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Abstract

We investigated temperature records associated with seafloor pressure observations at eight stations that experi-
enced the 2011 M,, 9 Tohoku earthquake near its epicenter. The temperature data were based on the temperature
measured inside the pressure transducer. We proposed a method to estimate ambient water temperature from the
internal temperature using an equation of heat conduction. The estimated seafloor water temperature showed
remarkable anomalies, especially increases several hours after the M,, 9 earthquake. A station of P03 (sea depth of

1.1 km) showed an abrupt temperature increase of +0.19 °C that occurred ~ 3 h after the earthquake, which lasted for
several hours. At stations of GJT3 (sea depth of 3.3 km) and TJT1 (sea depth of 5.8 km), there were abrupt temperature
anomalies of +0.20 °C and +0.10 °C that began to occur 3—4 h after the earthquake. These anomalies both decayed
to their original levels over a few tens of days. During the decay processes, only TIT1 showed several intermittent
temperature rises. A water temperature anomaly within +0.03 °C was found up to~500 m above TJT1 2 weeks after
the earthquake. There was no significant anomaly at the other five stations. Processes to cause these seafloor tem-
perature anomalies were discussed. The temperature anomaly of P03 was reasonably caused by a tsunami-generated
turbidity current, as also suggested by a previous study. Meanwhile, we proposed a scenario that the abrupt tempera-
ture anomalies of GJT3/TJT1 and the intermittent anomalies of TJT1 were caused by warm water discharges from the
subseafloor. The pathways of the warm water were probably composed of the branch normal fault between GJT3 and
TJT1, the reverse fault near TJT1, the backstop interface, and perhaps reverse faults at the frontal prism. The proposed
scenario was almost compatible with other studies based on epicentral observations. We estimated the heat proper-
ties of the initial temperature anomalies of GJT3/TJT1. The estimated heat source might be explained by that most of
the geothermal fluids trapped in those fault pathways were discharged to the seafloor immediately after the earth-
quake. The onsets of the subsequent intermittent anomalies of TJTT were possibly activated by low or falling ocean
tidal loading.

Keywords Seafloor temperature, Seafloor pressure, 2011 Tohoku earthquake, Water temperature increase,
Built-in thermometer, Ambient water temperature, Vertical structure of water temperature, Warm water discharge,
Subseafloor fluid, Turbidity current

*Correspondence:

Daisuke Inazu

inazud@kaiyodai.acjp

Full list of author information is available at the end of the article

. ©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
@ SPrlnger O pe n permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
— original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40645-023-00556-0&domain=pdf
http://orcid.org/0000-0003-3110-3689

Inazu et al. Progress in Earth and Planetary Science (2023) 10:24

1 Introduction

A moment magnitude (M,,) 9 earthquake, called the 2011
Tohoku earthquake, occurred below a landward slope of
the Japan Trench on March 11, 2011. A M,, 7 earthquake
(hereafter foreshock) occurred 2 days prior to the M, 9
earthquake (hereafter mainshock). The mainshock was
followed by numerous distinct aftershocks. The slip dis-
tribution and tsunami due to the mainshock were quickly
estimated using data derived from established onshore/
offshore observations of the seismic waves, crustal defor-
mation, and tsunami (e.g., Suzuki et al. 2011; linuma et al.
2011; Fujii et al. 2011). Advanced marine observations
near the epicenter revealed not only the earthquake and
tsunami but also various environmental disturbances.
The observations included continuous and repeating geo-
physical surveys before and after the mainshock, as well
as geochemical and geological surveys quickly carried
out after the mainshock.

We carried out continuous seafloor pressure
observations above the hypocenter (Hino et al. 2014).
The pressure sensors experienced the mainshock (Fig. 1a)
and successfully recorded the seismic waves, seafloor
crustal deformation, and tsunami with fine temporal
resolution and large amplitude range (Hino et al. 2013,
2014). These data have enabled detailed estimation and
modeling of the earthquake and tsunami (e.g., Saito et al.
2011; linuma et al. 2012; Dettmer et al. 2016; Kubota
et al. 2021).

Repeating geophysical observations identified large
seafloor deformation due to the mainshock. Horizontal
seafloor displacements of tens of meters near the Japan
Trench were found by an established acoustic seafloor
geodetic survey (Kido et al. 2011). Repeating seismic
exploration surveys found a large slump failure close
to the trench axis (Kodaira et al. 2012). Using seafloor
heat-flow measurements months after the mainshock
and referring to seismic exploration surveys, Tsuji et al.
(2013) suggested that a distinct branch normal fault was
activated by anelastic extensional deformation due to the
larger slip closer to the trench axis and substantial heat
was then discharged from the subseafloor. These geo-
physical surveys were mostly carried out along a repeat-
edly investigated cross section of MY102 (Fig. 1b) in
which seismic explorations have clearly identified the
branch normal fault, the backstop interface, the frontal
prism, and so on (e.g., Tsuru et al. 2002; Miura et al. 2005;
Tsuji et al. 2011; Kodaira et al. 2017, 2020).

Temporal observations near the epicenter quickly
carried out after the mainshock revealed remarkable
marine environmental disturbances. The Japan Agency
for Marine-Earth Science and Technology (JAMSTEC)
played an important role in the urgent cruise using the
research vessel (R/V) Mirai (MR11-03), which was
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successfully carried out~1 month after the mainshock.
The cruise conducted water sampling with conductiv-
ity—temperature—depth (CTD) profilers and examined
relevant water properties above the epicentral region
near the seafloor pressure observations and the MY102
section. Several results were reported based on the meas-
ured data and samples.

Kawagucci et al. (2012) examined a carbon isotope
ratio (13C/'?C) of methane in the seawater sampled
36 days after the mainshock and suggested that methane
at~1 km below seafloor (Jjiri et al. 2009) was discharged
along the branch normal fault (Tsuji et al. 2011). Sano
et al. (2014) examined a helium isotope ratio (*He/*He)
in the seawater samples and suggested that subseafloor
fluids with mantle-derived *He were emitted from the
seafloor after the mainshock. According to Park et al
(2021), seismic exploration and tomography results after
the mainshock imaged seismic-wave low-velocity regions
at depths deeper than~10 km, including the branch
normal fault and clear reflection boundaries at the
shallower subseafloor, which suggested that the branch
normal fault was a possible migration pathway of the
fluids with the *He/*He anomaly.

Noguchi et al. (2012) observed vertical distributions of
water turbidity 36 days after the mainshock and revealed
that the water turbidity anomaly was higher near deeper
seafloor (e.g., turbidity anomaly extended to~1.5 km
above the seafloor of 5.7 km). They suggested that the
turbidity anomaly was mainly induced by a remarkable
landslide close to the trench axis identified by Fujiwara
et al. (2011). The landslide was reinterpreted as a slump
failure by Kodaira et al. (2012) and Strasser et al. (2013).
Four months after the mainshock, Oguri et al. (2013)
carried out other turbidity surveys which were similar
to those of Noguchi et al. (2012). They measured verti-
cal distributions of turbidity at sea depths of 7.3 and
7.5 km, just above the trench axis, and detected turbid-
ity anomalies extended 30 and 50 m above the seafloor,
respectively.

Five months after the mainshock, Usami et al. (2017)
and Ikehara et al. (2021) sampled seafloor sediments
at depths up to~4 km off Miyagi (Fig. 1a). They also
investigated sediments stuck in the plastic cases of sea-
floor instruments that experienced the mainshock (Arai
et al. 2013; Miura et al. 2014) and discussed distur-
bances of seafloor sediments induced by the mainshock.
They suggested that there were almost short-distance
(e.g.,< ~1 km) lateral transports of suspended sediments
due to disturbances from the tsunami, landslide, and
strong ground motion. Very few exceptional long-dis-
tance (e.g.,>10 km) transports of suspended sediments
were induced by the tsunami-generated turbidity current,
which involved a self-accelerating mechanism (Arai et al.
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Fig. 1 a Locations of seafloor pressure gauges and b subseafloor structure along the MY102 section. In a red triangles denote the seafloor gauges
that recorded the 2011 M, 9 Tohoku earthquake (its epicenter denoted by a star), and yellow circles denote the deep-sea observations conducted
after the earthquake (Table 1). An estimated coseismic slip distribution (linuma et al. 2012) of 20, 40, and 60 m is indicated by blue contours. In b the
seafloor stations of TJTT and GJT3 near MY102 are projected. The MY102 section is based on Tsuji et al. (2013). Distinct fault boundaries are traced by

blue curves

2013). The short-distance lateral transports of suspended
sediments indicated that the suspended sediments were
redeposited near their original positions. Redepositions
were also identified at sea depths of 5-7 km with steep
slopes close to the trench axis off Miyagi (e.g., Ikehara
et al. 2016; McHugh et al. 2016, 2020).

Although the respective temporal observations could
capture snapshots of marine environmental disturbances,
it has been still difficult to elucidate dynamic behaviors
of the disturbances during the mainshock with fine

temporal resolution. In this paper, we again focus on
the seafloor pressure observations which recorded the
2011 M,, 9 earthquake near its epicenter (Hino et al.
2013, 2014). In particular, the records of a thermometer
in the pressure gauge are investigated in detail. Since
the built-in thermometer does not strictly record the
ambient temperature around the instrument, this study
proposes a method to reasonably estimate ambient
water temperature from the built-in thermometer data.
By the proposed method, we reconstruct seafloor water
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temperature variations including the period during
the M, 9 earthquake in which there was no other
explicit water temperature information. As a result,
we demonstrate that there were remarkable water
temperature anomalies, especially increases, after the
mainshock. We rigorously discuss processes that caused
the temperature increases and propose a scenario to
explain the temperature increases. The scenario is
confirmed to be compatible with the results of the
geophysical, geochemical, and geological investigations
mentioned above. We also discuss the heat content and
source which induced the temperature increases.

2 Data and methods

2.1 Temperature recording in the pressure measurement
The Digiquartz® pressure sensor employing a quartz-
crystal oscillator manufactured by Paroscientific, Inc.,
was used for the absolute pressure measurement. We
installed the pressure sensor to a self-floating, glass-
sphere system to observe the absolute pressure at the
seafloor. Such a stand-alone observation system has
been applied to many geophysical surveys (e.g., Eble and
Gonzalez 1991; Nooner and Chadwick 2009; Macrander
et al. 2010; Fujimoto 2014). To accurately measure
the absolute pressure, the temperature of the pressure
oscillator attached to a Bourdon tube in the enclosure
was measured by another quartz-crystal oscillator (i.e.,
built-in thermometer) for the thermal compensation
of the pressure oscillator (Eble et al. 1989; Yilmaz et al.
2004). Although the temperature recorded by the built-in
thermometer (hereafter, internal temperature) is not
strictly the ambient temperature, some studies somehow
utilized the internal temperature as a proxy of the
ambient water temperature at the seafloor (e.g., Fox 1999;
Chadwick et al. 2012; Johnson et al. 2017).

We have repeatedly carried out seafloor pressure obser-
vations at the landward slope of the Japan Trench since
before the 2011 Tohoku earthquake (Hino et al. 2009,
2014). A ship goes above an observation site to deploy a
seafloor pressure gauge or retrieve another instrument.
Each measurement has been performed for approxi-
mately one year due to a constraint of the observation
system. In addition to the data when the pressure gauge
stays at the seafloor, we attempt to utilize the tempera-
ture records during the deployment (i.e., free fall to the
seafloor) and retrieval (i.e., anchor detachment and float-
ing up to the sea surface) to obtain vertical distributions
of the seawater temperature and to find possible temper-
ature anomalies above the pressure gauge. The internal
temperature data during the deployment and retrieval
have not been usually used. For the stand-alone pres-
sure observation system (Hino et al. 2009, 2014; Fujimoto
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2014), the vertical speeds of the pressure gauge during
free falling and floating up in the ocean have been almost
designed to be 1.1-1.4 m/s and 0.8—1.2 m/s, respectively.

We recovered the data from eight stations at sea depths
of 1.1-5.8 km, which recorded the 2011 Tohoku earth-
quake (Hino et al. 2013; Fujimoto et al. 2014). Other
observations at eight stations at sea depths of 5.1-7.3 km
were conducted after the earthquake, and their data are
used to evaluate the vertical structure of water tempera-
ture above the epicentral region (Fig. 1 and Table 1). Our
data recording systems except for TJT1 were capable of
up to a 1-s sampling measurement and could sensitively
record high-frequency (up to~1 cycle per second) pres-
sure variations without significant mechanical damping
(e.g., Webb and Nooner 2016; Kubota et al. 2021). Only
TJT1 employed a system by a 30-s sampling measure-
ment. It is necessary to take care of the clock accuracy
of stand-alone measurement systems. We corrected the
clock drift of the recorder by linear interpolation based
on the time difference between the internal clock and the
GPS clock measured when the instrument was recovered
after the observation. The corrected time stamps of the
pressure and internal temperature overall had accuracy
within a second.

2.2 Estimation of ambient water temperature

To examine the relationship between the internal tem-
perature and the ambient water temperature, we attached
a stand-alone external water temperature sensor manu-
factured by RBR Ltd. (TR-1050) to a seafloor pressure
gauge and conducted a 1-year observation (SBPR-2) at
the Hikurangi Trough, offshore New Zealand (Table 1).
Meanwhile, we carried out preliminary seafloor obser-
vations that multiple TR-1050 sensors were redundantly
attached to a seafloor pressure gauge (Suzuki et al. 2015),
which was used to evaluate the accuracy of TR-1050 sen-
sors, especially the clock accuracy and the accuracy of
recorded temperature values. We then confirmed that
the TR-1050 sensor involved clock drifts within~ 1 min/
year and temperature accuracy within ~0.01 °C. Since we
did not correct the clock drift of the external thermom-
eter (TR-1050), the time difference between the internal
and the external temperature might be up to~1 min at
the latter period of the observation.

Figure 2 shows the temperature recording of the built-in
thermometer and the water temperature recorded by
the external water temperature sensor. The correlation
coefficient between them was 0.96 (Fig. 2a), which means
that the built-in thermometer well captured the ambient
water temperature. Meanwhile, the internal temperature
showed a deviation of the mean value of 0.50 °C from the
external water temperature sensor. For the absolute value
of the temperature, we trust the external water temperature
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Table 1 List of seafloor pressure/temperature data used in this study
Station Latitude Longitude Sea depth Model Install Float up Note
(°N) (°E) (m) (yyyy-mm-dd) (yyyy-mm-dd)
n 382094 143.7958 5771 8B7000 2010-04-07 2011-03-24
TT1-2 38.2090 143.7886 5760 8B7000 2011-04-30 2011-05-24
GJT3 38.2945 1434814 3293 8B7000 2010-11-12 2011-05-31
P09 382650 143.0002 1556 8B7000 2010-09-28 2011-09-25 ROV salvage
P08 38.2829 142.8320 1418 8B7000 2010-09-27 2011-09-25 ROV salvage
P06 38.6340 142.5838 1254 8B7000 2010-06-23 2011-05-26
P02 38.5002 1425016 1104 8B7000 2010-06-21 2011-05-26
P03 38.1834 142.3998 1052 8B7000 2010-06-21 2011-09-24 ROV salvage
PO7 38.0016 1424495 1059 8B7000 2010-09-27 2011-09-25 ROV salvage
ADM3A 37.8983 143.9883 7249 8B7000 2015-09-23 2016-09-23
ADMTA 379135 143.9091 6903 8B7000 2015-09-23 2016-09-23
JFAST-1 37.9384 143.8728 6482 8B7000 2012-05-20 2012-10-06
JFAST-2 37.9336 143.9154 6799 8CB7000-1-005 2012-10-06 2013-05-18
AocA40 37.9975 143.6668 5440 8B7000 2015-09-23 2016-10-03
G15 376771 1435214 5262 8B7000 2015-09-25 2016-09-19
AcA10b 37.8416 143.5169 5054 8B7000 2015-09-25 2016-09-19
SBPR-2 —38.8474 178.8752 2116 8B4000-I 2014-05-12 2015-06-23 New Zealand
sensor since its accuracy is almost within~0.01 °C as dTo dT;
mentioned above. The temperature offset was likely due ar —A(To - Ti) + dr’ @)

to that the internal temperature might be insufficiently
calibrated since the internal temperature is intended to be
used for the thermal correction of the pressure oscillator.
Thus, the internal temperature well reflects variations of the
ambient water temperature although its absolute value may
not be so reliable.

Note that the internal temperature variation lagged
behind the ambient water temperature by~15 min
(Fig. 2a and c). Figure 2b indicates that the internal
temperature showed a smaller amplitude than the
ambient temperature at high frequency (>1072 cycles
per minute). Since the built-in thermometer measures
the temperature at the quartz-crystal plate in the
pressure transducer (e.g., Fig. 3 of Yilmaz et al. 2004 and
Fig. 2 of Matsumoto and Araki 2021), the outside water
temperature is likely attenuated as it is transmitted to
the inside of the enclosure at high-frequency variations.
The delay time almost depends on how well the enclosure
is shielded. The delay time effect should be suitably
corrected if the internal temperature sensor is used to
accurately measure the ambient temperature.

We suppose that the process of transmitting outside
ambient temperature (i.e., air or water temperature) to
the inside of the enclosure is suitably modeled by a sim-
plified equation of heat conduction (e.g., Lienhard and
Lienhard 2003):

where T, and 7T; are the ambient temperature and
the internal temperature, respectively. A is a positive
coefficient whose dimension is inverse of time, which
is recognized as a decay time coefficient. When T is
constant, the analytical solution of 7| is an exponential
decay model. This equation is numerically solved, and
the ambient temperature (T,) can be estimated from the
internal temperature (T}). A fourth-order Runge—Kutta
method is used for the numerical integration.

When the decay time is set to 25 min (=A7!), the
15-min delay is mostly eliminated (Fig. 2c) and the cor-
relation coefficient is improved to 0.98 between the
ambient water temperature and the estimated tempera-
ture (Fig. 2a). According to the power and phase spectra
of the estimated temperature (Fig. 2b, c), we understand
that the proposed method works well to reconstruct the
ambient water temperature at time scales greater than
tens of minutes.

When A~!'=25 min is applied, the vertical distribu-
tion of the ambient water temperature from the seafloor
to the sea surface is also well traced by the estimation
from the internal temperature (Fig. 3b). This indicates
that the internal temperature records during the float-
ing up of the pressure gauge can be used to successfully
replicate a vertical distribution of the water temperature



Inazu et al. Progress in Earth and Planetary Science (2023) 10:24

Page 6 of 27

23 | L | L | L | L |
] @ [
o | [
é’ 2.2 -
£ | I
g | I
o ] Internal temperature I
§ 244 2M -
— { Estimated water temperature i
1 1 hour SBPR-2 -
2.0 T T T T T T T T T
167.6 167.8 168.0 168.2 168.4
Time (days from 1 Jan 2014)
L L 0ol L L 0ol L L L
107 7 B
O 1077 N
= 10° 7 |nternal tem
> 4 perature
g 107 7
O 40 1 Estimated water temperature
T T L | T T L | T T L |
180 T I I E— I I — 1ISI-min delaly—> ’I, I
_ 120 (€) e
o 607 Internal temp VS Ambient temp ‘
(2] 0 F—————————m=————m e T A
© |
&  -60 | Estimated temp VS Ambient temp
-120
-180 T L T LR T o
107 103 102 107"

Frequency (cycles per minute)

Fig. 2 aTime series, b power spectra, and ¢ phase spectra of each temperature of SBPR-2 (Table 1). In a and b blue, green, and red curves denote
internal temperature, ambient water temperature measured by an external thermometer, and water temperature estimated from the internal
temperature, respectively. The internal temperature is shifted by —0.50 °C to meet the ambient water temperature. In ¢, phase differences are shown
between the ambient temperature and (blue) the internal temperature, and (red) the estimated temperature, respectively. The positive phase
means a delay from the ambient temperature. A 15-min delay from the ambient temperature is shown by a dashed curve. The phase spectra are

shown when coherence-squared is greater than 0.6

by a CTD observation. However, when the equipment is
falling from the sea surface to the seafloor, the vertical
distribution of the water temperature could not be well
estimated by at least applying a single decay time coef-
ficient (Fig. 3a). It seemed also difficult to estimate ambi-
ent temperature when the equipment was drifting at the
sea surface just before the picking up of the equipment
although this is not important for our purpose (Fig. 3b).

We tried to apply other values of the decay time coeffi-
cient but failed to reconstruct the vertical distribution
during the installation of the equipment.

We have assumed the decay time coefficient A is
constant in Eq. (1). According to Lienhard and Lienhard
(2003), A depends on the temperature difference
between the ambient media and the inside of the
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enclosure (Tp — Tj) and also depends on the thickness
of the thermal boundary layer between the ambient
media and the surface of the enclosure. We found that
|To — Ti| was relatively large (>5 °C) during and after
the equipment’s passage through thermoclines near the
sea surface (Fig. 3) although we implicitly assume that
Eq. (1) is valid when |To — Tj| is small enough. Since
there is an order of magnitude difference in the kinematic
viscosity coefficients of air and water, both the thermal
boundary layer thickness and A substantially change
when the media around the enclosure changes from air
to water (i.e., releasing the equipment at sea surface) and
from water to air (i.e., picking up the equipment from
sea surface). The effect of the transient change likely
continued to some extent. Those two factors would
account for the failure of the temperature estimation
when the equipment was falling from the sea surface and
drifting at the sea surface.

When the equipment was staying on the seafloor and
started to float up from the seafloor to the upper ocean
after the long-time seafloor observation, |To — T;| was

small and the thermal boundary layer thickness around
the enclosure was stable, which caused no change in A.
Thus, it is reasonable that the ambient water temperature
was successfully estimated by Eq. (1) during this period.

3 Results

3.1 Pressure and temperature of TJT1

Figure 4 shows the pressure and temperature records
of TJT1 at a sea depth of 5.8 km. A large stepwise
pressure decrease of ~500 hPa revealed a 5-m uplift
of the seafloor below TJT1 due to the mainshock,
which occurred on the Day of Year (DOY) 434.2403
or 05:46 UT on March 11, 2011 (Ito et al. 2011).
The internal temperature and the ambient water
temperature estimated by Eq. (1) are shown in Fig. 4b,
¢, respectively. An abrupt temperature increase of
about+0.10 °C was observed several hours after
the mainshock. Meanwhile, the seafloor pressure
of TJT1 and other stations at the epicentral region
more quickly showed effects of the seismic vibration,
vertical seafloor displacement, and tsunami within
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a few minutes after the earthquake occurrence (Saito
et al. 2011; Kubota et al. 2021). According to the
example of SBPR-2 (Fig. 2), the response time of the
internal temperature is supposed to be ~ 15 min in the
observation system. Then, the difference between the
internal temperature and the estimated temperature
was hardly noticeable when the length of the time
window is greater than~10 days (Fig. 4b, c). After
the initial rise of+0.10 °C, the water temperature
increased intermittently a few times (e.g., DOY 436,
438, and 440), but the amplitudes of the increases
gradually decayed. On March 24, 2011 (DOY 447), we
made TJT1 float up to the sea surface and successfully
retrieved it. During both the falling and floating up
of the equipment, there were temperature spikes that
were lower than the temperature level when it was on
the seafloor (Fig. 4b, c). This is because the adiabatic
compression effect of seawater becomes noticeable
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Fig. 5 a Mean and b standard deviation of the internal temperature
records of 16 stations at offshore Tohoku (Fig. 1 and Table 1)
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at sea depths greater than ~4 km, and there is a local
minimum around the 4 km depth in the seawater
temperature (e.g., Talley et al. 2011). As will be shown
later, such temperature spikes were not visible at
stations where the installed depths were shallower
than ~ 4 km.

3.2 Temperature records of eight stations

Basic statistics of the seafloor water temperature
derived from the built-in thermometers are compiled
when there was no influence from the M, 9 mainshock.
Figure 5 shows the mean and standard deviation of
the recorded temperature at respective depths for the
eight stations that experienced the mainshock and the
other eight stations after the earthquake (Fig. 1 and
Table 1). The mean temperature ranged from 1.0 to
3.0 °C at seafloor depths of 1.1-7.3 km and showed no
apparent dependence on the seafloor depth. The standard
deviation was clearly smaller with greater depths.
According to background oceanographic fields known by
traditional hydrographic and modern Argo observations,
the water temperature and its standard deviation both
decrease with the sea depth (e.g., Gaillard et al. 2009;
Tally et al. 2011). As mentioned in Sect. 2, although the
absolute value of the internal temperature might not be
so reliable with errors of +0.5 °C or more, the measured
variations were mostly reliable at time scales greater
than a few tens of minutes (Fig. 2). The feature that the
standard deviation of the seafloor water temperature is
smaller in deeper seafloors has been also confirmed by
seafloor heat-flow observations (Yamano et al. 2014) and
by temperature recordings of built-in thermometers of
seafloor pressure gauges of the JAMSTEC’s cable system
(Gomberg et al. 2021).

Figure 6 shows all the temperature records of the
eight stations from deployments to recoveries of the
respective instruments. The recoveries of the seafloor
instruments were carefully carried out since we expected
that there might be movement, tumbling, and burial
of the instruments due to landslide and sediment
redeposition possibly induced by the mainshock. For
TJT1, TJT1-2, P06, and P02, we made them float up
from the seafloor by an ordinary acoustic release of the
anchor and successfully recovered them. For GJT3, we
carried out several trials of the acoustic release but failed
and abandoned it on May 25 (DOY 509). The equipment
GJT3 was somehow released from the anchor, floated
up on May 31 (DOY 515), and drifted at the sea surface
for several days, which was deduced from the pressure/
temperature records. The JAMSTEC’s R/V Natsushima
incidentally found the drifting GJT3 and kindly picked
it up. Using a remotely operated vehicle to go to the
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Fig. 6 Time series of the internal temperature of 8 stations

during DOY 90-660. The top panel also includes TJT1-2 during an
observation period from April 30 to May 24, 2011. The temperature
of TIT1-2 is shifted by +0.06 °C to meet the background temperature
level of TJT1. The M,, 9 mainshock occurrence is indicated by solid
vertical lines at DOY 434.2403. Time windows between the dashed
lines indicate those shown in the next figure (i.e,, Fig. 7)

seafloor, we directly salvaged P09, P08, P03, and P07
(Hino et al. 2012; Arai et al. 2013; Kawamura et al. 2021).

The observed temperature at the seafloor is described
(Fig. 6). No significant instrumental drift was found in
all the temperature records. Noticeable correlations of
temperature variations were found between P08 and
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P09, between P02 and P06, and between P03 and P07
(Figs. 6 and 7). Horizontal distances between these pairs
were almost 20-30 km (Fig. 1). Such correlations with
comparable distances were also found by the built-in
thermometer records of the JAMSTEC’s cable system
(Gomberg et al. 2021). Correlation distances related to
the seafloor temperature variations were considerably
shorter than those found in low-frequency (e.g.,<0.5
cycles per day) seafloor pressure variations which
showed clear similarities over spatial scales of ~100 km
(e.g., Donohue et al. 2010; Dobashi and Inazu 2021;
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Inoue et al. 2021). The seafloor temperature at offshore
Tohoku is likely affected by ocean currents such as
Oyashio/Kuroshio with mesoscale eddies, but the
relationship between those ocean currents and deep-
sea (depths> ~1 km) water temperature has not been so
clarified (e.g., Kakehi et al. 2021).

We see the temperature variations before and after
the mainshock (Figs. 7 and 8). Two days before the
mainshock, the M, 7 foreshock occurred just below the
observation sites (DOY 432.1146 or 02:45 UT on March
9, 2011). The seismic vibration, crustal deformation, and
tsunami were evident in the seafloor pressure records just
after the foreshock occurrence (Hino et al. 2013; Kubota
et al. 2017). Meanwhile, all the stations showed no clear
temperature anomaly related to the foreshock (Fig. 8). No
anomalous temperature change was also found within
minutes after the mainshock occurrence (Figs. 8 and
9) although the seismic vibration, crustal deformation,
and tsunami were extremely evident in all the pressure
records during this period (Kubota et al. 2021).

Significant temperature anomalies occurred several
hours after the mainshock (Fig. 9). At TJT1, the tempera-
ture began to rise 3.5 h after the mainshock, took another
9.0 h to reach a peak of+0.10 °C, and roughly decayed
until the equipment was retrieved on March 24, 2011
(Fig. 8). The temperature decay was composed of several
intermittent rises with decreasing their peak amplitudes.
The intermittent rises are hereafter called “subevents”
They were evident for+0.08 °C during DOY 435-436
(March 12),+0.03 °C during DOY 437 —438 (March 14),
and +0.05 °C including a slight change of+0.02 °C dur-
ing DOY 439-440 (March 16). Another observation of
TJT1-2 from April 30 to May 24 showed that the temper-
ature fluctuations were as small as those of TJT1 before
the M,, 9 mainshock (Figs. 6 and 7), which indicated that
effects from the M,, 9 mainshock and aftershocks were
fully gone~50 days after the mainshock occurrence.
Thus, we infer that the temperature anomaly of+0.10 °C
almost decayed to the original level by ~ 30 days after the
mainshock (e.g., DOY 465).

At GJT3, there might be a slight temperature change
of+0.03 °C which occurred 1.2 h after the mainshock;
however, this was hardly a significant anomaly since the
slight change did not far exceed one standard deviation (i.e.,
0.03 °C) at this station (Figs. 5, 8, and 9). The temperature
began to rise 4.5 h after the mainshock and took another
9.0 h to reach a peak of+0.20 °C (Fig. 9). The positive tem-
perature anomaly smoothly decayed to the original level
over ~ 30 days (Figs. 6 and 7), which was comparable to the
inferred time scale of the decay of the temperature anom-
aly of TJT1 (Figs. 7 and 8). A notable temperature spike of
GJT3 found on DOY 509 (May 25) was probably due to an
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Fig. 8 Same as Fig. 6 but for DOY 429-449. The other solid vertical
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artificial disturbance (Fig. 7) as mentioned above. Com-
pared to TJT1, the decay process of GJT3 was relatively
smooth without significant intermittent temperature rises
(Figs. 7 and 8). Using the ambient temperature estimation
from the built-in thermometer records, some temperature
disturbances with a time scale of ~1 h appeared during the
longer (i.e.,~9 h) increasing process in GJT3 (Fig. 9). Note
that the onset time of the evident temperature anomaly
was~ 1 h earlier at TJT1 than at GJT3 (Fig. 9).
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At P03, the temperature began to rise 3.1 h after
the mainshock and took another 0.8 h to reach a peak
of+0.19 °C. This temperature anomaly lasted for~2 h
and took another~2 h to mostly return to the original
temperature level (Fig. 9). Arai et al. (2013) investigated
the temperature anomaly of P03 and suggested that the
temperature anomaly was caused by a tsunami-generated
turbidity current. During the temperature increase,
the turbidity current displaced the equipment to a
place that was 15 m deeper and~1 km eastward from
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the original position (Arai et al. 2013; Kawamura et al.
2021). The estimated ambient temperature showed that
the onset and termination of the temperature anomaly
of P03 was probably a sharp, box-shaped temperature
change, compared to that shown by the original internal
temperature record (Fig. 9).

At P02, the temperature might have begun to rise~4 h
after the earthquake (Fig. 9), but this was not likely a sig-
nificant anomaly according to the background fluctuation
level (Fig. 6). At the other four stations (P09, P08, P06,
and P07) as well as P02, there were no notable tempera-
ture anomalies due to the mainshock (Fig. 9).

3.3 Temperature anomaly and pressure variations at TJT1
and GJT3

The seafloor temperature anomalies of TJT1 and GJT3

almost showed common features from their onsets to

decays (Fig. 8). In this subsection, the temperature varia-

tions are compared to the pressure variations to examine

possible explanations of the temperature anomalies.

The pressure variations are divided into two properties
(Fig. 10). One is a dynamic pressure variation or vibration.
The pressure vibration is recognized as a proxy of elastic/
seismic waves (e.g., Nosov and Kolesov 2007; Saito et al.
2019). When we took a 1-h window to calculate the root-
mean-square amplitude from the observed pressure
records, robust pressure vibrations were commonly
obtained at both TJT1 and GJT3 (Fig. 10a). The robust
pressure vibrations involved the elastic/seismic waves
and certain amounts from the tsunami (e.g., Saito et al.
2013; Kubota et al. 2021).

Another is a static pressure variation in which high-
frequency (e.g.,> ~1 cycle per minute) components are
removed from the observed pressure records. The static
variation is further divided into two parts: tidal and sea-
floor deformation components. Ocean tidal loading
change has often affected undersea tectonic processes
(e.g., Ide and Tanaka 2014; Romer et al. 2016; Wilcock
et al. 2016). The seafloor deformation due to slow slips
and postseismic slips has been identified in the residual
pressure variation (e.g., Inazu et al. 2012; Ito et al. 2013;
Fukao et al. 2021). We obtained the residual pressure
(Fig. 10b) when tidal components, low-frequency oceanic
variations predicted by numerical ocean modeling, and
fitted instrumental drifts were properly removed from
the static pressure variation (Inazu et al. 2012; Hino et al.
2014; Fujimoto et al. 2014).

The pressure vibrations at TJT1 and GJT3 commonly
decayed after the mainshock but exceeded unusually high
levels over ~ 10 days (Fig. 10a). The decay of the pressure
vibrations was substantially attributed to that of the tsu-
nami (Tang et al. 2012; Saito et al. 2013; Fine et al. 2013).
These decay time scales of the pressure vibrations were
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clearly shorter than those of the seafloor temperature
anomalies (Fig. 10d and e). This indicates no relationship
between the decay of the pressure vibrations and that of
the temperature anomalies at TJT1/GJT3.

Many aftershocks occurred after the mainshock (e.g.,
Asano et al. 2011). Several distinct pressure spikes were
induced by large (M,, 5-6) aftershocks which occurred
within ~ 100 km from TJT1 or GJT3. Most of them were
strike-slip and normal-fault earthquakes (Fig. 10a) based
on the Global Centroid Moment Tensor catalog (Ekstrém
et al. 2012). The temperature anomaly of GJT3 showed a
relatively smooth decay and hardly showed a significant
relationship with the pressure spikes due to the large
aftershocks (Fig. 10a and e). When we compared the
subevents of TJT1 to the pressure spikes (Fig. 10a and
d), the onsets of the subevents sometimes began before
the pressure spikes (i.e., DOY 435 and 437) or seemed
to occur independently of the pressure spikes (i.e., DOY
436, 438, and 440). This indicates that there was no clear
causal relationship between the subevents and nearby
aftershocks. After DOY 441 (March 18), the temperature
anomaly of TJT1 simply decayed without effects from
nearby aftershocks or pressure vibrations (Fig. 10a and
d).

Apart from large stepwise pressure changes due to
the mainshock, the residual pressure variations showed
post-mainshock seafloor deformation in the vertical
direction (e.g., Inazu et al. 2012; Fujimoto et al. 2014).
During 2 weeks after the mainshock, the residual pres-
sure variation of GJT3 hardly indicated a notable slow
seafloor vertical displacement which was less than~5 cm
(i.e.,< ~5 hPa), and that of TJT1 indicated a tran-
sient, small seafloor elevation of ~5 cm (i.e., depression
of ~5 hPa) during DOY 437-442 (Fig. 10b). Meanwhile,
the other six observation sites (P02, P03, P06, P07, P08,
and P09) showed typical afterslip changes of relatively
large subsidence exceeding 10 cm during the 2 weeks
(Fig. 5 of Fujimoto et al. 2014). The slow vertical displace-
ments at TJT1 and GJT3 were relatively small compared
to those at the other landward stations. The temperature
decays of TJT1/GJT3 and the subevents of TJT1 hardly
showed reasonable relationships with the small seafloor
vertical displacements there.

The tidal loading change is examined for the subevents
of TJT1. The subevents mostly seemed to occur during
low or falling tides (i.e., DOY 435, 437, 438, and 439).
Compared to the other examinations with the dynamic/
static pressure variations, there was a possible relation-
ship between the onsets of the subevents and the low-
tide loading although the correlation between them may
not be significant (Fig. 10c and d).
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Fig. 10 Temperature records and pressure variations during DOY 429-449. a, b, and ¢ denote dynamic pressure vibration, residual pressure,

and tidal loading pressure (see texts in Sect. 3.3), respectively, at TJT1 and GJT3. In a, the dynamic pressure vibration amplitudes are calculated as
root-mean-square amplitudes in respective 1-h time windows. Times of several distinct pressure spikes are marked by vertical dashed lines which
are also attached to the other panels. Centroid-moment-tensor solutions of several aftershocks corresponding to the pressure spikes are attached.
No reasonable solution is found corresponding to a pressure spike on DOY 438. The moment magnitude, mechanism, and distance from TJT1 are
shown. Those parameters are based on the Global Centroid Moment Tensor catalog (Ekstrom et al. 2012). Large static pressure steps due to the M,
9 mainshock in b and ¢ are shifted to see small pressure changes before and after the mainshock in the same frames. d and e denote the estimated
water temperature of TJT1 and GJT3, respectively. The onsets of the subevents of TJT1 and corresponding tidal loading levels are plotted by green
circles and lines in d and ¢, respectively
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3.4 Vertical distributions of water temperature

Regarding the temperature anomalies found in TJT1
and GJT3 (Figs. 7, 8, 9, 10), we attempt to investigate the
upper extensions of the seafloor temperature anomalies
using the vertical distribution of water temperature
during the floating up of these instruments. The vertical
distributions of the internal temperature during the
floating up are shown in Fig. 11a. In addition to TJT1
and GJT3, we plot deeper seafloor (depths of 5.1-7.3 km)

observations conducted after the mainshock (Fig. 1
and Table 1). Since the absolute values of the internal
temperature may not be reliable (Fig. 5a), the absolute
values of the temperature are ad hoc shifted so that the
vertical distributions are roughly consistent at sea depths
of 3-5 km including the temperature minimum layer.
Water temperature changes are almost smaller in deeper
seas (Fig. 5b), and we suppose that the minimum water
temperature and associated zero vertical gradient at each
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station can be used as a reference to be suitably consistent
(Fig. 1la). A mean water temperature distribution
shallower than 2 km depths at 38.5° N/143.5° E derived
from Argo reanalysis data, MOAA-GPV (Hosoda et al.
2008), is also plotted for comparison.

Figure 11b shows the vertical distributions of the water
temperature estimated from the internal temperature
using Eq. (1). The floating speeds of the instruments were
0.8-1.2 m/s, as mentioned in Sect. 2. When we suppose
a 15-min delay of the internal temperature, the vertical
shift of the temperature profile is roughly expected to
be up to~1 km. Although the vertical structures of the
internal temperature were apparently different between
the stations near respective seafloors (Fig. 11a), those of
the estimated water temperature almost showed identical
from the respective seafloors to shallow depths (Fig. 11b).
Thus, the estimated temperature reasonably captured
that there were smaller water variations in deeper seas
(e.g., Gaillard et al. 2009; Talley et al. 2011).

The estimated temperature could also trace the Argo
reanalysis profile at sea depths shallower than 2 km
(Fig. 11b). Figure 11c shows the water temperature pro-
file averaged between the seven stations except for TJT1,
TJT1-2, and GJT3. Figure 11d shows vertical distribu-
tions of the estimated temperature anomalies from the
mean profile for TJT1, TJT1-2, and GJT3. A remarkable
anomaly within +0.03 °C that clearly exceeded one stand-
ard deviation was found up to ~ 500 m above the seafloor
when TJT1 was floating up on March 24, which was
achieved successfully by the estimated water temperature
(Fig. 11b—d), not by the internal temperature (Fig. 11a).
There was no such evident anomaly above TJT1-2 on
May 24 and above GJT3 on May 31.

We calculate a potential temperature distribution
(Bryden 1973; Gill 1982) from the mean profile to com-
pensate for an adiabatic compression effect in deep seas
(Fig. 11c). Since we focused on the deep seas (>~2 km
depths) and had no salinity information for the seafloor
pressure observations, a constant salinity of 34.5 PSU was
simply supposed based on the World Ocean Atlas 2018
(Zweng et al. 2019). Unlike the ambient water tempera-
ture, the potential temperature basically decreased with
depth. The change rate of the potential temperature along
the sea depth also decreased with depth, showing a typi-
cal, stable stratification (e.g., Talley et al. 2011). According
to Fig. 11c, when we put water mass whose temperature
is 0.1 °C (0.2 °C) greater than the surrounding seawater at
a sea depth of 5.8 km (3.3 km) for TJT1 (GJT3), the warm
water mass can likely move upward to ~2 km (~ 1 km) or
sea depth of~3.7 km (~2.5 km) as an upper limit con-
strained by neutral buoyancy.
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3.5 Summary of the observed water temperature anomaly
The observed water temperature anomalies at the eight
stations are summarized below.

TJT1: The seafloor water temperature began to rise
3.5 h after the mainshock, peaked at+0.10 °C for another
9.0 h (Fig. 9), and decayed with intermittent rises (i.e.,
subevents). The subevents were evident for+0.08 °C
on March 12,+0.03 °C on March 14, and+0.05 °C on
March 16 (Fig. 8). The onsets of the subevents seemed
to occur during low or falling tides and hardly showed
relationships with effects from the nearby distinct after-
shocks or the post-mainshock vertical displacements
there (Fig. 10). A water temperature anomaly of less
than+0.03 °C was found up to~500 m above the sea-
floor during the floating up of the equipment 13 days
after the mainshock (Fig. 11d). No temperature anomaly
was found during the observation period from April 30
to May 24 (TJT1-2). Although there was no temperature
observation between March 24 and April 30, it was likely
that the temperature anomaly including the subevents
almost decayed over ~ 30 days after the mainshock.

GJT3: The seafloor water temperature began to rise
4.5 h after the mainshock and peaked at+0.20 °C for
another 9.0 h (Fig. 9). The temperature anomaly smoothly
decayed to its original level over ~ 30 days after the main-
shock. The smooth decay hardly showed a relationship
with the dynamic/static seafloor pressure vibrations
(Fig. 10). No significant temperature anomaly was found
above the seafloor during the floating up of the equip-
ment on May 31 (Fig. 11d).

P03: The seafloor water temperature began to rise 3.1 h
after the mainshock and peaked at+0.19 °C for another
0.8 h. The temperature anomaly lasted for ~2 h and ter-
minated within a few hours (Fig. 9). The equipment was
moved to a deeper place during the temperature anomaly
(Arai et al. 2013).

No significant water temperature anomaly related to
the mainshock was detected at the other five stations
(P02, P06, PO7, P08, and P09) at seafloor depths of 1.1—
1.6 km (Fig. 9). No water temperature anomaly related to
the M, 7 foreshock was detected at all the eight stations
(Fig. 8).

4 Discussion
4.1 Possible processes to cause water temperature
anomaly

The water temperature anomalies related to the main-
shock were observed at TJT1, GJT3, and P03. The tem-
perature anomalies were all increases. There are two
possible processes to cause the water temperature to
increase near the seafloor. One is that relatively warmer
seawater at a shallower depth is brought to a deeper sea-
floor. When a turbidity flow involves higher density with
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suspended sediments but warmer temperature than those
of deeper region water, the penetration of the turbidity
flow into the deeper region enables the seafloor water
temperature to increase there. Another is that warm
water related to a geothermal gradient (e.g., ~0.03 °C/m)
is emitted from the subseafloor. When subseafloor warm
or hot water emerges on the seafloor more quickly than
a subseafloor heat diffusion process, the seafloor tem-
perature can locally increase. We discuss how these two
different processes contributed to the observed seafloor
water temperature anomalies.

4.2 Turbidity currents due to tsunami or landslide

In this subsection, we evaluate whether turbidity cur-
rents due to tsunamis or landslides could cause the tem-
perature anomalies found at P03, GJT3, and TJT1.

Arai et al. (2013) explained that the water temperature
anomaly of P03 was caused by a tsunami-generated tur-
bidity current, which is reviewed here as well. The sea-
floor water temperature of P03 began to rise 3.1 h after
the mainshock, peaked at+0.19 °C, and terminated within
several hours (Fig. 9). We suppose a following process that
the tsunami-generated turbidity current caused the tem-
perature anomaly. The great tsunami generated imme-
diately by the elastic seafloor deformation took~0.5 h to
reach a shallow sea of a depth of~100 m and probably
induced substantial amounts of sediment suspension by
a tsunami current of 10~ m/s (e.g., Sugawara and Goto
2012; Arai et al. 2013; Inazu et al. 2018), which likely
caused the onset of the turbidity current. When we assume
that this sediment-gravity flow took another~2.6 h to
reach P03 which was located~50 km distant from the
100-m sea depth, the average speed of the sediment-grav-
ity flow was ~5 m/s which was a possible speed to lift and
displace the anchored P03 (e.g., Arai et al. 2013; Paull et al.
2018). The duration of the temperature anomaly of several
hours was comparable to those caused by possible turbid-
ity currents due to earthquakes and other sources found at
depths of 1.0-2.5 km (e.g., Mikada et al. 2006; Talling et al.
2013; Xu et al. 2014). The above discussion on the onset
time, amplitude, and duration of the seafloor temperature
anomaly indicates that the temperature anomaly of P03
was caused by the tsunami-generated turbidity current, as
was suggested by Arai et al. (2013).

We attempt to investigate the cause of the tempera-
ture anomalies of GJT3 and TJT1, respectively, espe-
cially for the initial temperature rises of+0.20 °C of GJT3
and+0.10 °C of TJT1 (Fig. 9). We speculate how far the
turbidity current to displace P03 went powerfully down-
stream. If we assumed that the temperature increase
in GJT3 was caused by the tsunami-generated turbid-
ity current, the turbidity current that passed through
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P03 with ~5 m/s should have accelerated into a deeper
seafloor to~20 m/s (=$ﬁ‘;‘gm) since the distance
between P03 and GJT3 was~ 100 km, and the tempera-
ture anomalies of GJT3 and P03 began to occur 4.5 and
3.1 h, respectively, after the mainshock. The turbidity
current of 20 m/s might be possible as a maximum value
but probably be suspicious as a mean speed (e.g., Hamp-
ton et al. 1996; Talling et al. 2013; Clare et al. 2020). Fur-
thermore, if it had reached GJT3 with such a speed, the
anchored equipment would have been likely swept away
more than P03. There was no indication that GJT3 was
swept away as deduced from its pressure data. Hence,
it was not evident that the tsunami-generated turbidity
current strongly affected GJT3.

The turbidity current maintains high-speed propaga-
tion due to its higher density than the surrounding water.
The high density is kept by replacing water and seafloor
sediments at the propagation front. This is called an
auto-suspension or self-accelerating mechanism (e.g.,
Parker et al. 1986; Sequeiros et al. 2018; Heerema et al.
2020). The amplitude of the water temperature anomaly
of the turbidity current typically decreases with its intru-
sion into a deeper, cooler seafloor. For example, Hughes
Clarke (2016) reported that positive temperature anoma-
lies of 1.5-2.0 °C of turbidity-current sources have been
often reduced to 0.1-0.3 °C after downward traveling of
only 10> m at a shallow sea (depth of <100 m). Accord-
ing to the data shown by Kakehi et al. (2021), the source
temperature of the tsunami-generated turbidity current
that caused the+0.19 °C anomaly at P03 was deduced
to be 5-8 °C at the 100-m sea depth in March 2011. The
temperature anomaly at GJT3 was+0.20 °C, indicating
no significant decrease in the temperature anomaly from
P03 to GJT3. The above discussion on the expected prop-
agation speed and the temperature anomaly decay of the
tsunami-generated turbidity current suggests that a dif-
ferent major factor should be instead considered for the
initial temperature anomaly of GJT3.

Since the initial temperature anomaly of TJT1
began~1 h earlier than that of GJT3 (Fig. 9), the initial
temperature anomaly of TJT1 was not attributed to that
of GJT3. The TJT1 anomaly should have originated at a
depth deeper than GJT3. Turbidity currents can be also
induced by seafloor landslides which are often caused
by strong seismic ground motion (e.g., Talling et al.
2007; Shanmugam 2015). If both distinct landslide and
associated turbidity current had immediately occurred
within 3.5 h after the mainshock on a slope between TJT1
and GJT3, the onset of the TJT1 anomaly might have
been possibly explained. However, if the temperature
increase of+0.10 °C at TJT1 had been caused by such
a landslide-generated turbidity current, the turbidity
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current should have occurred at a depth shallower
than ~ 3.7 km as constrained by the potential temperature
structure considering the TJT1 anomaly (Fig. 1lc),
and at a depth deeper than GJT3 (sea depth of 3.3 km)
according to the earlier onset of TJT1. The warmth of the
turbidity-current source is quickly lost with its intrusion
into a deeper seafloor, as mentioned above. Since the
potential water temperature at sea depths of 3.3-3.7 km
was only 0.10-0.17 °C greater than that at TJT1 (Fig. 11c),
this weak anomaly unlikely yielded the+0.1 °C anomaly
at TJT1 after downward traveling greater than~10 km
(Fig. 1). Hence, we suggest that warm water discharge
from deep-sea subseafloor would be a promising process
to cause the initial temperature anomaly of TJT1.

For the initial temperature anomaly of GJT3, we do
not completely deny a possibility that landslide and
associated turbidity current might have occurred at a
depth shallower than GJT3 just after the mainshock and
affected GJT3 alone. According to the constraint of the
potential temperature structure (Fig. 11c), if a turbid-
ity-current source induced by a landslide is considered
to cause the GJT3 anomaly of+0.20 °C, it requires that
the source should have been located at sea depths at
least shallower than~ 2.5 km, and likely further requires
that the source temperature anomaly should have been
higher than, for instance,+1 °C which indicates that
the source should have been located at sea depths shal-
lower than~1.5 km. Such a shallow seafloor area was
located ~50 km distant from GJT3 (Fig. 1). However,
there were not likely landslides at the shallow, less steep
slopes (~1°), than at deeper, steep slope regions (5—8°)
near the trench (e.g., Kodaira et al. 2020). Indeed, there
was no significant temperature anomaly at shallower
places of P08 and P09. Furthermore, there was little evi-
dence of long-distance (>~10 km) lateral transports of
suspended sediments except in the case of the tsunami-
generated turbidity current which strongly affected P03
(Arai et al. 2013; Ikehara et al. 2021). Thus, turbidity cur-
rents which might be related to seafloor landslides were
also less probable to cause the +0.20 °C anomaly of GJT3.
Warm water discharge from deep-sea subseafloor would
be a promising process for GJT3 as well as the case of
TJTL.

The water temperature anomalies of both TJT1 and
GJT3 were roughly comparable in terms of the time scales
of the initial rise and the decay. As shown in Figs. 7-9,
those seafloor water temperature anomalies began to
rise 3.5 or 4.5 h after the mainshock, both took~9.0 h to
reach respective peaks of +0.10 °C or+0.20 °C, and both
decayed over~30 days. These time scales were much
longer than those observed at P03 (Fig. 9). It is reason-
able to consider that the temperature anomalies of TJT1
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and GJT3 from the initial rises to respective decays were
caused by larger-scale phenomena than typical turbidity
currents. We suppose that warm water discharges from
the subseafloor would be suitable processes to domi-
nantly cause the initial temperature rises of GJT3 and
TJT1. We also note that the seafloor temperature anoma-
lies of +107! °C with durations of a few tens of days are
comparable to those sometimes found in water tem-
perature observations typically located kilometers from
sources of hydrothermal event plumes (e.g., Lupton 1995;
Murton and Redbourn 2000; Di Iorio et al. 2012), which
suggests that a large-scale thermal phenomenon likely
occurred although submarine volcanism is inactive at the
landward slope of the Japan Trench.

The subevents found at TJT1 are also examined
(Fig. 10). Since similar variations like the subevents were
not evident at GJT3, the subevents probably originated
nearer TJT1 or deeper places than GJT3. After the main-
shock, landslides and associated turbidity currents might
be easily induced by medium or large aftershocks. If
we assumed this process, the subevents of TJT1 should
have occurred after the distinct aftershocks. However,
observed onset time differences between the subevents
and the aftershocks did not suggest such a causal rela-
tionship (Fig. 10a and d). In addition, if the turbidity-
current source was located at a place deeper than GJT3
and shallower than TJT1, the temperature anomaly of its
source was at most+0.2 °C compared to TJT1, according
to the potential temperature structure (Fig. 11c). Such a
small anomaly was unlikely to yield+0.08 °C or+0.05 °C
at TJT1 after downward traveling of the turbidity cur-
rent. Warm water discharges from the subseafloor should
be reasonable processes to cause the TJT1 subevents as
well as the initial temperature rise.

4.3 Warm water from subseafloor

We explain tectonic and oceanic features related to the
warm water discharges and spreading which could cause
the initial temperature anomalies of GJT3/TJT1 and the
subevents of TJT1.

Geothermal structures below the seafloor around
trench axes have been modeled (e.g., Gutscher and Pea-
cock 2003; Saffer and Tobin 2011; Kimura et al. 2012).
The Japan Trench Fast Drilling Project (JEAST) accord-
ing to the Integrated Ocean Drilling Program (IODP)
Expedition 343/343 T (Chester et al. 2013) carried out
a direct measurement of temporal changes of the verti-
cal structure of the subseafloor temperature in the fron-
tal prism and confirmed a typical geothermal gradient
of ~0.03 °C/m (e.g., Becker et al. 2020) even after the
mainshock (Fulton et al. 2013, 2019). There was suitably
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warm water below the seafloor around the Japan Trench
(e.g., 10! °C at a few kilometers below the seafloor) both
before and after the mainshock (Kimura et al. 2012). The
seafloor temperature is likely to increase when the sub-
seafloor water from certain depths is discharged.

There are possible migration pathways of subseafloor
fluids around TJT1 and GJT3 (Fig. 1). Repeating seismic
explorations along the MY102 section have revealed that
there are seafloor outcrops of faults such as the branch
normal fault between TJT1 and GJT3, the reverse fault
near TJT1, the backstop interface, and several reverse
faults in the frontal prism (e.g., Miura et al. 2005; Tsuji
et al. 2013; Kodaira et al. 2020). These seafloor fault
outcrops are mostly shown as linear traces that are
subparallel with isobaths and/or the trench axis. Tsuji
et al. (2011) found chemosynthetic communities (e.g.,
Calyptogena colonies) at an outcrop of the reverse fault
near TJT1 before the mainshock, which indicated that
the reverse fault had worked as a stable fluid pathway
to provide cold seeps to feed the communities. Similar
chemosynthetic communities with possible cold seeps
were also found at the frontal prism at the northern Japan
Trench around ~40°N (Ogawa et al. 1996; Fujikura et al.
1999, 2002). We infer that there were also comparable
fluid pathways with seafloor outcrops at the frontal prism
in the vicinity of the MY102 section. Once those faults
were severely ruptured by the mainshock slip, the warm
fluids (e.g., 10! °C) became able to effectively migrate via
those faults and emerge at the seafloor.

The discharged warm water at the seafloor can spread
horizontally due to the eddy (i.e., turbulent) diffusion,
and vertically due to the buoyancy. When we suppose
typical horizontal eddy diffusivity coefficients (10~'-10°

m?/s), a turbulent diffusion speed of the water tem-
perature anomaly (i.e., effective thermal diffusion) is
1072-107! m/s for several hours (e.g., Bemis et al. 1993;
Lavelle and Baker 1994; Lavelle 1995). This indicates
that the discharged warm water likely spreads out sev-
eral kilometers over several hours. In the vertical direc-
tion, the relatively warm water spreads up to the height
of neutral buoyancy which depends on the anomaly from
the potential water temperature structure (Fig. 1lc).
When the temperature anomaly of the discharged water
is+10° °C near the seafloor outcrop, vertical spreading
speed of the warm water may be up to 10™! m/s above the
outcrop for hydrothermal event plumes (e.g., Lavelle and
Baker 1994; Lavelle 1995).

4.4 Scenario of warm water discharge from subseafloor
We propose a scenario to reasonably explain the
temperature anomalies of GJT3 and TJT1 based on
the possible processes of the warm water ejections via
subseafloor pathways and the spreading of the discharged
water near the seafloor. Figure 12 shows the illustration
of the scenario. The details of the observed features to be
explained were described in Sect. 3.5.

The M, 7 foreshock occurrence generated no effec-
tive pathway of subseafloor warm water to the seafloor.
Strong ground shaking due to the foreshock might have
made seafloor sediments suspended but associated water
mixing could not cause the seafloor temperature anomaly
(Fig. 8).

The M,, 9 mainshock occurrence induced larger slips
closer to the trench axis (e.g., linuma et al. 2012). These
slips involved anelastic deformation which probably
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generated effective pathways of subseafloor warm water.
The generated pathways were mainly composed of the
branch normal fault between GJT3 and TJT1, the reverse
fault near TJT1, the backstop interface, and perhaps
reverse faults at the frontal prism (Kodaira et al. 2012,
2020; Tsuji et al. 2013).

Although we could not determine the exact time of
the water discharge from the seafloor, the warm water
was ejected via at least two pathways among those faults
within a few hours after the mainshock. One of the path-
ways was the branch normal fault whose seafloor outcrop
was located between GJT3 and TJT1. The other was the
reverse fault near TJT1 or the backstop interface. Since
the effective thermal diffusion speed was supposed to
be 1072-10"! m/s in the horizontal direction, the warm
water ejected via the branch normal fault could spread
over several kilometers and reach GJT3 for the next sev-
eral hours. This warm water could not affect TJT1 which
was located at a deeper place. The warm water ejected via
the reverse fault near TJT1 and/or the backstop interface
could, respectively, spread over several kilometers and
reach TJT1. It is unclear which contribution was domi-
nant. This warm water affecting TJT1 hardly affected
GJ T3 since the water temperature anomaly more diffused
and decayed with longer-distance spreading (Fig. 12).
As a result, the seafloor temperature of TJT1 and GJT3
began to rise 3.5 and 4.5 h, respectively, after the main-
shock (Fig. 9).

When the water temperature anomaly became +0.1 °C
or+0.2 °C after the horizontal spreading of kilometers
from the seafloor outcrops, the temperature anomalies
near the outcrops were likely greater than 10° °C (e.g.,
Lavelle 1995). The temperature anomaly of the subsea-
floor warm water source should be substantially higher
than this 10° °C, for instance, 10! °C or more. The sub-
seafloor warm water source with a temperature anomaly
greater than 10! °C was supposed to be located deeper
than a few kilometers below the seafloor, according to
the geothermal gradient of 0.03 °C/m (Kimura et al. 2012;
Fulton et al. 2013). Note that extremely high speeds of a
few kilometers per a few hours (i.e., 10™* m/s) of the sub-
seafloor fluid advection via a few fault pathways were
probably realized without submarine active volcanos
there.

The warm water ejected via the branch normal fault
contributed to the temperature anomaly of GJT3 alone,
and smoothly decayed over~30 days after the main-
shock (Figs. 7, 8, and 10). The warm water discharges
which contributed to the initial temperature anomalies
of GJT3 and TJT1 occurred within a few hours after the
mainshock. From several hours to several days after the
mainshock, intermittent warm water ejections prob-
ably occurred via multiple fault pathways whose seafloor
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outcrops were located near or deeper than TJT1. Can-
didates of those fault pathways are the reverse fault near
TJT1, the backstop interface, and perhaps the reverse
faults at the frontal prism. They were severely ruptured
due to the mainshock, and warm water likely migrated
and approached close to the seafloor outcrops. Low
and falling tidal loading possibly helped the subseafloor
warm water close to the seafloor outcrops to intermit-
tently emerge at the seafloor (Fig. 10). Some of the warm
water discharges caused the subevents of TJT1 although
it is unclear which fault pathways dominantly contrib-
uted to the respective subevents. The intermittent warm
water discharges almost decayed over ~30 days after the
mainshock.

The relatively warm water discharged from the sub-
seafloor efficiently spread upward due to buoyancy. As
mentioned in Sect. 3.4, according to the potential tem-
perature structure with the seafloor temperature anoma-
lies (Fig. 11c), the initial temperature anomalies at TJT1
and GJT3 likely spread vertically up to~2 km and ~1 km
above the seafloor, respectively, which means the warm
water spreading up to the sea depths of~3.7 km above
TJT1 and~2.5 km above GJT3, respectively (Fig. 12).
Although the discharged water nearer the seafloor fault
outcrops was probably warmer and spread above more,
the actual spreading heights above the fault outcrops
could not be well constrained. The vertical spreading of
the warm water anomaly above TJT1 gradually decayed
but remained within+0.03 °C up to~500 m above the
seafloor 13 days after the mainshock. The expected warm
water spreading above GJT3 also decayed. The water
temperature anomalies at TJT1 and GJT3 both became
undetectable ~ 30 days after the mainshock.

4.5 Consistency of the scenario with other studies

The proposed scenario of the warm water discharge is
examined with other studies of geophysical, geochemical,
and geological observations which were mostly carried
out after the M, 9 mainshock.

We supposed that the migration pathways of the
warm water were the branch normal fault between GJT3
and TJT1, the reverse fault near TJT1, the backstop
interface, and the several reverse faults at the frontal
prism (Fig. 12). Tsuji et al. (2013) carried out heat-
flow measurements at the epicentral region five and
seventeen months after the mainshock and suggested
that the branch normal fault worked as a bulk pathway
of the leakage and decay of the geothermal heat. They
also found seafloor fissures where anelastic deformation
occurred related to a large extensional strain of>1073
between GJT3 and TJT1 (Ito et al. 2011; Sato et al.
2011; Kido et al. 2011) and perishing of chemosynthetic
communities at the seafloor outcrops of the reverse fault
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near TJT1 and of the backstop interface. These results
indicated drastic subseafloor fluid discharge and its decay
from these fault pathways months after the mainshock.
Also, an extensional regime in the upper plate after the
mainshock, which was suggested by studies of seismicity
(e.g., Kato et al. 2011; Hasegawa et al. 2012) and those
of borehole breakout (e.g., Lin et al. 2013; Brodsky
et al. 2020), was possibly compatible with the effective
subseafloor fluid migrations. Our seafloor temperature
records suggested the abrupt heat discharges with their
early decays via the branch normal fault and the multiple
faults at deeper places during at least 2 weeks after the
mainshock. These suggested processes will help to
further discuss the subseafloor fluid/heat behaviors with
the post-mainshock survey results.

The chemical anomalies of *C/!>)C and ®He/*He near
the epicentral seafloor were detected from the sampled
water that was obtained 36 days after the mainshock
(Kawagucci et al. 2012; Sano et al. 2014). The turbidity
anomaly near the seafloor was also detected during the
water sampling (Noguchi et al. 2012). Although those
chemical and turbidity anomalies were detected, Kawa-
gucci et al. (2012) noted no water temperature anomaly
detected at sea depths up to~5.7 km at that time. The
observed seafloor temperature anomalies were almost
undetectable ~30 days after the mainshock (Fig. 7),
which was compatible with the note of Kawagucci et al.
(2012). The decay time scale of the temperature anomaly
was apparently shorter than that of the chemical and tur-
bidity anomalies.

Our scenario is that the subseafloor warm water
source whose temperature was likely greater than 10' °C
at a place deeper than a few kilometers was discharged
to the seafloor within a few hours after the mainshock.
The discharged warm water involved subseafloor mate-
rials integrated along the fluid pathway from the warm
water source to the seafloor. The seafloor sediment was
suspended above due to the warm water discharge and
spreading. Thus, the observed anomalies of *C/**C (i.e.,
methane at 1-2 km below the seafloor) and of turbid-
ity near the seafloor probably began to spread with the
warm water discharge. We speculate when the *He/*He
anomaly was emitted. Sano et al. (2014) suggested that
the mantle-derived *He/*He anomaly was located at dis-
tances of 30-150 km from the epicentral seafloor before
the mainshock. Park et al. (2021) found that fluids possi-
bly involving *He/*He anomalies characterized by strong
seismic reflections were distributed on patches at shal-
low regions (2-10 km depth) along clear faults including
the branch normal fault. We infer that some portions of
the shallow fluids involving the *He/*He anomalies were
also discharged with the shallower methane quickly after
the mainshock. It is unclear whether deeper (>20 km
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depth) fluids were discharged to the seafloor. Anyway, the
deeper fluids probably migrated to shallower regions and
were efficiently held there, which was seismically imaged
by Park et al. (2021).

Since grain sizes of the seafloor sediments are ordinar-
ily finer at far offshore, deeper seafloor, it takes much
time to settle again once they are suspended. When we
suppose that the seabed sediments mainly consist of silt
whose typical diameters are~10 pym at the landward
slope of the Japan Trench at seafloor depths of 3—6 km,
and employ a Stokes equation (Gibbs et al. 1971; Dietrich
1982), the settling velocity is 10™* m/s for the silt (e.g.,
Noguchi et al. 2012). As mentioned in Sect. 4.3, vertical
spreading speeds of the discharged warm water may be
up to 107! m/s above the seafloor outcrops (Lavelle and
Baker 1994; Lavelle 1995). The vertical spreading speeds
of the discharged warm water were much faster than the
settling velocity of suspended sediments in the deep sea.
Also, fine or dissolved materials are prone to be captured
by suspended sediments. Thus, the diffusion or decay of
the water temperature anomaly was much faster than
that of the turbidity and the chemical anomalies. The
following processes are then reasonable: Both the tem-
perature anomaly and the chemical/turbidity anomalies
spread over 1 or 2 km above GJT3 or TJT1 due to the
buoyancy (Fig. 12). The temperature anomalies decayed
and became undetectable ~ 1 month after the mainshock
(Fig. 7). The suspended sediments with the chemical
anomalies slowly settled down. They efficiently remained
up to~1 km above the seafloor ~ 1 month after the main-
shock (Noguchi et al. 2012; Kawagucci et al. 2012; Sano
et al. 2014).

Noguchi et al. (2012) and Ikehara et al. (2021) explained
that the turbidity anomalies with the suspended sediments
were caused by strong ground motion, induced landslides,
strong tsunami currents, and associated turbidity cur-
rents. After the mainshock, landslides and associated tur-
bidity currents were prone to occur due to moderate and
large aftershocks, especially at deeper, steeper slope regions
near the Japan Trench (e.g., Ikehara et al. 2016; Kodaira
et al. 2020; McHugh et al. 2020). They likely induced local
water mixing with turbidity anomaly but unlikely caused
detectable water temperature anomaly in the deep seas,
as deduced from the potential temperature structure
(Fig. 11c). Meanwhile, the warm water discharge prob-
ably dispersed the seafloor sediments laterally and upward
around the outcrops of the subseafloor fluid pathways. This
is suitably added as another factor to the causes of the tur-
bidity anomalies explained by Noguchi et al. (2012) and
Ikehara et al. (2021).

We have explained that the proposed scenario of the
warm water discharges from the subseafloor was mostly
compatible with geophysical (Tsuji et al. 2013; Park et al.
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2021), geochemical (Kawagucci et al. 2012; Sano et al.
2014), and geological (Noguchi et al. 2012; Ikehara et al.
2021) observations which were carried out after the
mainshock. It is plausible that the warm water discharges
which occurred within a few hours after the mainshock
simultaneously brought the spreading of the seafloor
sediments with the methane/helium from at least a few
kilometers below the seafloor.

4.6 Discharged heat during the mainshock

We discuss the heat properties of the initial tempera-
ture anomalies of GJT3/TJT1. Based on the extent of the
warm water spreading around GJT3 and TJT1 (Fig. 12),
the heat content and flux of the discharged water are
roughly estimated. The discharged warm water almost
extended a few tens of kilometers in the east—west direc-
tion (Dgy =3%10* m) and hundreds of meters above the
seafloor (k1,=10% m). We assume that the extension was
also a few tens of kilometers in the north—south direc-
tion (Dyg=3%10* m) although there was no observa-
tional constraint in this direction. The effective duration
time of heat/water discharge (¢4) is supposed to be ~10 h
which is taken from the time from the onset to the peak
of the initial temperature anomalies of GJT3 and TJT1
(Fig. 9). The water temperature anomaly in the affected
region (AT,) was overall4+0.1 °C. Using specific heat
(C,,=4x10%J/kg/°C) and density (p,,=10° kg/m?) of the
typical seawater, the heat content (H) and the heat flux
(Q) of the discharged water are, respectively, estimated to
be:

H = CypwDewDnshw ATy ~ 4 x 1010, 2)

Q=H/tg~1x 102 J/s. (3)

Since the extension (i.e., volume) of the warm water
spreading might not be well constrained as mentioned
above, the estimation likely involves errors of about one
order of magnitude. According to some studies (e.g.,
Baker et al. 1989; Lupton 1995; Lavell 1995), heat con-
tent and heat flux due to hydrothermal event plumes
have been roughly 10°~10'” J and 10°~10" J/s, respec-
tively. The estimated heat properties of the warm water
discharge immediately after the mainshock were compa-
rable to those due to hydrothermal event plumes. These
deep-sea transient heat events with such magnitudes
would be related to anelastic subseafloor rupture and
effective subseafloor fluid discharge to the seafloor.

A fault-valve model has been often employed to inter-
pret a temporal evolution of fracture formation and
associated fluid migration in the crust due to great earth-
quakes (Sibson et al. 1988; Sibson 1992). Sibson (2013)
employed a fault-valve model for the M,, 9 mainshock.
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We also suppose a similar fault-valve model in which the
valve effectively opened to the seafloor in the large slip
region and gradually closed. The exits of the fault valves
could be mainly seafloor outcrops of the branch normal
fault and those of the deeper faults (Fig. 12).

We consider the heat source which was responsible
for the heat content of the discharged water (H). The
heat source is mainly the geothermal fluids that were
trapped within the branch normal fault and the deeper
faults. Another possible source would be frictional heat
generated by the mainshock slip at the plate boundary
(e.g., Fulton et al. 2013).

We roughly examine whether the heat content of
the geothermal fluids within the faults in the upper
plate was almost responsible for H. For simplicity, we
define that lengths of these faults are constant as /; in
the vertical direction from the seafloor, and that the
total thickness of the permeable damage zones of these
faults is d; which is taken in the east—west direction
(i.e., perpendicular to the trench axis). According to
Fig. 12, [;=3x10% m is supposed. The permeable fault
damage zone indicates a fractured aquifer layer (e.g.,
Lockner et al. 2009; Faulkner et al. 2010; Hirose et al.
2021) whose porosity (¢) is supposed to be 107! (e.g.,
Tanikawa et al. 2014; Kameda et al. 2019). The typical
geothermal gradient of VT, = 0.03°C/m is assumed as
mentioned above. Then, we suppose:

H = CypwDewDNshwATy

1 (4)
= wpqudeNsVTgEl?,
or
Dewhy AT,
dp =270 "N~ 0 % 10 m. (5)
PV Tyl2

This thickness is composed of those major faults men-
tioned above (Fig. 12) and is roughly 10° m per fault.

The thickness of permeable fault damage zones has
been known to widely range 107'-10> m (e.g., Moore
and Shipley 1993; Savage and Brodsky 2011; Yehya et al.
2018). The estimated thickness of the multiple faults
(dp) and that of one fault roughly fall within this range.
Thus, H ~ 10'° ] might be explained by that most of
the geothermal fluids within the major faults in the
upper plate were discharged to the seafloor. However,
we remind that the estimation of d; in Eq. (5) involves
errors of one or two orders of magnitude since rough
values were given especially for length and distance.
It is not sure whether the frictional heat at the plate
boundary during the mainshock effectively contributed
to H.



Inazu et al. Progress in Earth and Planetary Science (2023) 10:24

In addition to JFAST, another future drilling project
(JTRACK: Tracking the Tsunamigenic slips Across and
Along the Japan Trench) proposed by IODP will be car-
ried out at the mainshock epicentral seafloor (Kirk-
patrick et al. 2015). Expected fault samples obtained
there together with our temperature data will hopefully
help to understand in detail the mainshock with related
processes.

4.7 Subevents after the mainshock

The behaviors of the subevents of TJT1 (Fig. 10) are
discussed. The temporal evolution of the temperature
anomaly probably reflected the abrupt increase and decay
of the warm water discharge, which also implied the
opening and gradual closing of the fault valve. The tem-
perature anomalies of GJT3 and TJT1 almost decayed
over ~30 days but the decay behaviors were apparently
different between them (Figs. 8 and 10). The decay of the
temperature anomaly of GJT3 was relatively smooth. This
indicated that the warm water ejection via the branch
normal fault simply showed a smooth decay, or that the
distance between GJT3 and the effective warm water
exit along the outcrop of the branch normal fault might
be large, and the warm water spreading might have sub-
stantially diffused at GJT3. Meanwhile, the temperature
of TJT1 showed a complicated decay process (i.e., subev-
ents). This indicated that the behaviors of the fault valves
during the decay of the warm water discharges were
probably different between the branch normal fault and
the deeper seafloor faults.

The onsets of the subevents apparently occurred
during low or falling tides (Fig. 10). The behaviors of
the subevents are discussed more. There are possible
differences between the fluid pathways near TJT1 in
terms of material and mechanical properties. The reverse
fault near TJT1 lies in the relatively consolidated crust.
The backstop interface is an evident boundary between
the consolidated crust and the unconsolidated (or weakly
consolidated) frontal prism. There are also likely effective
pathways in the unconsolidated frontal prism. Due to
the large slip of the mainshock, pore fluid pressure in
those pathways substantially changed locally near the
plate boundary (Sibson 2013). Thermal pressurization
below the frontal prism (e.g., Fulton et al. 2013) possibly
facilitated fluid migration there. During the diminishing
of these fluid pressure changes, substantial amounts
of the subseafloor warm water in the multiple fault
pathways likely migrated upward and approached close
to the seafloor. Low or falling tidal loading possibly
helped to unclamp the outcrops of the fault pathways
so that the warm water near the seafloor ejected to the
seafloor (Fig. 10c, d). The different timing of the onsets of
the respective subevents might be attributed to possible
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differences in material and mechanical properties in the
multiple fault pathways near TJT1. It is interesting that
comparable phenomena of degassing at a cold seep and
micro-earthquakes due to an impending eruption have
been notably activated during low and/or falling tides in
the deep seafloor (depths> ~1 km) conditions in which
there are relatively small tidal variations of 10' hPa
while the absolute pressure is greater than 10° hPa (e.g.,
Romer et al. 2016; Wilcock et al. 2016). We hope that the
expected fault samples thanks to JTRACK will be utilized
to understand the behaviors of subseafloor fluids after
the mainshock as well as those during the mainshock.

5 Conclusions

Seafloor pressure observations were successfully car-
ried out at eight stations above the hypocenter during
the 2011 M,, 9 Tohoku earthquake and tsunami (Fig. 1).
Temperature records from a built-in thermometer for
thermal compensation of a quartz-crystal pressure trans-
ducer were used to estimate ambient water temperature.
Using a heat conduction model, we proposed a method
that the internal temperature record was reasonably con-
verted to the time series of ambient water temperature
both while the equipment was on the seafloor and while
the equipment was floating up from the seafloor to the
upper ocean (Figs. 2 and 3). This method was applied to
the internal temperature data (Fig. 1 and Table 1).

The observational data showed remarkable tempera-
ture anomalies after the mainshock, which is described
in Sect. 3.5. At deep seafloor stations of TJT1 and
GJT3, there were abrupt water temperature increases
of+0.10 °C and +0.20 °C, respectively, occurred several
hours after the mainshock (Fig. 9). TJT1 showed inter-
mittent temperature rises (i.e., subevents) for several
days after the abrupt increase (Figs. 8 and 10). During
the floating up of TJT1 2 weeks after the mainshock, the
water temperature anomaly within+0.03 °C was found
up to~500 m above the seafloor (Fig. 11). The tempera-
ture anomaly of GJT3 became undetectable~30 days
after the mainshock (Fig. 7). P03 showed that an abrupt
temperature increase of+0.19 °C occurred a few hours
after the mainshock and terminated for several hours
(Fig. 9). At the other five stations, there was no significant
temperature anomaly related to the mainshock (Figs. 8
and 9).

We attempted to explain the water temperature anoma-
lies. The temperature anomaly found at PO3 was probably
caused by the tsunami-generated turbidity current, as also
studied by Arai et al. (2013). Considering the potential
water temperature (Fig. 11) and the relationship between
the temperature anomalies and the seafloor pressure vari-
ations (Fig. 10), we proposed a scenario that the initial
temperature anomalies of TJT1/GJT3 and the following
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subevents found at T]JT1 were both caused by warm water
discharges from subseafloor, rather than by turbidity cur-
rents due to tsunami or landslide (Fig. 12). The pathways
of the warm water migration were the branch normal fault
between GJT3 and TJT1, the reverse fault near TJT1, the
backstop interface, and perhaps the several reverse faults
at the frontal prism. The warm water discharges that
caused the initial temperature anomalies of TJT1/GJT3
occurred within a few hours after the mainshock. The
warm water ejection via the branch normal fault affected
the temperature anomaly of GJT3 alone. The temperature
anomalies of TJT1 including the subevents were affected
by the warm water ejections via the multiple faults whose
seafloor outcrops were close to TJT1 or located at depths
deeper than TJT1. The spreading height of the discharged
warm water was constrained by the height of neutral
buoyancy (Figs. 11 and 12). The onsets of the warm water
discharges to cause the following subevents of TJT1 were
possibly helped by ocean tide loading reduction for sev-
eral days after the mainshock (Fig. 10).

We confirmed that the scenario was mostly compat-
ible with other geophysical (Tsuji et al. 2013; Park et al.
2021), geochemical (Kawagucci et al. 2012; Sano et al.
2014), and geological (Noguchi et al. 2012; Ikehara et al.
2021) observations that were carried out months after
the mainshock. The anomalies captured by these post-
mainshock surveys probably began with the initial tem-
perature anomalies due to the warm water discharges
which occurred within a few hours after the mainshock.

Based on the proposed scenario, we roughly estimated
the heat source and the heat content which induced the
observed water temperature anomalies, which possi-
bly indicates that most of the warm water trapped within
the major faults in the upper plate was discharged to the
seafloor. The scenario with the heat estimation and the
observed temperature data will be hopefully additional
constraints on integrated modeling of the M, 9 earthquake
with surrounding phenomena with fine spatial-temporal
resolution. The modeling includes not only the mainshock
and aftershocks but also turbidity currents, water dis-
charges with physical/chemical anomalies from the subsea-
floor, and resuspension/redistribution of seabed sediments.
It is worthwhile to expect similar water temperature dis-
turbances with complicated processes due to future giant
earthquakes.
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