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Abstract To better understand physicochemical processes in smectite-rich fault zones, we examined
exchangeable cation composition of samples from the slip zone of the 2011 Tohoku-oki earthquake
(M,,9.0) recovered by the Integrated Ocean Drilling Program Expedition 343. Our chemical analyses revealed
that the exchangeable Ca®* and Mg>* are enriched in the slip zone, while Na* is depleted. K* shows a
complicated depth profile probably due to K fixation. Based on fluid chemistry data, we estimated apparent
selectivity coefficients of exchange reactions in the ternary Ca?*-Mg?*-Na* system. The results suggest that
the Na™ to Mg?" exchange reaction on smectite might have progressed in the slip zone. One explanation
for this feature is local progress of the reaction triggered by coseismic thermogenesis during the earthquake.
Considering that the frictional property of smectite gouge is dependent on the exchangeable cation
composition, chemical processes as observed in this study are intimately linked to physical aspect of
smectite-bearing faults.

1. Introduction

The coseismic rupture and slip of the 2011 Tohoku-oki earthquake (M,,9.0) propagated to the axis of the
Japan Trench [Ide et al., 2011; Fujii et al., 2011; Fujiwara et al., 2011; Kodaira et al., 2012] and resulted in a
huge tsunami along the wide area of the northeast coast of Honshu, Japan. In order to directly investigate
faulting mechanisms on the tsunamigenic fault, Integrated Ocean Drilling Program (IODP) Expedition 343
(Japan Trench Fast Drilling Project (JFAST)) drilled the fault system 1 year after the earthquake [Chester
et al., 2012] and successfully recovered core samples, including the hanging wall, footwall, and plate
boundary fault (maximum thickness of 4.86 m) from ~820 m below sea floor (mbsf) [Chester et al., 2012,
2013; Rowe et al., 2013] (Figure 1). X-ray diffraction (XRD) analyses on core samples revealed that the slip
zone of the Tohoku earthquake is extremely enriched in smectite (as high as 60-80 wt %) deposited far
from the land [Kameda et al., 2015]. Laboratory experiments revealed that the slip zone materials display
very low friction under various sliding conditions [Ujiie et al., 2013; Ikari et al., 2015]. Abundant smectite is
likely a direct cause for such weak friction and may result in easy propagation of coseismic slip during the
earthquake [Ujiie et al., 2013].

Smectite is a common mineral in fault zones of the shallow crust [Vrolijk and van der Pluijm, 1999] and is
known to have several distinctive physicochemical properties including swelling, cation exchangeability,
and frictional weakness. Numerous experiments have examined frictional properties of artificial or natural
smectite gouges [Moore and Lockner, 2007, and references therein], and some work has demonstrated that
friction varies in smectites saturated with different exchangeable cations [Behnsen and Faulkner, 2013].
Accordingly, determination of exchangeable cation composition of smectite from natural fault gouges may
provide a key for better understanding of the faulting processes. However, only a few studies have analyzed
exchangeable cation composition of smectite fault gouges [e.g., Schleicher et al., 2006], and this may be due
partly to difficulty in precise determination of the composition by analytical electron microscopy [van der
Pluijm et al., 1988].

In this study, we examine exchangeable cation compositions of the Tohoku slip zone samples by wet
chemical analysis. Because of extraordinary high concentrations of smectite, the cation exchange
reaction may be amplified in the slip zone, and therefore, this material is likely a suitable target for this
purpose. The main objective of this study is to elucidate possible physicochemical processes in the fault
zone during the large megathrust earthquakes. We address whether the process can be a temperature proxy
to constrain coseismic sliding behaviors of a fault. We also briefly mention the mechanical implication of the
process in the fault.

KAMEDA ET AL.

EXCHANGEABLE CATIONS OF SMECTITE GOUGE 3112


http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-8007
http://dx.doi.org/10.1002/2016GL068283
http://dx.doi.org/10.1002/2016GL068283
http://dx.doi.org/

@ AG U Geophysical Research Letters 10.1002/2016GL068283
Smectite content
E in bulk rock (Wt%)
0 20 40 60 80 100
0 IO g
: ]
100 |
780
1
2004 [
= ]
B 790
= 300 -
(4]
) i
£ 400 | [ s00
o) H
Ko}
2
@ 500 -
T 8101 ®
£
'%_ 6001 2 B Unit 4 (slip zone)
2 ]
a I— 820 \
700 - o
___________ B
800 830
: ‘;‘ e w

145°30°

Unit 1: Slope facies or upper accretionary prism
Unit 2: Brown and bluish gray mudstone wedge sediments
Unit 3: Gray mudstone wedge sediments

Unit 5: Brown mudstone underthrust sediments
Unit 6: Pelagic clay underthrust sediments
Unit 7: Chert underthrust sediments

Unit 4: Sheared clay [ nocore

Figure 1. (a) Locations of the drill site for JFAST (Site C0019). (b) Lithologic units of the JFAST drill site and variation of smectite content in the bulk rock. Note that
smectite is extremely enriched in the slip zone (Unit 4).

2. Experimental Methods

The exchangeable cation compositions (Na™, Ca**, K*, and Mg?") for the bulk samples were determined by two
methods. Four samples including two slip zone samples (Table 1) were analyzed by extracting cations in ammo-
nium acetate solution (Schollenberger method), and the concentrations of extracted cations in the solution
were measured using an atomic absorption photometer (Z-2000; Hitachi). Other samples were analyzed by
extracting cations with cobaltihexamine [Orsini and Remy, 1976], following standard NF X31-130 at the
Institut National de Recherche Agronomique soil analysis laboratory in Arras, France.

The exchangeable cation composition in smectite is governed by the exchange reactions between smec-
tite and dissolved cations in pore fluids, and if the exchange equilibrium is achieved between them, the
equilibrium constant should be the same irrespective of the difference in lithology. Based on the mole
fraction of each cation species (fractional abundance X; where i denotes exchangeable cation species) as
well as pore fluid chemistry data measured on board [Expedition 343/343T Scientists, 2013], we estimated
the selectivity coefficient of each cation in the ternary exchange system of Ca®*-Mg?"-Na*. Following
the description of the ternary exchange reaction on zeolite [Fletcher and Townsend, 1981], the reactions
can be expressed as follows:

2 2 2 2
4Na2’c) + Mg(;g + Ca(:; = 4Na2;) + Mg(:r) = Ca(s m
2Naf,) + 2Mg7) + Cafl = 2Na,) + 2Mg?; + Ca() )
2Naf, +Mgf) + 2Ca?) = 2Na,) + Mgf] + 2Ca?) 3)

where subscripts s and ¢ mean the phases in solution and crystal, respectively. The selectivity coefficients K
of the above reactions are expressed as follows:

Kap = (1X3) < (ay) @
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Table 1. Results of Measurement of Exchangeable Cation Composition for JFAST Samples

Na

Mg

Ca

Cation Exchange Capacity (cmol+/kg)

Xk

(cmol/kg)

XNa

(cmol/kg)

Xmg

(cmol/kg)

Xca

(cmol/kg)

Depth (mlsf)

Sample

Cobaltihexamine

35.0

0.039

1.2
1.7
1.7

2.1

0.851 (0.886)
0.837 (0.880)
0.842 (0.889)
0.822 (0.874)
0.841 (0.880)
0.807 (0.855)
0.793 (0.840)
0.787 (0.836)
0.827 (0.888)
0.705 (0.772)
0.827 (0.866)
0.791 (0.834)

26.8

0.084 (0.087)
0.086 (0.090)
0.085 (0.090)
0.090 (0.095)
0.085 (0.089)
0.083 (0.088)
0.092 (0.098)
0.069 (0.073)
0.062 (0.067)
0.112 (0.123)
0.073 (0.077)
0.069 (0.072)

26
3.0
2.7
3.1

0.026 (0.027)
0.028 (0.029)
0.020 (0.021)
0.029 (0.031)
0.030 (0.031)
0.054 (0.057)
0.059 (0.063)
0.085 (0.090)
0.042 (0.046)
0.096 (0.105)
0.055 (0.057)
0.089 (0.093)

0.83
0.99
0.62
1.00
1.01
1.57
1.93
3.09
1.69
4.76
1.83
247

689.44

CO019E-04R-1, 94.0cm

39.3

0.049
0.053

29.5

698.355

C0019E-05R-2, 95.5 cm

34.8

26.5

705.85

CO019E-06R-2, 14.0cm

38.8

0.060
0.044

0.057

28.5

713.59

CO019E-07R-1, 59.0cm

373

15
1.7
1.8

28.1
2.1

2.8
24

3.0

720.415

C0019E-08R-2, 0.0 cm

333

23.6

787.63

CO019E-12R-2, 76.0 cm

373

0.056

25.7
28.5

802.26

CO019E-13R-2, 45.0cm

41.8

0.058

25

810.74

CO019E-14R-1, 74.0cm

438

0.068
0.086
0.045

2.7
4.2

328

25

816.5
822.49
828.71

CO019E-15R-1, 0.0 cm

59.7

348

56
25

CO019E-17R-1, 99.0 cm

37.7

15

27.6

CO019E-19R-2, 102.0 cm
CO019E-20R-1, 45.0cm
Schollenberger

322

0.051

14

220

1.9

831.45

44.6

0.119

4.6
52

5.5
46

0.732 (0.830)
0.661 (0.731)
0.661 (0.730)
0.739 (0.831)

284

0.094 (0.107)
0.118 (0.130)
0.121 (0.133)
0.068 (0.077)

37

0.055 (0.063)
0.126 (0.139)
0.123 (0.136)
0.083 (0.093)

2.15

787.35

CO019E-12R-2, 48.0cm

67.7
72.1
48.1

0.096

6.4 36.0

6.85

822.175

C0019E-17R-1, 67.5 cm

0.095

383

7.0
29

7.15

822.2

CO019E-17R-1, 70.0cm

0.110

309

3.45

827.19

CO019E-19R-1, 69.0 cm

Values in parentheses for Xc,, Xmgr and Xy, are X; recalculated to be 100% without K",

where g;; and X;; are the activities and
fractional concentrations of the ith cation
species in the solution and in the crystal,
respectively, in the jth reaction (equations
(1)—(3). Because our samples also contain
multiple mineral phases other than smec-
tite, equation (4) does not strictly corre-
spond to a thermodynamic equilibrium
constant, but instead, K is defined as an
apparent selectivity coefficient. Although
the exchange reactions on smectite in
the system including K* was examined
in Inoue [2000], we here ignore K* from
the reaction because we adopted the
intense extraction methods, and this
could have extracted even the fixed K*
which is supposed to be unchangeable
during the reaction. To check this appro-
priateness, the X; values with and without
K" (recalculated to be 100% without K*)
were tested for estimating the selectivity
coefficients, but this does not significantly
affect the overall trend of the results.

3. Results

Figure 2 shows the downhole variation of
X; for the interval 680-840 mbsf (Table 1).
Throughout the interval, Na* is the most
abundant cation, and Xy, ranges
from 0.7 to 0.85. In shallower interval
(680-700 mbsf), Xnay is relatively con-
stant (~0.85) but is scattered deeper
in the section with a marked negative
anomaly (<0.7) at the fault zone.
Xmg2+ and Xcap, are also constant
around ~0.1 and ~0.03, respectively, in
the shallower interval, but are scattered
in the deeper section. In contrast to Na™,
these divalent cations show positive
peaks at the slip zone. Among the cations,
K" is also the minor species (<0.1). It is
noted that the X, values determined by
the different extraction methods are lar-
gely deviated outside the fault zone and
show inverted trends around the fault
(Figure 2). K* is known to be fixed strongly
with the smectite interlayer [e.g., Inoue,
1983]. This property could explain part of
the contradictory profiles in X;.

Activities of ions in the solution were esti-
mated from onboard data of extracted
pore fluids (Table 2) with Debye-Huckel
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Figure 2. Downhole variations of fractional abundance of exchangeable cations X; for the interval from 680 to 830 mbsf.
Cation exchange capacity of the rock is shown in the rightmost column.

equation. Because there are no data for the slip zone sample, the ion concentration was estimated by fitting
and extrapolating data from the surrounding sections with a logistic curve function (Figure 3 and Table 3).
Although the depth profile of the concentration just above and below the slip zone shows a simple trend that
is well fitted by a single logistic curve (Figure 3), it is noted that this extrapolation is appropriate only if the
pore fluids are initially at equilibrium, and therefore, one should expect an inverse anomaly compared to
the solid phase. Na*, K,* and Mg?* concentrations nearly linearly decrease from 470 mM, 45 mM, and 9 mM
at 780 mbsf, to 450 mM, 35 mM, and 7 mM, respectively, to the bottom of the hole (835 mbsf). On the other
hand, Ca®* steadily increases from 10 mM to 40 mM over the same depth interval.

Figure 4 shows the apparent selectivity coefficient (logarithmic scale) of each ion species on smectite
(equations (1)—(3)) as a function of depth, calculated from equation (4). The logKjg- ranges from —0.6 to >0
and shows an apparent positive anomaly at the fault, indicating a greater selectivity of Mg>* (i.e., deviation from
the equilibrium state due to uptake of Mg>*"), while Kyas shows a negative anomaly in the fault zone. There is no
apparent anomaly in the K¢, profile at the fault zone.

4. Discussion and Conclusions

The results of our measurement indicate that the total positive charges of exchangeable cations in a sample,
namely, exchange capacity of the bulk sample, is around 2 times greater in the slip zone than the surrounding
areas (Figure 2). This is consistent with the previous results that the slip zone is enriched in smectite [Kameda

Table 2. Shipboard Data of Major Cation Concentrations in Interstitial Fluids of JFAST Samples

Sample Depth (mbsf) CaZt (mMm) Mg>* (mM) Na* (mM) K" (mM)
CO019E-04R-1, 102.5 cm 689.525 8.0 420 4876 89
CO019E-05R-2, 90.8 cm 698.308 77 411 484.4 85
CO019E-06R-2, 63.5 cm 705.955 8.0 M4 4843 86
CO019E-07R-1, 46.5 cm 713.465 8.1 409 490.8 93
CO019E-08R-2, 15.0cm 720565 89 431 4911 9.0
CO019E-12R-2, 69.0cm 787.56 116 449 4757 96
CO019E-13R-2, 57.5cm 802.385 145 428 4739 8.0
CO019E-14R-1, 64.8cm 810.648 15.8 40.1 4633 82
CO019E-15R-1, 10.5cm 816.605 17.9 393 4615 86
CO019E-19R-2, 85.8cm 828.548 327 367 4527 7.5
CO019E-20R-1, 55.0cm 831.55 389 354 4479 7.1
KAMEDA ET AL. EXCHANGEABLE CATIONS OF SMECTITE GOUGE 3115
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Figure 3. Major cation concentrations in interstitial fluids squeezed from the JFAST cores (gray symbols). The pore fluid
chemistry in the slip zone was estimated by extrapolating from data for surrounding sediment cores (black symbols).

et al.,, 2015]. Although the XRD analyses also occasionally identified zeolite that also has cation exchangeability,
it only occurs sporadically in trace amounts, indicating that smectite is the main exchanger of cations in the ana-
lyzed system. Therefore, the complementary anomalies between Kyg,., and Kya. in the slip zone suggest local
progress of Na* to Mg?* exchange reaction on smectite. As described earlier, the exact pore fluid chemistry of
the fault zone was not determined from the onboard measurements, and we estimated the cation concentra-
tion by extrapolating data from the surrounding areas. This surmised value may be more appropriate for the
equilibrium state before the reaction was progressed. If the fluid-rock reaction system was closed, then the
selective uptake of Mg>* on smectite and complementary releasing of Na* should result in decreasing and
increasing of each cation species in the pore fluid. In this case, calculated selectivity coefficient for these
cations represents a lower bound, and the anomalies may be further enlarged.

Extensive research has investigated the equilibrium constant of exchange reactions on smectite [e.g., Benson,
1980]. The reaction depends on factors such as valence and size of ions, but general affinity of cation to smectite
interlayer is in the order of Na* < K™ < Mg?* < Ca* [Mitchell and Soga, 2005]. Most of these experiments have
been conducted on binary reaction system under ambient conditions, and therefore, the reaction equilibrium
on temperature is not well constrained. For sedimentary core samples, Bischoff et al. [1970] and Gieskes [1973,
1974] compared cation compositions in interstitial fluids squeezed at different temperatures and demonstrated
that the concentration of monovalent Na* and K* increases at higher temperature condition, while divalent
Ca®" and Mg?* cations decrease. Moreover, the range of variation increases at higher temperature condition
in Mg?" than in Ca** [Gieskes, 1973, 1974]. This temperature dependency of fluid chemistry can be interpreted
by thermodynamic properties of ion exchange reactions on smectite. In a more direct way, Laudelout et al.
[1968] examined the thermodynamic properties of exchange reactions on montmorillonite smectite by
calorimetric analyses and observed positive enthalpy changes (AH°) for both Na* to Mg®* and Na* to Ca**
exchanges (i.e., endothermic), with the former having a lager AH®. Although it is not easy to predict precisely
how an equilibrium state changes at elevated temperatures in multiple-cation systems such as in natural fault
zones, the earlier experimental results suggest that the Na* to Mg®* exchange reaction is expected to be the
most preferable process when temperature of a reaction system rises.

In the JFAST borehole temperature observatory by Expedition 343T, a small temperature anomaly (~0.3°C)
was detected around the slip zone of the Tohoku earthquake [Fulton et al,, 2013]. This anomaly was ascribed
to a transient pulse of temperature rise caused by coseismic frictional heating, and the temperature profile
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Figure 4. Downhole variations of cation selectivity (see the text for detail) in ternary exchange reaction system. Note that
Na* and Mg2+ selectivities show inverted trends at the slip zone.

and Na-smectite, and Mg-smectite has been only investigated in Behnsen and Faulkner [2013]. The frictional
coefficient of Na-smectite is higher than Mg-smectite over a wide normal stress ranges [Behnsen and
Faulkner, 2013]. In the Tohoku slip zone, Mg®* should be higher than the present value at higher tempera-
tures, and if the forward reaction of Na* to Mg2+ substitution in smectite occurred as quickly as approxi-
mately seconds, it might cause progressive weakening of the slip zone and might help coseismic slip
and rupture to propagate more easily. In the case that the reaction takes longer than seconds, this could
be a weakening mechanism driving afterslip. The exchangeable cation composition in the Tohoku slip zone
may be dynamic. The current state of exchangeable cation composition is likely transitional, and Mg>* to
Na™ substitution will continue over time to return back to the original equilibrium state. Considering the
experimental results, reestablishment of equilibrium at lower temperature can result in gradual increase
of shear strength of the slip zone, which may contribute to postseimic recovery of the slip zone strength.

References

Behnsen, J., and D. R. Faulkner (2013), Permeability and frictional strength of cation-exchanged montmorillonite, J. Geophys. Res. Solid Earth,
118, 2788-2798, doi:10.1002/jgrb.50226.

Benson, L. V. (1980), A tabulation and evaluation of ion exchange data on smectites, Environ. Geol., 4, 23-29.

Bischoff, J. L, R. E. Greer, and A. O. Luistro (1970), Composition of interstitial waters of marine sediments: Temperature of squeezing effect,
Science, 167, 1245-1246.

Chester, F. M., J. J. Mori, S. Toczko, N. Eguchi, and the Expedition 343/343T Scientists (2012), Japan Trench Fast Drilling Project (JFAST),
Integr. Ocean Drill. Program Prelim. Rep., 343/343T, doi: 10.2204/iodp.pr.343343T.

Chester, F. M., et al. (2013), Structure and composition of the plate-boundary slip zone for the 2011 Tohoku-Oki Earthquake, Science, 342,
1208-1211, doi:10.1126/science.1243719.

Expedition 343/343T Scientists, (2013), Expedition 343/343T summary and the Expedition 343/343T scientists, in Proceedings of IODP, vol.
343/343T, edited by F. M. Chester et al., pp. 25-29 Integrated Ocean Drilling Program Management International., Tokyo, doi:10.2204/
iodp.proc.343343T.101.2013.

Fletcher, P., and R. P. Townsend (1981), Ternary ion-exchange in zeolites. 1. Problem of predicting equilibrium compositions, J. Chem. Soc.
Farad. Trans. Il, 77, 955-963.

Fujii, Y., K. Satake, S. Sakai, M. Shinohara, and T. Kanazawa (2011), Tsunami source of the 2011 off the Pacific coast of Tohoku Earthquake,
Earth Planets Space, 63, 815-820.

Fujiwara, T., S. Kodaira, T. No, Y. Kaiho, N. Takahashi, and Y. Kaneda (2011), The 2011 Tohoku-oki earthquake: Displacement reaching the
trench axis, Science, 334, 1240, doi:10.1126/science.1211554.

Fulton, P. M,, et al. (2013), Low coseismic friction on the Tohoku-oki fault determined from temperature measurements, Science, 342,
1214-1217, doi:10.1126/science.1243641.

KAMEDA ET AL.

EXCHANGEABLE CATIONS OF SMECTITE GOUGE 3118


http://dx.doi.org/10.1002/jgrb.50226
http://dx.doi.org/10.2204/iodp.pr.343343T
http://dx.doi.org/10.1126/science.1243719
http://dx.doi.org/10.2204/iodp.proc.343343T.101.2013
http://dx.doi.org/10.2204/iodp.proc.343343T.101.2013
http://dx.doi.org/10.1126/science.1211554
http://dx.doi.org/10.1126/science.1243641
http://www.iodp.org
http://www.iodp.org

@ AG U Geophysical Research Letters 10.1002/2016GL068283

Gieskes, J. M. (1973), Interstitial water studies, Leg 15—Alkalinity, pH, Mg, Ca, Si, PO4, and NH, Initial Report Deep Sea Drilling Project, 15,
813-830, Washington, D. C.

Gieskes, J. M. (1974), Interstitial water studies, Leg 25: Initial report of Deep Sea Drilling Project 25, 361-394, Washington, D. C.

Ide, S., A. Baltay, and G. C. Beroza (2011), Shallow dynamic overshoot and energetic deep rupture in the 2011 M,, 9.0 Tohoku-oki earthquake,
Science, 332, 1426-1429, doi:10.1126/science.1207020.

Ikari, M. J., J. Kameda, D. M. Saffer, and A. J. Kopf (2015), Strength characteristics of Japan Trench borehole samples in the high-slip region of
the 2011 Tohoku-Oki earthquake, Earth Planet. Sci. Lett., 412, 35-41.

Ikari, M., D. Saffer, and C. Marone (2007), Effect of hydration state on the frictional properties of montmorillonite-based fault gouge,
J. Geophys. Res., 112, B06423, doi:10.1029/2006JB004748.

Inoue, A. (1983), Potassium fixation by clay minerals during hydrothermal treatment, Clays Clay Miner., 31, 81-91.

Inoue, A. (2000), Two-dimensional variations of exchangeable cation composition in the terrigenous sediment, eastern flank of the Juan de
Fuca Ridge, Mar. Geol., 162, 501-528.

Kameda, J., M. Shimizu, K. Ujiie, T. Hirose, M. J. Ikari, J. Mori, K. Oohashi, and G. Kimura (2015), Pelagic smectite as an important factor in
tsunamigenic slip along the Japan Trench, Geology, 43, 155-158, doi:10.1130/G35948.1.

Kodaira, S., T. No, Y. Nakamura, T. Fujiwara, Y. Kaiho, S. Miura, N. Takahashi, Y. Kaneda, and A. Taira (2012), Coseismic fault rupture at the
trench axis during the 2011 Tohoku-oki earthquake, Nat. Geosci., 5, 646-650, doi:10.1038/NGEO1547.

Laudelout, H., V. Bladel, G. H. Bolt, and A. L. Page (1968), Thermodynamics of heterovalent cation exchange reactions in a montmorillonite
clay, Trans. Farad. Soc., 64, 1477-1488.

Mitchell, J. K, and K. Soga (2005), Fundamentals of Soil Behavior, 3nd ed., Wiley, New York.

Moore, D. E,, and D. A. Lockner (2007), The seismogenic zone of subduction thrust faults: What we know and don't know, in The Seismogenic
Zone of Subduction Thrust Faults, edited by T. Dixon and J. Moore, pp. 317-345, Colombia Univ. Press, New York.

Orsini, L, and J. C. Remy (1976), Utilisation du chlorure de cobaltihexamine pour la détermination simultanée de la capacité d’échange et des
bases échangeables des sols, Sci. Sol, Bull. de I'AFES, 4, 269-279.

Rowe, C. D., J. C. Moore, F. Remitti, and the IODP Expedition 343/343T Scientists (2013), The thickness of subduction plate boundary faults
from the seafloor into the seismogenic zone, Geology, 41, 991-994.

Schleicher, A. M., B. A. van der Pluijm, J. G. Solum, and L. N. Warr (2006), Origin and significance of clay-coated fractures in mudrock fragments
of the SAFOD borehole (Parkfield, California), Geophys. Res. Lett., 33, L16313, doi:10.1029/2006GL026505.

Schleicher, A. M., A. Boles, and B. A. van der Pluijm (2015), Response of natural smectite to seismogenic heating and potential implications for
the 2011 Tohoku earthquake in the Japan Trench, Geology, 43, 755-758, doi:10.1130/G36846.1.

Shimamoto, T., and J. Logan (1981), Effects of simulated clay gouges on the sliding behavior of Tennessee Sandstone, Tectonophysics, 75,
243-255.

Ujiie, K., et al. (2013), Low coseismic shear stress on the Tohoku-oki megathrust determined from laboratory experiments, Science, 342,
1211-1214, doi:10.1126/science.1243485.

van der Pluijm, B. A, J. H. Lee, and D. R. Peacor (1988), Analytical electron microscopy and the problem of potassium diffusion, Clays Clay
Miner., 36, 498-504.

Vrolijk, P., and B. A. van der Pluijm (1999), Clay gouge, J. Struct. Geol., 21, 1039-1048.

KAMEDA ET AL.

EXCHANGEABLE CATIONS OF SMECTITE GOUGE 3119


http://dx.doi.org/10.1126/science.1207020
http://dx.doi.org/10.1029/2006JB004748
http://dx.doi.org/10.1130/G35948.1
http://dx.doi.org/10.1038/NGEO1547
http://dx.doi.org/10.1029/2006GL026505
http://dx.doi.org/10.1130/G36846.1
http://dx.doi.org/10.1126/science.1243485


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


