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Abstract Seismic slip zones convey important information on earthquake energy dissipation and rupture
processes. However, geological records of earthquakes along exhumed faults remain scarce. They can be
traced with a variety of methods that establish the frictional heating of seismic slip, although each has certain
assets and disadvantages. Here we describe a mineral magnetic method to identify seismic slip along with its
peak temperature through examination of magnetic mineral assemblages within a fault zone in deep-sea
sediments cored from the Japan Trench—one of the seismically most active regions around Japan—during
the Integrated Ocean Drilling Program Expedition 343, the Japan Trench Fast Drilling Project. Fault zone
sediments and adjacent host sediments were analyzed mineral magnetically, supplemented by scanning
electron microscope observations with associated energy dispersive X-ray spectroscopy analyses. The
presence of the magnetic mineral pyrrhotite appears to be restricted to three fault zones occurring at ~697,
~720, and ~801 m below sea floor in the frontal prism sediments, while it is absent in the adjacent host
sediments. Elevated temperatures and coseismic hot fluids as a consequence of frictional heating during
earthquake rupture induced partial reaction of preexisting pyrite to pyrrhotite. The presence of pyrrhotite in
combination with pyrite-to-pyrrhotite reaction kinetics constrains the peak temperature to between 640 and
800°C. The integrated mineral-magnetic, microscopic, and kinetic approach adopted here is a useful tool to
identify seismic slip along faults without frictional melt and establish the associated maximum temperature.

1. Introduction

The 2011 Mw 9.0 Tohoku-oki earthquake off the northeast coast of Honshu Island (Japan; Figure 1a) pro-
duced a huge coseismic displacement (~50 m) reaching the sea floor at the trench axis of the Japan
Trench. It caused an unprecedentedly devastating tsunami in northeastern Japan (e.g., Simons et al., 2011).
To understand the mechanism of such unusual huge slip near a trench, the Integrated Ocean Drilling
Program (IODP) Expedition 343, the Japan Trench Fast Drilling Project (JFAST), penetrated the plate-boundary
fault in the region where large shallow slip occurred during the earthquake (Figure 1a) (Chester, Mori, et al.,
2013). An area-balanced palinspastic reconstruction based on the borehole geophysical measurements and
core observations revealed that the cumulative displacement across the plate boundary at the drill site (IODP
Site C0019) is at least ~3.2 km (Chester, Rowe, et al., 2013). The 50 m coseismic slip of the 2011 event is
estimated to account at most for only about half of the plate motion since the Common Era 869 Jogan earth-
quake (Scholz, 2014). Therefore, previous great earthquakes recurring episodically with an interval of ∼500 to
~1,000 years (Sawai et al., 2015) should have caused significant additional shallow coseismic slip propagating
through the cored accretionary wedge. Investigation of those historical earthquakes would thus shed light on
understanding the subduction history of the incoming Pacific Plate. To this end, an overall picture of the fault
zones is required.

Many earthquake fault zone studies, however, share a common denominator: it is difficult to find geological
records of seismic fault slip and to locate seismic slip zones in the rock record (Han et al., 2007). Two common
approaches have been proposed to identify previous earthquake records: one is based on the analysis of
structures produced by seismic processes and the second approach involves establishing the frictional
heating of seismic slip (Rowe & Griffith, 2015).
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Features of fluidized granular flow, mirror fault surfaces, clast-cortex aggregates, coseismic crystal plastic
deformation, and amorphous material, are scrutinized in the first approach, recently reviewed by Rowe
and Griffith (2015). However, these coseismic slip structures are very uncommon for the majority of faults
developed in sedimentary rocks, despite that the majority of the large earthquakes are associated with sub-
ducted sediments (Lay & Bilek, 2007). This makes it hard to diagnose the record of most subduction zone
earthquakes through recognition of the coseismically produced structures.

Figure 1. (a) Map of part of the Japan Trench showing location of Site C0019 with white filled circle. The red star indicates the epicenter of the 2011 Mw 9.0 Tohoku-
Oki earthquake. Contours of slip during the earthquake rupture are taken from Yue and Lay (2011). The white arrow indicates the plate convergence vector
(Argus et al., 2011). (b) Interpreted seismic profile along Line HD33B (indicated in Figure 1a) showing the site location cored during IODP Expedition 343. Inset shows
the lithology and recovery at cored interval of Hole C0019E (688.50–836.81 m bsf). The dark parts indicate core recovered, with adjacent numbers indicating core
numbers (R indicates the core type, rotary core barrel). VE: vertical exaggeration, m bsl: meters below sea level, and m bsf: meters below sea floor. (c–e) Core
images of faults FZ697, FZ720, and FZ801. The white arrows show the inferred sense of the faults (Chester, Mori, et al., 2013; Kirkpatrick et al., 2015).
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The second approach is focused on how much frictional heating was induced by seismic slip, which consti-
tutes by far the largest part (~80 to 90%) of the total earthquake energy budget (e.g., Scholz, 2002). Frictional
heating quickly results in elevated temperatures (Rice, 2006) and induces thermochemical reactions within a
fault zone. Identifying signatures of frictional heating is thus an attractive way to diagnose earthquake slip.
Among the frictional-heating proxies, pseudotachylyte, which is a solidified melt product of rapid frictional
heating, is widely considered a reliable indicator of past earthquakes (Cowan, 1999), and also referred to as
so-called “fossilized earthquake” (Lin, 2008). However, pseudotachylyte is rare in the upper segments of most
faults (spanning the topmost few kilometers of the crust), where the friction melt window is not reached as
rupturing proceeds without inducing a melt phase due to the lower confining stresses (e.g., Sibson & Toy,
2006; Swanson, 1992). This is primarily related to the high temperatures required to produce melt rock.

Recently, alternative approaches were developed to detect seismic frictional heating with peak temperatures
below the melting temperature of fault rock. These include frictional devolatilization of carbonates and
hydrous silicates (e.g., Han et al., 2007; Rowe et al., 2012), trace element partitioning (e.g., Tanikawa et al.,
2015), and maturation of organic matter (e.g., Savage et al., 2014). However, each of these approaches can
only be applied under specific conditions, and sometimes detect a certain temperature range only (see
Yang et al., 2016, for details). Thus, to achieve a complete picture of frictional heating, yet other approaches
are desired, either independent of or working in concert with existing methods. This would aid diagnosing
earthquake slip in rock records. Here we document a mineral-magnetic method based on the occurrence
of pyrrhotite (Fe7S8), a magnetic mineral that derives from the heating of pyrite (FeS2).

Pyrite is probably the most widespread sulfide mineral in the Earth’s crust (e.g., Craig & Vokes, 1993), and also
is ubiquitous in fault zones (e.g., Chou, Song, Aubourg, Song et al., 2012; Togo et al., 2011; Zheng et al., 2002).
It has been documented that pyrite is thermally unstable and is readily decomposed to pyrrhotite at elevated
temperatures of over 300–500°C in various atmospheres at different pressures (Bhargava et al., 2009; Hu et al.,
2006; Lambert et al., 1998). Pyrite is a paramagnetic mineral. The newly formed pyrrhotite is either hexagonal
(nominally antiferromagnetic at low temperature; the long-term fate of quenched-in ferrimagnetic pyrrhotite
structures, however, is unknown) or monoclinic (ferrimagnetic) (e.g., Dekkers, 1988). This enables detection of
monoclinic pyrrhotite in trace amounts with sensitive magnetic methods. If seismic frictional heating induces
a sufficiently elevated temperature, the new pyrrhotite formed at the expense of preexisting pyrite leaves an
increased “magnetic footprint” in fault rocks. This yields a distinctive magnetic record of seismic slip in fault
zones, even when only trace amounts of pyrite are originally present. It should be realized that it is not
straightforward to establish this pyrite-pyrrhotite transformation by routinely applied geochemical analysis
due to the low concentration (<0.1%) and small grain size (a few tens of micrometers at most) of both origi-
nal and newly formed minerals. Rock magnetic techniques are capable of determining the nature, size, and
concentration of magnetic minerals in a sample down to the ppm level. Earthquake slip records may thus be
traced by identification of the magnetic mineral assemblages within a fault zone.

During the IODP expedition 343, JFAST successfully drilled at Site C0019 and collected approximately 55 m of
discontinuous core in the interval of 175–835 m below sea floor (bsf) spanning the frontal prism, plate-
boundary fault zone (décollement), and underthrust sediments (Chester, Mori, et al., 2013). X-ray diffraction
analysis revealed that pyrite is widely present in the core samples (Chester, Mori, et al., 2013). Multiple loca-
lized slip surfaces have been identified in cored sediments (Chester, Rowe, et al., 2013; Keren & Kirkpatrick,
2016; Kirkpatrick et al., 2015; Rabinowitz et al., 2015). Through access to the cored material, we can examine
with mineral magnetic methods whether or not pyrrhotite occurs next to pyrite in the core sediments in and
nearby those slip surfaces. This allows us to study their association with frictional heating induced by high-
velocity seismic slip.

2. Geological Background and Sample Materials

The IODP Site C0019 is located approximately 250 km off the Pacific coast of Honshu, Japan, and approxi-
mately 93 km seaward of the epicenter of the 2011 Tohoku-oki earthquake (Figure 1a). The site is ~6 km land-
ward of the Japan Trench axis, where the Pacific Plate subducts beneath the North American Plate with a rate
of 85 mm/year (Argus et al., 2011). This rapid convergence results in extensive seismic activity. The historical
record for the region includes 13 magnitude (M) 7 and 5 M8 earthquakes over the last 400 years (e.g.,
Kanamori et al., 2006), in addition to the 2011 Mw 9.0 event and its aftershock sequence.
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The retrieved cores are composed of sediments from the accretionary wedge or prism and the downgoing
plate; they were grouped into seven lithologic units (Figure 1b). Units 1–3 are prism sediments and comprise
mainly mudstone and siliceous mudstone. Unit 4 mostly consists of strongly sheared clays and is interpreted
as the décollement zone. Units 5–7 are underthrust sediments, including brown mudstone in Unit 5, pelagic
clay in Unit 6, and laminar chert in Unit 7. Chester, Mori, et al. (2013) provide detailed descriptions of each
unit. Multiple fault zones are identified above and below Unit 4, the plate-boundary fault zone (Figure 1b);
they are important as well in understanding the slip history of the plate boundary (Chester, Rowe, et al.,
2013; Keren & Kirkpatrick, 2016; Kirkpatrick et al., 2015; Rabinowitz et al., 2015).

For this study, 40 samples were collected from the interval of 688.63–802.18 m bsf in the frontal prism sedi-
ments of Unit 3. The samples cover three major fault zones: FZ697, FZ720, and FZ801 (Figure 1b). In an X-ray
computed tomography image (Figure 1c), FZ697 at 697.82 m bsf is characterized as an ~2–7 mm thick bright
band with a dip of 10° relative to the horizontal. FZ720 is defined as a high conductivity zone in the resistivity
logs between 719 and 725 m bsf, where beds are truncated and crosscut by a zone of deformed rock contain-
ing multiple narrow shear surfaces and incoherent bedding (Figure 1d, see also Chester, Mori, et al., 2013).
FZ801 at 801.04 m bsf is defined by a dense array of millimeter-thick seams of fault rock that are inferred
to be shearing fractures given the lack of continuity in the mudstone sedimentary fabric (Figure 1e).

3. Methods

The natural remanent magnetization (NRM) of all samples was measured with a Model SMD-88 spinner mag-
netometer (Natsuhara Giken Co., Ltd.) with an instrumental noise level of ~10�8 Am2 installed in the paleo-
magnetism laboratory onboard the D.V. Chikyu during Expedition 343. All other magnetic measurements at
room temperature were conducted postcruise at the Key Laboratory of Seismic Observation and Geophysical
Imaging, Institute of Geophysics, China Earthquake Administration (Beijing, China). Low-field magnetic sus-
ceptibility (expressed on a mass-specific basis as χ) was measured with an MFK1-FA Multi-Function
Kappabridge susceptometer (AGICO, Brno, Czech Republic) with a detection limit of 2 × 10�8 SI and a mea-
surement accuracy of 0.1%, at a frequency of 976 Hz and in a field of 200 A/m (peak to peak). Magnetic hys-
teresis loops and back-field isothermal remanent magnetization (IRM) curves were acquired to determine the
hysteresis parameters, coercive force (Bc), remanence coercive force (Bcr), saturation remanence (Mrs), and
saturation magnetization (Ms) using a MicroMag™ Model 3900 vibrating sample magnetometer (VSM,
Princeton Measurements Corp.), with a maximum applied field of 1.0 T. First-order reversal curves (FORCs)
(Roberts et al., 2000) were measured with the VSM 3900 to evaluate magnetostatic interactions and further
assess the magnetic domain state. For each FORC diagram, 120 curves were measured with an averaging
time of 0.5–1 s per data point and a field increment of 4 mT. FORC diagrams were processed using the
FORCinel package (Harrison & Feinberg, 2008) to identify regions of the FORC distribution.

Low-temperature magnetic measurements (down to 5 K) were conducted with a SQUID magnetometer
(MPMS XL-7, Quantum Design Inc., CA) with a sensitivity of 10�11 Am2 for 10 selected samples of a mass ran-
ging between 120 and 150 mg at the State Key Laboratory for Artificial Microstructure and Mesoscopic
Physics, Peking University (Beijing, China). Three different measurement cycles were carried out for each sam-
ple. A zero-field-cooled cycle was applied first, where the sample was cooled down to 5 K from room tem-
perature (300 K) in a zero field. Then, an IRM was imparted using a 2.5 T field. The field was subsequently
switched off, and the IRM was measured each 5 K during warming back to 300 K. A field-cooled cycle was
then applied, by cooling the sample from 300 down to 5 K in the presence of a 2.5 T field, which was switched
off before warming sample back to 300 K. Again, the IRM of the sample was measured at 5 K intervals during
warming back to 300 K. Finally, a room temperature saturation isothermal remanent magnetization (RT-SIRM)
cycle was measured, where a 2.5 T SIRMwas imparted at 300 K. The samples’ remanence was measured at 5 K
steps during cooling down to 5 K and warming back to 300 K in a zero magnetic field.

Magnetization versus temperature of 24 representative samples was measured in air by amodified horizontal
translation-type Curie balance at the Paleomagnetic Laboratory Fort Hoofddijk, Utrecht University
(Netherlands), with a sensitivity of approximately 5 × 10�9 Am2 (Mullender et al., 1993). Between ~40
and ~70 mg of powdered sample was put into a quartz glass sample holder and held in place by quartz
wool; heating and cooling rates were 6 and 10°C/min, respectively. Stepwise thermomagnetic runs were
carried out with intermittent cooling to 100°C lower than the maximum temperature of each segment. The
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maximum temperatures of the successive heating segments were 150, 250, 400, 520, 620, and
700°C, respectively.

Polished thin sections from nine representative samples were analyzed for magnetic minerals with an Ultra
Plus field emission scanning electron microscope (SEM, Carl Zeiss, Germany) operated at 15 kV at the Key
Laboratory of Metallogeny and Mineral Assessment, Ministry of Land and Resources (Beijing, China).
Elemental compositions were determined from point analyses of individual mineral grains by the attached
energy dispersive X-ray spectrometer (EDS, Oxford IE350 X-Max), using an Oxford Instruments INCA EDS
microanalysis system (Oxford Instruments, UK).

4. Results
4.1. Rock Magnetism

Downhole magnetic parameters of sediment samples are shown in Figure 2. NRM is generally
≲5 × 10�5 Am2 kg�1 throughout the studied interval, except for the aforementioned three fault zones and
another at a depth of 770.44 m bsf where the NRM is 15–17 × 10�5 Am2 kg�1, that is, ~3 times higher
(Figure 2a and Table S1 in the supporting information). The magnetic signature of the sample at 770.44 m
bsf appears to be dominated by pseudo-single-domain (PSD) magnetite (Figure S1); it is inferred to be a
volcanic ash. There appears to be no slip surface present after close reexamination. Pyrrhotite is not identified
as well. Figure 2 also shows that samples from the three fault zones have relatively higher χ,Ms,Mrs, Bc, and Bcr
values compared to their host sediments (Figures 2b–2f and Table S1). For example, the host sediments show
a distinctly variable Ms (from 8.1 to 195.7 × 10�3 Am2 kg�1) with an average and standard deviation of
60.4 × 10�3 and 45.6 × 10�3 Am2 kg�1, respectively (n = 35). In contrast, Ms of the fault zone sediments is
much higher, ranging from 31.5 × 10�3 to 541.6 × 10�3 Am2 kg�1 with an average value (±standard devia-
tion) of 176.2 ± 210.5 × 10�3 Am2 kg�1 (n = 5) (Table S1). It is noteworthy that the fault zones have markedly
higher Mrs/χ values (>60 kA/m), whereas the Mrs/χ values of host sediments are predominately lower than
30 kA/m (Figure 2g; the sample at 770.44 m bsf has a Mrs/χ value of 19.2 kA/m).

Hysteresis loops of fault zone samples (Figures 3b and 3c and S1b and S1c in the supporting information) are
much “wider” than those of their host samples (Figures 3a and 3d and S1a and S1d), compatible with their
higher Bc values (Figure 2e). However, all loops are closed and approach magnetic saturation in a field of
~300 mT, indicating that the magnetic minerals are dominated by low-coercivity ferrimagnetic minerals. A
scatterplot of Mrs/χ versus Bcr provides a first-order assessment of the magnetic mineralogy (Peters &
Thompson, 1998). All host sediments form a tight cluster within the (titano) magnetite area, whereas the
majority of fault zone sediments are located in the pyrrhotite area (Figure 4).

Figure 2. Magnetic properties of prism sediments (680–810 m bsf) from the JFAST borehole C0019E. (left to right) Downhole (a) natural remanent magnetization
(NRM), (b) mass-specific low-field magnetic susceptibility (χ), (c) saturation magnetization (Ms), (d) saturation remanence (Mrs), (e) coercive force (Bc), (f) remanent
coercive force (Bcr), and (g) ratio between Mrs and χ. The blue bars indicate the locations of the three fault zones.
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FORC diagrams (Figures 3e–3h and S1f–S1i) also illustrate these differences. In general, two types are identi-
fied for host sediments. In large majority (Figures 3e and S1f and S1i) they show FORC diagrams characterized
by contours that start to diverge away from the origin, with elongated and closed contours toward higher
coercivities. Some asymmetry is noticeable. This contour pattern is consistent with the behavior of typical
interacting magnetic particles in the PSD state (Pike et al., 1999; Roberts et al., 2014), which is recently sug-
gested to be equivalent to the “vortex state” (Roberts et al., 2017). FORC diagrams for other host sediments
occasionally exhibit closed concentric contours with a peak Bc value of 60–70 mT, and the concentric con-
tours show a marked vertical spread and a shift to negative interaction fields (Figure 3h). All of these features
are consistent with those of single-domain (SD) greigite with strong magnetic interaction (e.g., Roberts et al.,
2011). FORC distributions of fault zone sediments are characterized by a Bc peak centered at 30–40 mT

Figure 3. Rock magnetic properties of representative fault zone and host sediment samples from the fault FZ697. (a–d) Hysteresis loops before (dark lines) and after
(magenta lines) correction for the paramagnetic contribution. (e–h) First-order reversal curve (FORC) diagrams processed with the FORCinel package (Harrison &
Feinberg, 2008); the VARIFORC option was not used. For each sample, the optimal smoothing factor (SF) was calculated and applied. Each diagram is scaled to its
maximum FORC density (ρmax). (i–l) Stepwise thermomagnetic analyses performed with a modified horizontal translation Curie balance (Mullender et al., 1993).
(m–p) Warming curves from 5 to 300 K of a 2.5 T IRM imparted in samples at 5 K. ZFC (zero-field-cooled) and FC (field-cooled) isothermal remanent magnetizations
(IRMs) curves are shown in blue and red, respectively, and the corresponding temperature derivatives with blue and red dashed lines. (q–t) Low-temperature cycling
curves of a 2.5 T IRM imparted in samples at room temperature (RT-SIRM). The cooling curves are shown in blue and the warming curves in red. Temperature
derivatives of the remanence during cooling and heating are shown with blue and red dash lines, respectively.
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(Figures 3f and 3g and S1g and S1h), with a prominent “kidney” shape
toward higher coercivities, suggesting the occurrence of SD pyrrhotite
(Larrasoaña et al., 2007; Roberts et al., 2014; Wehland et al., 2005).

High-temperature thermomagnetic measurements for the majority of
sediments show a monotonous decay in magnetization from room
temperature until approximately 400°C, at which point the magnetiza-
tion starts to increase and peaks at ~500°C (e.g., Figures 3i–3k and S1k
and S1l). This probably results from Fe-bearing clay minerals or pyrite
altering to a new ferrimagnetic phase. After this peak the magnetiza-
tion decays linearly until 580–600°C, indicating the presence of magne-
tite (Dunlop & Özdemir, 1997). In fault zone sediments, a more distinct
drop around 320°C in magnetization (Figures 3j and 3k and S1l and
S1m) is attributed to a more prominent contribution from fine-grained
(monoclinic) pyrrhotite to the signal (in addition to that of magnetite).
Further, a more rapid decay inmagnetization above ~200°C is observed
on the heating curve for some of the host sediments (Figure 3l). It may
be linked to the thermal decomposition of thermally unstable greigite
(Torii et al., 1996).

Results of the low-temperature magnetic measurements display differ-
ent characteristic behavior depending on the respective sample levels.

For the host sediments, two types of low-temperature warming curves are identified, and these correlate with
two of the previously identified types of FORC diagrams. Most of them show a weak Verwey transition (Tv) at
~120 K on the zero-field-cooled/field-cooled curves (Figures 3m and S1p and S1s) and RT-SIRM curves
(Figures 3q and S1u). This indicates that magnetite, probably of PSD/multidomain (MD) size, is present, as
the remanence is not fully recovered on warming back to 300 K (e.g., Muxworthy & McClelland, 2000;
Özdemir et al., 2002). These results corroborate the hysteresis loop and FORC diagram data. In ensemble they
indicate that low-coercivity ferrimagnetic PSD/MDmagnetite is a foremost magnetic mineral in the host sedi-
ments. The greigite-bearing host sediments (e.g., sample 5R-3W, 57–59 cm, 699.27 m bsf) show no visible
low-temperature phase transition on RT-SIRM curves (Figure 3t), which is compatible with the presence of
greigite (Dekkers et al., 2000; Roberts et al., 2011), as indicated by its FORC diagram (Figure 3h) and thermo-
magnetic behavior (Figure 3l). For fault zone sediments, the RT-SIRM curves drop significantly at ~35 K on

both of cooling and heating curves (Figures 3r and 3s and S1v and
S1w). This corresponds to the Besnus transition (TBes) of pyrrhotite
(Dekkers et al., 1989; Rochette et al., 1990; Volk et al., 2016). The rema-
nence is almost fully recovered during warming over this temperature,
suggesting that pyrrhotite is SD sized (Dekkers et al., 1989; Rochette
et al., 1990). These observations concur with the Day plot (Day er al.,
1977; Figure 5), where the host sediments lie mainly in the PSD field,
and most of the fault zone samples are located in the region with
DJH, that is, (Mrs/Ms)/(Bcr/Bc), >0.33, which concurs with the occurrence
of SD pyrrhotite (Housen & Musgrave, 1996).

4.2. SEM Observations and EDS Analyses

SEM observations (Figure 6) and EDS analyses (spectra of selected spots
shown in supporting information Figure S2) revealed that pyrite
appears to be abundant in all sediments. Both clustered (Figures 6a
and S2a–S2c) and isolated (Figures 6b and S2d) pyrite framboids occur.
Magnetite grains with variable Ti contents are found in most samples
(Figures 6c and S2e). Greigite occasionally occurs as small interstitial
grains within cleavages of sheet silicate grains (Figures 6d and S2f),
associated with a protracted late diagenetic greigite growth (Aben
et al., 2014; Roberts & Weaver, 2005). Pyrrhotite is identified only
in samples from the three fault zones. Three typical modes of

Figure 4. X-Y plot of magnetic parameters Bcr versus Mrs/χ of core sediments.
Boxes with typical parameter ranges for the different magnetic minerals were
redrawn from Peters and Thompson (1998).

Figure 5. Day plot of the hysteresis ratios Mrs/Ms and Bcr/Bc of core sediments.
Single-domain (SD), pseudo-single-domain (PSD), and multidomain (MD)
boundaries are after Day et al. (1977). The dashed lines indicate contours of the
parameter DJH, (Mrs/Ms)/(Bcr/Bc) (Housen & Musgrave, 1996).
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occurrence are identified: The first mode includes altered rims surrounding framboidal pyrite (Figures 6e and
6f and S2g and S2i) or disaggregated pyrite (Figure 6g). The altered rim consists of intergrowths of pyrrhotite
and barite as revealed by EDS analyses (Figures S2h and S2j), which sometimes is surrounded by distinctive
halos (Figure 6f). The disaggregated pyrite, of which the original framboidal morphology can still be visible
(inset, Figure 6g), has a heterogeneous Fe/S ratio, ranging from ~1 to ~0.5 (Figure S2k). It seems a mixture
of pyrite and pyrrhotite, suggesting that the pyrite underwent a phase transformation to pyrrhotite. The
second mode is pyrrhotite also occurring as nodules with variable shape and large size (up to about 1 mm)
(Figure 6h). At higher magnifications, the nodules have a fibrous or spiky exterior surface, comprising tightly
clustered pyrrhotite laths along the edge of feldspar grains (Figures 6i and S2l and S2m). They are oriented at
high angles to the feldspar surface and extend up to several tens of micrometer. The third mode is more rare.

Figure 6. Back-scattered scanning electron microscope images of selected samples. (a) Polyframboidal pyrite (Py) aggre-
gate with space-filling pyrite grains. (b) Spherical pyrite framboids (Py). (c) Example of titanomagnetite grains with vari-
able Ti contents (Tm). (d) Sample containing greigite (Gr) that grows between the cleavage planes of an iron-bearing
detrital sheet silicate (Si). (e and f) Framboidal pyrite with altered rim consisting of intergrowths of pyrrhotite (Po) and barite
(Brt). A distinctive halo surrounds the particle. (g) Disaggregated pyrite with visible original framboidal morphology. It has a
heterogeneous Fe/S ratio (~0.5 to ~1), suggesting a mixture of pyrite and pyrrhotite (Py/Po). (h and i) Nodule with a
fibrous or spiky exterior surface formed by pyrrhotite (Po) laths that are tightly clustered along edges of feldspar (F) clasts.
(j and k) Acicular pyrrhotite (Po) around the edges of silicates (Si). Pyrite (Py) occurs more toward the center of the silicates.
(l) Barite chains filling the fracture of silicates. The numbered plus symbols indicate the EDS analysis spots, with spectra
shown in Figure S2 in the supporting information.
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Acicular pyrrhotite (Figures 6j and S2n) occurs along the peripheral regions of fractures cutting silicates mass,
with pyrite toward the center part (Figures 6k and S2o–S2q). Another significant feature for the fault zone
sediments is the occasional presence of chains of barite rosettes (Figures 6l and S2r).

5. Discussion
5.1. Mechanisms of Pyrrhotite Formation Within Fault Zones

The combination of above-mentioned mineral magnetic properties and SEM/EDS observations provides
compelling evidence for the presence of monoclinic pyrrhotite confined to within the three narrow fault
zones. In contrast, the plate-boundary fault zone, which is composed mostly of scaly clays, is dominated
by magnetite (see Yang et al., 2016, for details). This difference could be due to the extreme
physical/chemical conditions in active plate-boundary fault zones, compared to the overlying wedge
sediment sections (Sutherland et al., 2017), although further work is required to confirm this explanation.

It is known that pyrrhotite may form by prolonged heating pathways, such as reaction of magnetite and
pyrite at low-temperature (<200°C) as a result of burial diagenesis and anchimetamorphism (Gillett, 2003).
It may also form by thermochemical sulfate reduction (Manning & Elmore, 2015). The magnetic susceptibility
of magnetite is much higher (~20 times) than that of pyrrhotite (Peters & Dekkers, 2003). Formation of
pyrrhotite at the expense of magnetite would thus lead a significant decrease in magnetic susceptibility of
the sediments, which is not observed (Figure 2b). Thermochemical sulfate reduction occurs at high diage-
netic temperatures (160–180°C) and over longer time intervals, from several tens of thousands to a few
millions of years (Machel, 2001). The sediments studied here are mostly late Pliocene to Pleistocene in age
(Chester, Rowe, et al., 2013) and lack the necessary long-lasting heat sources. Therefore, prolonged-heating
mechanisms are not viable to explain the formation of pyrrhotite.

Multichannel seismic profiles in the vicinity of the drill site do not indicate a gas-hydrate-related bottom-
simulating reflector (i.e., high-amplitude reflectors and reversed polarity; cf. Hyndman and Spence, 1992)
above the décollement, suggesting that there are no potential hydrocarbon traps or methane hydrate zones
in the sediments (CEDX, 2012). Therefore, migration of hydrocarbons (e.g., Abubakar et al., 2015) and gas-
hydrate-associated methane (Housen & Musgrave, 1996; Kars & Kodama, 2015; Larrasoaña et al., 2007) also
cannot explain the presence of pyrrhotite only within the three fault zones.

This leaves thermal breakdown of pyrite (Bhargava et al., 2009; Lambert et al., 1998) or discharge of hydro-
thermal fluids (Urbat et al., 2000) as plausible scenarios to form pyrrhotite in the fault zones. Drivers are fric-
tional heating and related hydrothermal fluids during the very short-duration high-velocity seismic slip.
Multiple slip surfaces indicate that earthquake slip occurred repeatedly in the subduction history of the
incoming Pacific Plate (Chester, Rowe, et al., 2013; Keren & Kirkpatrick, 2016; Kirkpatrick et al., 2015;
Rabinowitz et al., 2015). In addition to the latest 2011 event and its aftershock sequence, a series of>M7-class
earthquakes have been recorded at the Japan Trench during the last decades (Kanamori et al., 2006). We
discuss below thermodynamic and kinetic aspects of the transformation of pyrite to pyrrhotite to constrain
the cumulative temperature effect of seismic slip.

5.2. Seismic Frictional Heating and Pyrite Reaction During an Earthquake

The amount of frictional heat generated during earthquake rupturing has been debating for over 50 years
(e.g., Brune et al., 1969; Lachenbruch & Sass, 1980), despite the fact that frictional heat is thought to be the
largest part (80–90%) of the total seismic energy budget (e.g., Scholz, 2002). Direct temperature measure-
ments across fault zones have been conducted during the several recent fault zone drilling campaigns carried
out shortly after major earthquakes, for example, the Taiwan Chelungpu-fault Drilling Project (Kano et al.,
2006), the Wenchuan Earthquake Fault Zone Scientific Drilling Project (Li et al., 2015), and JFAST (Fulton
et al., 2013). All of them revealed a very weak bulk temperature anomaly (<0.5°C), which is much lower than
the prediction from in situ stress measurements and laboratory data of rock friction. However, the local tem-
perature within the slip zone could have been elevated significantly by coseismic frictional heating, even at
shallow crustal levels. This follows from the often observed thermally activated chemical reactions in slip
zones, including dehydration reactions (e.g., Brantut et al., 2011; Hirose & Bystricky, 2007), decarbonation
reactions (e.g., Han et al., 2007; Sulem & Famin, 2009), trace element partitioning features (e.g., Ishikawa
et al., 2008; Tanikawa et al., 2015), graphitization of carbonaceous materials (e.g., Kuo et al., 2017; Oohashi

Journal of Geophysical Research: Solid Earth 10.1002/2017JB014973

YANG ET AL. 1124



et al., 2011), and thermal maturation of organic molecules (e.g., Rabinowitz et al., 2017; Savage et al., 2014).
Local melting, as evidenced by the presence of glass (pseudotachylyte), has also been reported in both
natural and experimentally simulated slip zones (Kuo et al., 2016, and references therein). All of these argu-
ments indicate that short-duration frictional heating can locally induce significant temperature anomalies
within slip zones (at the scale of a few millimeter or even less). However, as evident by the aforementioned
faint bulk temperature anomalies around seismically active faults or by the lack of bulk pseudotachylytes, the
average frictional heat over an entire fault zone could still be rather low. This may be explained by dynamic
weakening mechanisms (e.g., flash heating and thermal [thermochemical] pressurization) or extra heat sinks
(e.g., phase transitions of pore water and endothermic chemical reactions) (e.g., Chen, Niemeijer Fokker,
2017; Chen, Niemeijer, & Yao, 2017, and references therein). As mentioned, pyrite is thermally unstable and
readily decomposed to pyrrhotite at elevated temperatures. Below we demonstrate the occurrence of
pyrite-pyrrhotite reaction induced by frictional heating generation during an earthquake through a numeri-
cal modeling experiment.

The potential temperature rise due to frictional heating within these fault zones during an earthquake is
estimated using a finite element method implemented in the COMSOL Multiphysics software package
(version 3.5), following similar procedures as reported previously (e.g., Chen et al., 2013, 2016). Details about
the modeling process can be found in supporting information Text S1 (Bayer, 1973; Chester, Mori, et al.,
2013; Fine & Millero, 1973; Fulton et al., 2013; Lin et al., 2014; Sibson, 2003; Tanikawa et al., 2013; Ujiie
et al., 2016). The numerical results show that frictional heating induces a temperature rise from the begin-
ning of the fault slip. For a shear stress of 0.8 MPa, the temperature reaches nearly 710°C within a slip zone
of 1 cm thick (Figure 7a), and over 1,000°C within a slip zone of 0.5 cm thick (Figure 7b) after 25 m of slip,
respectively. Thinner slip zones, and larger shear stress as well, will thus induce higher temperature
increases (Figures 7a and 7b). In the drill cores, indications of temperature rise due to rapid seismic slip have
also been found at several horizons above and below the plate-boundary fault zone by Rabinowitz et al.
(2013), using thermal maturity of biomarkers. Although they examined other faults than we do here, this
finding suggests that the approximately ~3 km of total slip recorded in the JFAST boreholes was distributed
over several discrete faults in a rather wide interval (>30 m) (Scholz, 2014); it was not confined to the plate-
boundary fault zone only.

To assess whether frictional heating can induce a reaction of pyrite to pyrrhotite, we calculated the kinetics of
the pyrite-pyrrhotite reaction, under the premise of an Arrhenius-type kinetic reaction (Hoare & Levy, 1990;
see supporting information Text S1 for details). For a shear stress of 0.8 MPa, the fraction of pyrrhotite formed
at the expense of pyrite is ~0.1 within a slip zone of 1 cm after 25 m slip (Figure 7c); the reaction could be
entirely completed during seismic slip in a slip zone with a width of 0.5 cm (Figure 7d). It is noteworthy that
once the reaction is significantly activated, it proceeds even after the slip event itself has terminated. For
example, the reacted fraction reaches ~0.26 after 25 m slip (or 25 s, as the slip velocity is 1 m/s) in a slip zone
of 1 cm thickness with a shear stress of 0.8 MPa (Figures 7c and 7e). The reaction of pyrite appears to be pri-
marily controlled by temperature (see equation (S9) in Text S1). It is predicted to start with the very beginning
of the slip and the reaction proceeds with increasing temperature (Figure 7e). It is, however, extremely slow
below ~640°C; at that temperature the reacted pyrite fraction is only ~0.005 (Figure 7e, inset). This is in line
with the finding that formation of stable pyrrhotite commences initially when pyrite is heated in an argon
atmosphere to above ~560°C, and steps up when the temperature is over ~630°C (Li & Zhang, 2005).
When the temperature is over ~640°C, the pyrite-pyrrhotite reaction accelerates, and is complete at ~800°C
(Figure 7e). The portion of reacted pyrite is influenced by the distribution of frictional heat: the chemical reac-
tion is enhanced only within the slip zone (Figure 7f). Also, it can be completed in several seconds to tens of
seconds (Figure 7f). All these modeling results demonstrate that the elevated temperature due to frictional
heating and associated coseismic hydrothermal fluids can induce alteration of preexisting pyrite within fault
zone sediments. Here the temperature experienced by these fault zones is likely less than 800°C, as an incom-
plete pyrite break-down reaction is often observed in the fault zone sediments (e.g., Figures 6e–6g).
Postseismic fluids might also induce pyrrhotite formation. However, the fluid temperature is a crucial control-
ling factors, and, as suggested by the above-mentioned pyrite-pyrrhotite reaction modeling, the reaction is
extremely slow below ~640°C (Figure 7e) for short-duration pyrrhotite formation. It should be realized that
prolonged percolation of warmer fluids would leave veinlets (often quartz-rich) with larger crystals, some-
thing which is never observed here. Also, the highest temperature currently reported for submarine
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Figure 7. Modeled temperature change induced by earthquake frictional heating during slip of 25 m in a slip zone of
(a) 1 cm and (b) 0.5 cm thickness (w) for various shear stresses (τ = 0.3, 0.5, and 0.8 MPa) using a finite element method
(see supporting information Text S1 for details). The fraction of pyrite reacted away predicted by kinetic analysis at the
center of the slip zone with a thickness of (c) 1 cm and (d) 0.5 cm for various shear stresses (see supporting information Text
S1 for details). (e) The reacted pyrite fraction as a function of temperature in slip zones with τ = 0.8 MPa, and w = 1 and
0.5 cm, respectively. The inset is an enlarged portion of the panel (T > 600°C). (f) Snapshots of the distribution of reacted
fraction of pyrite at different time after the beginning of slip across a fault core with τ = 0.8 MPa, and w = 0.5 cm,
respectively.
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hydrothermal vents is ~407°C (Haase et al., 2007). Therefore, postseismic hydrothermal fluid is highly unlikely
to have induced the very localized alteration of pyrite in the fault zones investigated here.

This interpretation is supported by the SEM/EDS observations. Different textures of iron sulfides in the fault
zone sediments unveil clues about their formation. In rims around framboidal pyrite, pyrrhotite occurs inter-
grown with barite (Figures 6e and 6f), which is a diagnostic mineral for hydrothermal processes (e.g., Rye,
2005). It strongly suggests that pyrrhotite has locally replaced pyrite as a result of thermal alteration.
Similar neoformed pyrrhotite has also been described by Chou, Song, Aubourg, Song et al. (2012), who
reported pyrrhotite reaction rims around pyrite grains in rocks from the Chelungpu fault zone, which accom-
modated the 1999Mw 7.9 Chi-Chi earthquake. The halo textures around framboidal pyrite (Figure 6f) seem to
be diagnostic of the presence of a hydrothermal fluid (induced by coseismic frictional heating); these halos
delineate the limits of possible fluid migration with the associated pyrrhotite. Similar halo textures were also
observed byWeaver et al. (2002) in an early Miocene mudstone sequence in the Okhta River section, Sakhalin
(Russia), which was interpreted to have been altered by a tectonically driven fluid migration event. Such
alteration is particularly apparent in Figures 6h and 6i, where pyrrhotite nucleated on a feldspar surface to
form lath-like crystals. The morphology of the feldspar crystal appears to control the nodule shape and the
distribution of pyrrhotite. Transient hydrothermal fluid is also likely to be associated with the formation of
the pyrrhotite nodules surrounding silicates along fractures (Figures 6j and 6k), which act as conduits for
migration of these coseismic hydrothermal fluids. Possibly, sulfide gradients in the fluid flow have resulted
in different iron sulfide products (i.e., pyrite or pyrrhotite; e.g., Figure 6k).

Figure 8. A cartoon showing the pyrite reaction and pyrrhotite formation during an earthquake. During the seismic slip,
(a) the preexisting pyrite in the slip zone decomposes to pyrrhotite when the temperature is over ~640°C as modeled
with chemical kinetics, and (b) a pyrrhotite rim surrounding the pyrite core is formed when the reaction is incomplete.
(c) Leached by coseismic hot fluids, pyrite is altered and a rim consisting of intergrowths of pyrrhotite and barite is formed.
(d) With cooling of the coseismic hot fluids, pyrite/pyrrhotite precipitates around the silicates, and/or pyrrhotite nucleated
on feldspar grains, at expense of iron and sulfur released by destabilization of pyrite and other minerals in fault zone.
Cartoons are modified after Patten et al. (2016).
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5.3. Alteration of Pyrite to Pyrrhotite as Record of Seismic Slip

It is noteworthy that the thermomagnetic behavior of the present pyrrhotite resembles that of hydrother-
mally synthesized pyrrhotite, which was quenched from ~200°C to room temperature in <30 s, that is,
comparable to seismic frictional heating processes (O’Reilly et al., 2000). It also resembles the behavior of
pyrrhotite in hydrothermally altered sediments (Urbat et al., 2000). Such pyrrhotite is altering on heating in
air during the high-temperature measurements (Figures 3j and 3k and S1l and S1m), in contrast to other
pyrrhotites, which are thermally more stable with respect to heating in air (Urbat et al., 2000).

In addition, an anomalous concentration of H2 is observed at ~697.4 m bsf (i.e., close to the fault zone FZ697)
(Chester, Mori, et al., 2013). It is thought to have been produced by coseismic mechanochemical reactions
during the earthquake, and to be a signature of earthquake events (e.g., Chester, Mori, et al., 2013; Hirose
et al., 2011). Pyrite is thermodynamically unstable with respect to pyrrhotite in the presence of H2, which
would facilitate its decomposition (Lambert et al., 1998). This provides further compelling support for an
earthquake-related origin of the pyrrhotite in these fault zones.

The pyrite-pyrrhotite reaction leads to an increase of magnetic susceptibility and magnetization (i.e., Ms and
Mrs) within the fault zones (Figure 2). The neoformed pyrrhotite, which results from thermal decomposition of
pyrite and/or precipitation of coseismic hot fluids, would carry either a thermochemical or even a thermore-
manent magnetization. Also, the cooling of the slip zone would imprint a thermoremanent magnetization in
the fault zone samples (Appel et al., 2012; Chou, Song, Aubourg, Lee et al., 2012). It is themost likely reason for
the high NRM observed within the fault zones (Figure 2a). As mentioned earlier on the sample at 770.44m bsf
with a high NRM (Figure 2a and Table S1) without a visible slip zone, could well be a volcanic ash because of
the abundant PSD magnetite in that sample (see Figure S1 in the supporting information).

The thermal decomposition/alteration of pyrite due to the seismic frictional heating and consequent coseis-
mic hydrothermal fluid during an earthquake is summarized in Figure 8. With the temperature rise induced
by the frictional heating, preexisting framboidal pyrite (Figure 8a) in the fault zone starts to decompose to
pyrrhotite, and this reaction will accelerate when the temperature is over ~640°C. A pyrrhotite rim is then
formed surrounding the pyrite core in case the reaction is incomplete (Figure 8b). Meanwhile, pyrite within
the fault zone is leached by hot fluids derived from heating of sediment pore fluids, resulting in an altered
rim consisting of intergrowths of pyrrhotite and barite (Figure 8c). These hydrothermal fluids percolated
and infiltrated the fractures close to the slip zone, where destabilization of pyrite would release Fe that
readily enters the fluid and is subsequently transported along the fractures. With cooling of these hot fluids,
pyrite/pyrrhotite precipitated around the silicates present and/or pyrrhotite nucleated on feldspar grains
(Figure 8d), as evidenced by SEM observations (Figures 6j and 6k). The newly formed pyrrhotite in a seismic
slip zone is thus a robust indicator of past earthquake slip.

6. Conclusions

Integratedmineral magnetic measurements and SEM/EDS observations demonstrate the presence of pyrrho-
tite confined to three fault zones developed in deep-sea sediments cored from the Japan Trench, one of the
seismically most active regions around Japan. The pyrrhotite originates from alteration of pyrite at high tem-
peratures resulting from seismic frictional heating during earthquake slip. Next to a temperature rise coseis-
mic hot fluids are produced within the fault zones. So in this setting the pyrrhotite should be considered a
seismically induced mineral. Our rock magnetic and kinetic chemical modeling results indicate that occur-
rence of pyrrhotite in seismic fault zones appears to be intimately associated with earthquake slip events,
and the peak temperature experienced by these slip zones is constrained to a range of 640–800°C. The rock
magnetic identification of pyrrhotite is therefore very useful for assessing ancient earthquake events in
pyrite-bearing sedimentary sequences. The frictional heat with its associated temperature rise can be
constrained by examining the magnetic assemblages within a fault zone.
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