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Spatial changes in inclusion band spacing
as an indicator of temporal changes in slow slip
and tremor recurrence intervals
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Abstract

Slow slip and tremor (SST) downdip of the seismogenic zones may trigger megathrust earthquakes by frequently
transferring stress to seismogenic zones. Geodetic observations have suggested that the recurrence intervals of slow
slip decrease toward the next megathrust earthquake. However, temporal variations in the recurrence intervals of
SST during megathrust earthquake cycles remain poorly understood because of the limited duration of geodetic and
seismological monitoring of slow earthquakes. The quartz-filled, crack-seal shear veins in the subduction mélange
deformed near the downdip limit of the seismogenic zone in warm-slab environments record cyclic changes in

the inclusion band spacing in the range from 4 4 1 to 65 4 18 um. The two-phase primary fluid inclusions in quartz
between inclusion bands exhibit varying vapor/liquid ratios regardless of inclusion band spacing, suggesting a
common occurrence of fast quartz sealing due to a rapid decrease in quartz solubility associated with a large fluid
pressure reduction. A kinetic model of quartz precipitation, considering a large fluid pressure change and inclusion
band spacing, indicates that the sealing time during a single crack-seal event cyclically decreased and increased in
the range from 0.16 +-0.04 to 2.7 +- 0.8 years, with one cycle lasting at least 27 + 2 to 93+ 5 years. The ranges of seal-
ing time and duration of a cycle may be comparable to the recurrence intervals of SST and megathrust earthquakes,
respectively. We suggest that the spatial change in inclusion band spacing is a potential geological indicator of tem-
poral changes in SST recurrence intervals, particularly when large fluid pressure reduction occurs by brittle fracturing.
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Introduction

Slow slip and tremor (SST) are characterized by tran-
sient plate boundary slip that lasts from days to years
with recurrence intervals on the order of months to
years (Behr and Biirgmann 2021). It has been suggested
that repeated slow earthquakes such as SST may trig-
ger megathrust earthquakes due to frequent stress load-
ing on the adjacent locked seismogenic zone (Obara and
Kato 2016; Voss et al. 2018). Numerical simulations have
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established that recurrence intervals of short-term slow
slip events (S-SSEs) temporally decreased from 0.6-2
to 0.2-0.6 years towards a next megathrust earthquake,
whereas those after the megathrust earthquake increased
to 0.6-2 years due to stress perturbations from the meg-
athrust rupture (Matsuzawa et al. 2010; Mitsui 2015;
Luo and Liu 2019). A recent geodetic study in the Nan-
kai subduction zone revealed that the recurrence inter-
val of S-SSEs from 1969 to 2012 may have decreased
from>5 years to~1 year (Kano and Kano 2019). How-
ever, the temporal variations in the recurrence intervals
of SST during megathrust earthquake cycles remain
poorly understood because of the limited duration of
seismological and geodetic observations of SST.
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Geophysical studies in the Cascadia subduction zone
have suggested that the recurrence interval of episodic
tremor and slip (ETS) may be controlled by silica pre-
cipitation in the upper plate (Audet and Biirgmann 2014;
Hyndman et al. 2015). Geological studies of subduction
mélanges deformed at the frictional-viscous transition
downdip of the thermally controlled seismogenic zone
suggest that the quartz-filled crack-seal shear veins may
represent the generation of repeated tremors, including
low-frequency earthquakes (LFEs), that occurred near-
lithostatic fluid overpressures with a low stress drop of
approximately a few tens of kPa (Fagereng et al. 2011;
Ujiie et al. 2018). In the Makimine mélange of the Late
Cretaceous Shimanto accretionary complex of east-
ern Kyushu, Japan (Fig. 1a, b), the crack-seal shear veins
recorded repeated low-angle brittle thrusting with a min-
imum time interval between thrusting events of less than
a few years (Ujiie et al. 2018), which may be comparable
to the recurrence intervals of SST. A similar time inter-
val between crack-seal events was also reported for the
quartz-filled extension veins in the Kodiak accretionary
complex, southwest Alaska (Fisher and Brantley 2014).
Thus, crack-seal veins appear to provide clues for under-
standing temporal changes in the SST recurrence inter-
vals. In this study, we examined crack-seal shear veins in
the Makimine mélange. First, we show spatial changes
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in the inclusion band spacing and evidence of large fluid
pressure reductions during crack-seal events. We then
discuss the implications for temporal changes in the
recurrence intervals of SST.

Occurrence of crack-seal veins in the Makimine mélange
The Makimine mélange underwent prehnite—actino-
lite to greenschist facies metamorphism at ~300-350 °C
and 10-15 km depth (Toriumi and Teruya 1988; Hara
and Kimura 2008; Palazzin et al. 2016), comparable to
the conditions near the downdip limit of the thermally
controlled seismogenic zone in warm-slab environments
(Hyndman et al. 1997). The geological structure of the
Makimine mélange along the seacoast is characterized
by the repetition of mudstone-dominated mélange con-
taining metabasalt lenses, reddish brown tuff, and sand-
stone-mudstone mélange with bedded sandstone and
mudstone, which has been interpreted to result from the
duplex underplating of the subduction mélange in which
the ocean plate stratigraphy is preserved (Ujiie et al.
2018) (Fig. 1b).

Quartz-filled shear veins, foliation-parallel exten-
sion veins, and subvertical extension veins consti-
tute ~10-60 m thick vein concentration zones in the
structurally lower part of the mélange (Fig. 1). The
vein concentration zones are laterally continuous

- Sandstone-mudstone mélange
and bedded sandstone and mudstone

[ Reddish brown tuff
- Mudstone-dominated mélange
[= Light grayish chert
= Reddish mudstone
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A~ Strike and dip of bedding
b Strike and dip of foliation
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:] Vein concentration zone

Fig. 1 a Distribution of the Shimanto accretionary complex in southwest Japan. b Geological map of the Makimine mélange along the east coast
of Kyushu Island ( modified from Ujiie et al. 2018). Location of the map is shown in Fig. 1a. ¢ Occurrence of shear veins and foliation-parallel veins
in the Makimine mélange. d Subvertical extension veins showing en echelon arrays. e Micrograph of the viscously deformed veins. f Crack seal,
subhorizontal extension vein cutting viscous fabrics formed by pressure solution creep. e, f Plane-polarized light
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for>100 m along the strike. Shear veins are subparal-
lel to the foliation-parallel extension veins (Fig. 1c). The
occurrence of shear veins and foliation-parallel exten-
sion veins could represent the development of fault—
fracture meshes in the subhorizontal mélange shear
zone deformed at very low angles to the greatest princi-
pal compressive stress (0;) and nearly perpendicular to
the least principal compressive stress which is approxi-
mately equal to the vertical stress. Thus, shear veins
are considered to develop under near-lithostatic fluid
overpressures. A noble gas analysis of the shear veins
suggests that the infiltration of fluid derived from the
serpentinized mantle may contribute to the generation
of elevated fluid pressures (Nishiyama et al. 2020). The
quartz slickenfibers on the surfaces of the shear veins
indicate a top-SSE shear, consistent with the megath-
rust shear during the Late Cretaceous (cf. Ujiie et al.
2018). Subvertical extension veins commonly display en
echelon arrays at high angles to the foliation (Fig. 1d).
This suggests that the orientation of o; transiently
changed to vertical, which is also indicative of near-
lithostatic fluid overpressures. The vein concentration
zones include the viscous shear zones with thicknesses
of <10 m. Within the viscous shear zones, the shear
veins and foliation-parallel extension veins are sigmoi-
dally or asymmetrically deformed, while these veins
cut viscous fabrics formed by pressure solution creep
(Fig. le, f). These features suggest the contemporane-
ous occurrence of brittle fracturing and viscous shear.

Shear veins commonly exhibit crack-seal texture
defined by the alignment of phyllosilicate inclusion
bands (Fig. 2 and Additional file 1: Figure S1). The
inclusion bands are subparallel to the vein margin, indi-
cating the opening of the shear vein at a high angle to
the vein margin (Fig. 2). The opening direction of shear
veins, as well as their orientation at very low angles to
0,, indicates that shear veins in the Makimine mélange
occur as dilational shear fractures. In places, the elon-
gate-blocky quartz crystal is recognized oblique to
the vein margin, with the quartz grain sizes increas-
ing upward from the lower vein margin (Fig. 2d). The
unitaxial growth of quartz and the geometry of the
dilational stepovers with respect to the shear direc-
tion indicate that the oldest part of the fibers lies along
the lower margin of the vein. Thus, spatial variations
in the inclusion band spacing within the shear vein
suggest temporal changes in the inclusion band spac-
ing (Figs. 2a—c). Slip increment, estimated from fiber
growth increments at dilational stepover, was 0.1—
0.2 mm (Ujiie et al. 2018). Microstructures related to
dynamic recrystallization, such as bulging and subgrain
rotation recrystallization structures (Stipp et al. 2002),
are absent in the shear veins.
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Fig. 2 a Micrograph (plane-polarized light) of phyllosilicate inclusion
bands (transect 3 in sample R2) showing upward decrease in band
spacing. b, ¢ Closeup of inclusion bands. Locations of the images are
shown in (a). Dashed red lines indicate inclusion bands. d Micrograph
(cross-polarized light) of shear vein, showing an elongate-blocky
quartz crystals. All micrographs were taken from the thin sections cut
parallel to slickenfiber lineations and perpendicular to vein margin.
Qtz = quartz, Chl = chlorite




Nishiyama et al. Earth, Planets and Space (2021) 73:126

Results

Spatial changes in inclusion band spacing

To examine the spatial changes in the inclusion band
spacing, we used two shear veins (samples R1 and R2)
and made the thin sections cut parallel to the slicken-
fiber lineations and perpendicular to the vein margin.
As the inclusion bands were locally discontinuous along
their length, we set several transects for each shear vein
and numbered them sequentially from the lower mar-
gin of the vein (Additional file 1: Figure S2). The distance
between the transects ranged from 0.1 to 3.5 mm. The
measurement of the inclusion band spacing was con-
ducted using digital photomicrographs taken by an opti-
cal microscope with magnifications of 10x and 20x.
The individual band spacings were calculated by averag-
ing the measurement values for 3—10 points. The num-
ber of inclusion bands in the transects ranged from 22 to
77 (Additional file 1: Table S1). Each shear vein records
a minimum of 120 crack-seal events (Additional file 1:
Table S1).

Both shear veins record spatial changes in inclusion
band spacing, with minimum and maximum values of
4+1 and 65+18 um, respectively (Fig. 3). Sample R2
shows a spatial decrease and increase in the inclusion
band spacing (Figs. 3a—d). Similar features were observed
in sample R1, although the data are more scattered than
those of sample R2 (Fig. 3e, f). At least, two cycles of spa-
tial change were observed in the inclusion band spacing
for both samples.

Fluid pressure change during crack-seal events

Two-phase primary fluid inclusions were commonly
observed in the quartz between the inclusion bands,
showing various vapor/liquid ratios (Fig. 4). The homog-
enization temperature during a single crack-seal event
was difficult to measure as the spacing of inclusion bands
was too thin to measure using a heating and cooling stage
mounted on a microscope. To evaluate the fluid pressure
change during a single crack-seal event, we measured
the volume fraction of vapor (V) in the primary fluid
inclusion between adjacent inclusion bands using micro-
graphs (Fig. 4), and then determined the volume fraction
of liquid water (V,) by subtracting V, from 1. In the meas-
urements, we avoided measuring secondary inclusions
along the healed cracks and the fluid inclusions that suf-
fered from post-entrapment necking. Re-equilibration
of fluid inclusions by stretching (Goldsten and Raynolds
1994; Ujiie et al. 2008) or dynamic recrystallization (Ker-
rich 1976) is unlikely as stretching of fluid inclusions in
quartz commonly occurs at temperatures above 370 °C
(Bodnar et al. 1989), which is higher than the maximum
temperature of the coastal Makimine mélange (~ 330 °C,
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Ujiie et al. 2018). In addition, microstructural observa-
tions indicate the absence of dynamic recrystallization in
shear veins. Assuming a constant water mass in the fluid
inclusion, the water density at the homogenization tem-
perature (p;,) was estimated as
Ve

Ph = piv (1)
where p, is the water density at room temperature
(1 g cm™3), and V is the volume fraction of liquid water
at the homogenization temperature (i.e., V=1). The fluid
pressure was calculated from the isochore of p;, which
was obtained using LonerHGK (http://fluids.unileoben.
ac.at).

The V,/V values of the fluid inclusions trapped in a sin-
gle crack-seal event ranged from 63 to 91% (Fig. 4f—i). The
range of V,/V values did not correlate with the inclusion
band spacing, which ranged from 9 to 51 um (Fig. 4f-i).
Assuming that the fluid temperature corresponds to the
maximum temperature of the coastal Makimine mélange
(330 °C), the fluid pressure changes, determined from
isochores of the minimum and maximum values of p,,
ranged from 222 to 280 MPa (Figs. 4j—m), which is com-
parable to the fluid pressure drop from lithostatic to
hydrostatic values at a depth of 15 km (235 MPa using a
rock density of 2.6 g cm™3).

Discussion

Temporal changes in sealing time

Fluid inclusion analysis revealed a large fluid pressure
change during each crack-seal event (Fig. 4). This may
also be indicated by the wide variation in the homogeni-
zation temperatures (150-280 °C) across multiple solid
inclusion bands in the shear veins from the same vein
concentration zone in the Makimine mélange (Nishiy-
ama et al. 2020). To estimate the time for each crack-seal
event, we considered fluid advection through the cracked
shear vein, during which fluid pressure dropped from
lithostatic to hydrostatic (235 MPa at a depth of 15 km).
The kinetic equation of quartz precipitation driven by a
fluid pressure drop in an advecting fluid is given as (Rim-
stidt and Barnes 1980):

9Csio, kAHZO
Jat MHu,0

(Csi0,eq — Csi0,) (2)

where Cg, is the concentration of SiO, in the fluid,
Csion,eq is the solubility of quartz in the fluid at hydro-
static pressure, ¢ is the time, My, is the mass of H,O in
the crack, and A,y,q is the reactive surface area. k is the
precipitation rate of quartz, which is empirically deter-
mined by log; k= —0.0886-2638/T, where T is the tem-
perature (Okamoto et al. 2010). Following Ujiie et al.
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Fig. 3 Spatial changes in the inclusion band spacing for transects 1-4 in sample R2 (a-d) and for transects 1-2 in sample R1 (e, f). Right and upper
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Fig. 4 Estimation of fluid pressure change during single crack-seal event. a, ¢ Appearance of primary liquid-vapor fluid inclusions (yellow portions)
between inclusion bands under plane-polarized light. Dashed red lines indicate phyllosilicate inclusion bands. b, d, e Closeup of fluid inclusions,
showing various vapor/liquid ratios. Locations of images are shown in (a and c). The area fractions of liquid water in fluid inclusion are shown.
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pressure drop during single crack-seal event estimated from the vapor/liquid ratios

(2018), the model considered inclusion band spacing, Figure 3 shows the temporal changes in sealing
a typical length of shear veins (1 m), a temperature of time between individual thrusting events. The seal-
330 °C, and fluid pressure drop from lithostatic to hydro-  ing time cyclically changed between 0.16+0.04 and
static values. We assumed that the precipitation rate of 2.7 40.8 years, with a mean value of 1.1 years. Based on
quartz remained constant regardless of the band spacing.  the results, we estimated the durations of the decrease
The SiO, concentration at t=0 was equal to the quartz  and increase in the sealing time. In the estimations for
solubility at lithostatic fluid pressure and dropped to transect 4 of sample R2 and transects 1 and 2 of sam-
Csion,eqt0.001 mg kg~! through the crack. Quartz solu-  ple R1, we assumed that the decrease in sealing time
bility was calculated using LonerAP, developed by Akin-  continued until the sealing time reached its minimum
fiev and Diamond (2009). value (Figs. 3d—f). The estimated durations of temporal
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decrease and increase in the sealing time ranged from
11+1 to 5142 years and from 16+1 to 42+3 years,
respectively.

Relating temporal changes in sealing time to SST
recurrence intervals

Assuming complete crack healing during crack-sealing
by fluid advection, the estimated sealing time of ~0.16—
2.7 years between each crack-seal event gives the mini-
mum time interval of repeated brittle fracturing events.
Crack-seal events can also occur through the local trans-
port of silica by diffusion (Renard et al. 2000; Fisher and
Brantley 2014). Fisher et al. (2019) considered that the
diffusive distribution of silica in mélange shear zones
was promoted by a transient drop in fluid pressure or a
difference in mean stress between blocks and matrix in
the mélange. The latter is unlikely for the shear veins in
the Makimine mélange as the vein concentration zone
is poor in blocks, while shear veins mostly developed in
the mudstone matrix (Fig. 1c). When crack-seal events
take place by local diffusion of silica driven by the fluid
pressure difference between the wall rock and crack, the
sealing time (¢) can be expressed as (Fisher and Brantley
2014)

e kal* +2V4¢tDsFCol
24Vt DrFy(Csioy1 — Csios,2)

®3)

where k, is the dissolution rate constant of quartz, [ is
the inclusion band spacing, V is the molar volume of
quartz, ¢ is the porosity of the wall rock, 7 is the tortu-
osity, Dy is the diffusion coeflicient of silica through the
grain boundary, Csio,,1 and Csio,,» are the quartz solu-
bility at the site of dissolution (wall rock) and growth
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(crack), respectively, and F is the volume fraction of dis-
solved quartz in the wall rock. k, was obtained from the
kinetic equation proposed by Tester et al. (1994). ¢ was
assumed to be 0.01, based on the porosities of metasedi-
ments metamorphosed at depths of 10-15 km (Bray and
Karig 1985). D;and 7 were 1 x 1071 m? s™! and 1, respec-
tively (Fisher and Brantley 1992; Gratier et al. 2009).
The F, value of 0.11 was obtained from the difference
in SiO, concentration between mudstone in the vicinity
of the shear vein and mudstone far from the vein. SiO,
concentrations were estimated from the results of induc-
tively coupled plasma mass spectrometry measurements.
Csio,,1 and Csio,,2 were calculated using the LonerAP
software. Figure 5a shows the relationship between the
fluid pressure difference and the sealing time estimated
from Eq. (3). When the fluid pressure changes from
lithostatic to hydrostatic values at the depth of 15 km,
the sealing time ranged from 0.04+0.02 to 442 years,
comparable to the time of crack-sealing by fluid advec-
tion (Fig. 5). Thus, irrespective of whether the crack seal-
ing occurred by fluid advection or local diffusion, the
minimum time interval of individual brittle thrusting
was in the range of 0.04—4 years when the fluid pressure
changed from lithostatic to hydrostatic values. Consid-
ering the infiltration of mantle-derived fluids into the
Makimine mélange (Nishiyama et al. 2020) and the fault—
fracture mesh geometry in the vein concentration zone,
rapid sealing by fluid advection rather than local diffu-
sion of silica is likely to be the dominant mechanism of
crack sealing.

The spacing of crack-seal bands may also reflect the
local stress field or rock physical properties, as the crack
aperture (d) is expressed as d =~ 20L/E, where o is the
driving stress, L is the crack length, and E is the Young’s

(a) Diffusion model
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o
1
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1 10 100
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Fig. 5 Relationship between fluid pressure drop and time for crack-sealing by local diffusion (a) and by fluid advection (b). Vertical dotted lines
represent the fluid pressure drop from lithostatic to hydrostatic values at a depth of 15 km
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modulus of the wall rock (Renard et al. 2005; Gudmunds-
son 2011; Fisher et al. 2019). Fisher et al. (1995) suggested
that £ might progressively increase with an increase in
quartz content due to vein growth, leading to a decrease
in d. However, this is unlikely for the shear veins in
the Makimine mélange as the band spacing not only
decreased but also increased with time (Fig. 3). Alterna-
tively, if E and L remain constant, the spatial change in
the band spacing might reflect the temporal variation in
o (Renard et al. 2005). Assuming £=10-70 GPa for mud-
stones (Turcotte and Schubert 2002), d=4-65 pm, and
L=1 m, the spatial changes in band spacing may reflect
temporal variations in o in the range of 0.31-2.1 MPa.
These small values of o are consistent with the inferred
elevated fluid pressure in the vein concentration zones in
the Makimine mélange.

The kinematics of low-angle thrust faulting, 0.1-
0.2 mm slip increments, and brittle fracturing under
near-lithostatic fluid pressures recorded in the shear
veins may be comparable to conditions of LFEs (Shelly
et al. 2006, 2007; Bostock et al. 2012, 2015). However,
the length of individual shear veins is ~1-10 m, which is
smaller than the dimensions of individual LFEs, ranging
from 100 to 1000 m (Bostock et al. 2015). On the other
hand, the length scales of the vein concentration zones
are> 100 m, similar to those of the LFEs. The estimated
sealing time of ~0.16—2.7 years is longer than the recur-
rence interval of LFEs (seconds to days, Frank et al. 2015)
but is comparable to that of the SST (months to years,
Behr and Biirgmann 2021). Considering that the shear
veins constitute fault—fracture meshes in the subduct-
ing mélange, brittle fracturing at individual shear veins
may represent a small component of tremor composed
of LFEs, which occurred in different locations within
the ~10-60 m thick vein concentration zones.

The lithostatic to hydrostatic pressure changes (222-
280 MPa) recorded in the crack-seal shear veins appear
to be much larger than the small stress drop (1-100 kPa)
and the small fluid pressure change (1-10 MPa) observed
in the SST source area (Rubinstein et al. 2007; Bos-
tock et al. 2015; Gosselin et al. 2020). The stress drop
can be large when the shear strength (7) is described by
the effective normal stress, 7=C+ pu(o,— Py, where C
is the cohesive strength, y is the friction coefficient, o,
is the normal stress, and P is the fluid pressure. How-
ever, the shear veins in the Makimine mélange formed
as dilational shear fractures, as indicated by the shear
veins at a very small angle (5.5°) to o; and the opening
of shear veins at high angles to the vein margin (Ujiie
et al. 2018 and Fig. 2). In this case, 7 can be written as
7 —4Ty0,—4T,>=0, where T, is the tensile strength.
Therefore, the stress drop may remain very small even if
fluid pressure changes were large. Indeed, the stress drop,
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estimated from slip increments (0.1-0.2 mm), vein length
(1-10 m), and shear modulus (3 GPa, Takahashi et al.
2002), was in the order of tens to hundreds of kPa, which
is consistent with the estimated small stress drops during
SST (cf. Fagereng et al. 2011; Ujiie et al. 2018).

Large discrepancies in fluid pressure changes between
geophysical and geological observations may arise from
the large differences in spatial resolution. While large
fluid pressure changes were derived from the fluid inclu-
sions between volumetrically minor crack-seal bands of
several tens of microns in thickness, small fluid pressure
changes were estimated from receiver function data at
vertical scale lengths of 1-10 km, which could represent
averaged fluid pressure changes in the low-velocity layer
(LVL) (Gosselin et al. 2020). Thus, while large fluid pres-
sure changes could occur in narrow cracks, the entire
fluid pressure changes in the subduction mélange (or
LVL) may be small.

The analyzed shear veins recorded two cycles of tempo-
ral decrease and increase in sealing time, with one cycle
lasting>2742 to 93+5 years. The range of one cycle
duration is within the recurrence intervals of megath-
rust earthquakes larger than M, 7 in subduction zones.
Historical documents, historical earthquakes, and geo-
logical records of tectonic subsidence and tsunami over
the last <8000 years indicate that the recurrence inter-
vals of megathrust earthquakes in the Nankai, Sumatra,
and Chile subduction zones were 90-200, 63-157, and
128-300 years, respectively (Additional file 1: Table S2;
Lomnitz 1970; Ando 1975; Bilham et al. 2005; Cisternas
et al. 2005; Malik et al. 2019). Therefore, if the inclusion
band spacing in the analyzed shear veins represents the
SST recurrence interval, our results suggest that the
SST recurrence interval may temporally decrease and
increase during megathrust earthquake cycles.

Conclusions

The crack-seal shear veins in the Makimine mélange
deformed near the downdip limit of the seismogenic
zone in the warm subduction zone recorded cyclic
changes in the inclusion band spacing. The vapor/liquid
ratios of primary fluid inclusions between adjacent inclu-
sion bands suggest the common occurrence of a large
fluid pressure drop during crack-seal events. When fast
quartz sealing occurred due to a decrease in quartz sol-
ubility associated with a large fluid pressure reduction,
the sealing time between crack-seal events is comparable
to the recurrence intervals of SST. We suggest that the
cyclic changes in the band spacing could represent the
temporal change in the recurrence intervals of SST dur-
ing megathrust earthquake cycles.
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