here. However, the peak
of the temperature anomaly appears to be above
the deepest temperature sensor in the data of
Fig. 2, and the width of the anomaly may be
governed by a thermal property structure not in-
cluded in our model. If we constrain the in-
version to require the fault to lie near the peak
in temperature above the deepest sensor, the
preferred location is 819.8 mbsf (7717.3 mbsl).
In either case, the inferred depth of the fault in

REPORTS I

the observatory hole from the frictional heat
is above the hard chert as inferred from the
rate of penetration during drilling. The fault
inferred from the temperature data is at the same
stratigraphic level as the plate boundary fault
found in the neighboring coring and logging
holes (6, 7).

The depth-constrained inversion results in an
overlapping range of 27 MJ m > (19 to 51 MJ m 2,
90% CI) of dissipated frictional heat energy
during the earthquake along the plate bound-
ary (Fig. 3). The unconstrained inversion of the
temperature observations indicates 31 MJ m 2
(20 to 69 MJ m 2, 90% CI) (figs. S4 to S6). In
both cases, the dissipated energy in this region
of highest slip along the trench (/0) is com-
parable to the spatially averaged radiated energy
from the earthquake of 6 to 17 MJ m > (11, 12)
(supplementary text).

Alternative interpretations for a positive tem-
perature anomaly around a fault include the ef-
fects of locally reduced thermal conductivity or
advection of heat by fluid flow up a permeable
fault zone. The magnitude and scale of the ob-
served anomaly, however, are unlikely to be the
result of thermal-conductivity differences; the high
thermal gradient within the ~20 m zone would
require a thermal conductivity of 0.73 W m ' °C ™,
in contrast to values of 1.14 + 0.07 W m™"' °C™"!
measured on core samples from comparable in-
tervals in hole COO19E. Rather than a large de-
crease at the fault zone, measurements throughout
the hanging wall and footwall intervals covered
by the sensors reveal relatively uniform values
before a sharp increase to 140+ 0.19 Wm ' °C™!
within chert beneath the sensor string at >829 mbsf
(fig. S2). Assuming similar composition, a value of
0.73 Wm™ °C™" would require a bulk porosity of
~80 to 86%. Even if the fault zone is dominated by
fractures, such large porosities over tens of meters
are unlikely and not supported by logging data or
cores recovered from adjacent boreholes.

Fluid flow up a fault conduit may also result
in a positive temperature anomaly, as is observed
at 784 mbsf (Fig. 2). Generalized models of the
effects of fluid flow on a frictional heat signal after
an earthquake have shown that large flow veloci-
ties resulting from a combination of high perme-
abilities (>10""* m?) and driving overpressures are
required (9). High permeability around 784 mbsf
is indicated by resistivity logs and prolonged
drilling anomaly decay time (/3) (fig. S9). Zones
of high permeability, most susceptible to the tran-
sient drilling disturbance, are also inferred around
765, 800, and 810 mbsf.

None of these indications of high permeabil-
ity are present at the depth of the inferred slip
zone of ~820 mbsf, and additional pore fluid
chemistry data confirm that little fluid flow oc-
curs along the plate boundary (supplementary
text and fig. S9). The sudden cooling of the anom-
aly at 784 mbsf after a large local earthquake on
7 December 2012, and the corresponding heat-
ing of a high-permeability zone at 763 mbsf,
are consistent with the upward propagation of
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a fluid pulse driven by either direct stresses or
permeability-altering effects of the December
2012 earthquake that changed the preferred
flow path for fluids (74, 15). This interpretation
is consistent with borehole images in the interval
that show steeply dipping structures conducive
to vertical migration of fluids (/3). Spatially

correlated temperature variations within these
permeable zones during times of suspected ad-
vective fluid flow are suggestive of episodic fluc-
tuations in flow velocity. Such large variations are
not observed within the décollement. At 784 mbsf,
the standard deviation of roughly daily-to-weekly
variability is 100% greater than within the décol-

lement before the December earthquake, and at
763 mbsf it is 60% greater after the earthquake
(supplementary text).

The time after the earthquake in which the
temperature observations were made is many
times as large as the characteristic diffusion time
across the slip zone for reasonable estimates of
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Fig. 2. Sub—sea-floor residual temperature field. (A) Time-space map of
data >650 mbsf. Yellow dots show sensor positions, and each row represents
the corresponding sensor’s data. Each column is the daily average temperature
after an average background geotherm is removed (supplementary text). A
local moment magnitude (M,) = 7.4 earthquake occurred 17:18:30 Japan
Standard Time on 7 December 2012 (dashed line). The second deepest
sensor (818.51 mbsf) failed on 22 September 2012; subsequent data in that
row are interpolated from sensors 1.5 m above and below. Periods of no

Fig. 3. Time-space map
of residual tempera-
ture near inferred slip
zones. (A) A magnified
view of Fig. 2A showing
the residual temperature
anomaly near the plate
boundary from 1 August
to 6 December 2012. (B)
Simulated residual tem-
perature from model in-
versions in which fault
depth is constrained. Sim-
ilar results from an inver-
sion in which fault depth
is unconstrained are shown
in fig. S4.
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data collection are otherwise shown by white. Sensors at 700 and 781 mbsf
were programmed to only record for ~2.5-week periods at 1-Hz sampling rate.
Data including five broadly spaced shallower depths are included in fig. S1. (B)
Depth profiles of residual temperature (i.e., with background geotherm removed)
from five dates through the experiment separated by 2-month intervals. The
times correspond to the vertical tick marks in Fig. 2A. The y axis is expanded
compared to that in (A) showing data from >740 mbsf. Relatively cool tem-
peratures in August reflect the effects of drilling disturbance.
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slip zone thickness. Therefore, the measurable
temperature anomaly from frictional heating is
independent of the slip zone thickness and slip
duration and does not directly constrain these
parameters (supplementary text). However, by
assuming a slip duration >50 s and slip zone
thickness >1 mm, we estimate the maximum peak
temperature within the slip zone at this loca-
tion to be <1250°C (supplementary methods)
(fig. S7).

The geotherm itself also provides a constraint
on the long-term integrated energy dissipated on
the fault zone (16, 17). The conductive vertical
heat flux of 30.50 % 2.52 mW m 2 measured here
is consistent with subduction thermal models
with very little or no long-term displacement-
averaged dissipated energy in the form of heat
along the plate boundary (/7).

The dissipated energy is the earthquake pa-
rameter best constrained by the temperature data;
however, laboratory experiments and theoret-
ical models are often based on the coefficient of
friction. For a total of 50 m of slip on the fault
(10), our best estimate of 27 MJ m > of local dis-
sipated energy during the earthquake implies an
average shear stress of 0.54 MPa. To compare
our results to other studies, we assume an effec-
tive normal stress of 7 MPa based on the fault’s
depth, hydrostatic pore pressure, and measured
rock densities, to infer the equivalent coseismic
coefficient of friction (supplementary text). The
resultant apparent coefficient of friction is 0.08.
The result is “apparent” because the effective
normal stress is inferred from estimates of pore
pressure and fault dip (supplementary text). The
very low values of shear stress and apparent co-

efficient of friction, which represent displacement
averages during the earthquake, are consistent with
values determined from high-velocity (1.3 ms™')
friction experiments on the Japan Trench plate
boundary fault material (18).

An average shear stress during slip of 0.54 MPa
and apparent coefficient of fiiction of 0.08, as
constrained by a measured frictional heat anom-
aly ~1.5 years after the Tohoku-Oki earthquake,
suggest that either friction on the fault is remark-
ably low throughout the seismic cycle or that there
was near total stress release at the JFAST loca-
tion (19, 20). This very low shear resistance during
slip may help explain the large slip at shallow
depths that contributed to the large devastating
tsunami.
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Giant Convection Cells Found

on the Sun

David H. Hathaway,* Lisa Upton,%® Owen Colegrove®*

Heat is transported through the outermost 30% of the Sun’s interior by overturning convective
motions. These motions are evident at the Sun's surface in the form of two characteristic
cellular structures: granules and supergranules (~1000 and ~30,000 kilometers across,
respectively). The existence of much larger cells has been suggested by both theory and
observation for more than 45 years. We found evidence for giant cellular flows that persist for
months by tracking the motions of supergranules. As expected from the effects of the Sun’s
rotation, the flows in these cells are clockwise around high pressure in the north and
counterclockwise in the south and transport angular momentum toward the equator, maintaining

the Sun's rapid equatorial rotation.

he Sun, like most stars, has an outer con-

I vection zone in which heat generated by
nuclear reactions in its core is transported

to its surface by overturning convective motions.
These motions were evident in early telescopic
observations of the Sun as granules, which are
bright grain-like structures with typical diameters
of ~1000 km, lifetimes of ~10 min, and flow ve-
locities of ~3000 m s~ '. Much larger structures—

supergranules—were evident from their flow
velocities, as seen in the Doppler shift of atomic
spectral lines formed in the Sun’s surface layers
(1, 2). Supergranules have diameters of ~30,000 km,
lifetimes of ~24 hours, and flow velocities of
~500 m s '. Both granules and supergranules
cover the entire solar surface but are substan-
tially modified by the intense magnetic fields in
and around sunspots.

The existence of even larger convection cells—
giant cells—was proposed shortly after super-
granules were detected (3). These cells are expected
to span the 200,000-km-deep solar convection
zone, to have diameters of ~200,000 km and life-
times of ~1 month, and to be heavily influenced
by the Sun’s 27-day rotation. Hydrodynamical
models of convective motions in the Sun’s ro-
tating convection zone (4—6) suggest that these
cells should be elongated north-to-south near the
equator and be sheared off at higher latitudes by
the Sun’s differential rotation (the equatorial re-
gions rotate once in ~25 days, whereas the polar
regions rotate once in ~35 days). These “banana”
cells should transport angular momentum toward
the Sun’s equator—a critically important process
for maintaining the differential rotation.

The observational evidence for the existence
of giant cells has been only suggestive. Magnetic
structures of a similar size and shape have been
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Deep Drilling for Earthquake Clues

The 2011 M, 9.0 Tohoku-Oki earthquake and tsunami were remarkable in many regards, including the rupturing
of shallow trench sediments with huge associated slip (see the Perspective by Wang and Kinoshita). The Japan Trench
Fast Drilling Project rapid response drilling expedition sought to sample and monitor the fault zone directly through a
series of boreholes. Chester et al. (p. 1208) describe the structure and composition of the thin fault zone, which is
predominately comprised of weak clay-rich sediments. Using these same fault-zone materials, Ujiie et al. (p. 1211)
performed high-velocity frictional experiments to determine the physical controls on the large slip that occurred during the
earthquake. Finally, Fulton et al. (p. 1214) measured in situ temperature anomalies across the fault zone for 9 months,
establishing a baseline for frictional resistance and stress during and following the earthquake.
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