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Trace element and isotope characteristics of fault rocks
and coseismic fluid-rock interactions in fault zones
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In this paper, we review recent progress on an attempt at evaluating coseismic fluid-rock
interactions in fault zones on the basis of trace element and isotope analyses of fault rocks. The
slip zone rocks from Taiwan Chelungpu fault at 1 km depth exhibit marked decreases of lith-
ium, rubidium, cesium and *Sr/*Sr and an increase of strontium relative to adjacent host sedi-
mentary rocks. Model calculations reveal that these trace element and isotope spectra were pro-
duced by coseismic fluid-rock interactions at >350°C, which may have caused a dynamic de-
crease of friction along the fault through thermal pressurization. The slip zone rocks from a ma-
jor reverse fault in the Boso Emi accretionary complex at 1-2 km depth also show similar evi-
dence for coseismic fluid-rock interactions at high temperatures. For the slip zone rocks from
the Shimanto accretionary complex in Kure area, which represent rocks of ancient megaspray
fault at 2.5-5.5 km depth, the signals derived from high-temperature fluids overlap with those
from melting, indicating coseismic fluid-rock interactions followed by frictional melting. These
results demonstrate that high-temperature fluid-rock interactions widely occur during seismic
slip and geochemical characteristics of the fault rocks are useful indicators of such coseismic
events.
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zation) T 5, BFEL1X Sibson (1973) 293EME L
TUR, HEN - EBRN s EATEY Bl2iE
Rice, 2006; Bizzarri and Cocco, 2006), HEF:DIKr
BOBERTEZD 6T ERDOIDERREINE L)
W27 o T & 7o A IM DAFIMASS: 2 HER 3 % HERT
EPUSIET W E AT I HIBRAKICE &, K kg
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2004; Shelly et al., 2006; Ito et al., 2007; Park et al.,
2010; Sugioka et al., 2012) .
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3 CTH Do WARICE L TiE, Bz, 19954 fLhE
VLR R 2 CHER AT PR IS W R L D TR D T R R
BRI LB ICREROON-Z LRI HbN
TBY, B TOMNY 7 v 7 5 & OB
SN Tw5b (Igarashi et al., 1995; Tsunogai and
Wakita, 1995), 72, IR F ) ALARARTDT
L— MREREICERE SN 2BHIET, Au—XY v T
DA L CHIBKED EA L 2 M a v 5 Ak
FEOLEANES ZoN728bH 5 (Solomon et al.,
2009). —Ji, HAMICEL Tix, Wi Cilikr 5
B U722 85RO & {AThTwb, Bl zid,
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AFNARR ORI T — 7 LS OBIgt L
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HamA e N Tw b (Kerrich, 1986; Evans and
Chester, 1995). F 7z, ILAARTOWIETIZH LT
&, RESESMIROMBFEFMARIZ IO &, il - X
W= s NN KA - A1 A KT 4 TAE IR O Wi
122 km PLigE 2 5 W HE R (~100°C) DA E
HAZ BA L 725E 2 5 Tw 513 % (Sample,
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WEI L, HERITE LW AN I ML T IR e K85
kmiZd b7zo THIE SN/ (Central Geological
Survey, 1999), ZOHBETHEHINDEFF V>
TWREOMWEILTRES BRRLZTRVBHTH S, HE
EF 2V TWiEE R SN EEFE L7228, RIS
EVEFERIBAC IR, LERI TR SR & TR 2
BAFEFICKE L (FhZENRA45m/s, 12m), H
BRI E ARG DT e h o7 2 & BHEN
A =Y a ViZk VLN EN: (Ma et al.,
2001), SOOI LI, F VU THIEORER L ALEE &
CHIRE N B 5 R R O B BRI I8 WS -
T2l ZRLTBY, 512 0MIC X ) KEILERD
PBEEREDNE LT LS E2RBLTWS (Ma
et al., 2003), MBI Z D L 9 HBNEEEE 2 3
726 L7235 70, BBF v v 7hEREG
i (TCDP; Taiwan Chelungpu fault Drilling Pro-
ject) 2SBHGA S N7z MENIWI LI I bR, 2
AROYHIFL (Hole A, Hole B) 2% E#1.1~1.2 km
T, HABPICHEELZWEICHEL 2 Fig. Do
TCDP O #Efll R F Z 2 B RIS L T, #&iE»

(2009), # (2009) =ZH Iz,

Fig. 21 TCDP Hole B THiHl S 7z 5 sk ke o
WCTERLPEBMBEITLEINTEA T T F 7 4 - i
FALRGHT 24T - 7R TH 5 (Ishikawa et al.,
2008), TCDP Hole B (2%, #1136 m, 1194 m,
1243 m AL IC EFHT SR B I TBY) (FZB
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Fig.1 Geological map of central Taiwan, with the
site of the Taiwan Chelungpu-fault Drilling
Project (TCDP) and an E-W cross section
through the site location (Hirono et al.,
2006). Drilling was carried out near the
town of DaKeng in the northern part of the
fault system, where a large slip of about 8 m
was observed. Two vertical holes, Holes A
and B, were drilled about 2 km east of the
surface rupture and penetrated the east-
dipping Chelungpu fault at about 1.1-1.2 km
depth. The Chelungpu fault is predomi-
nantly developed within and parallel to the
bedding of the Pliocene Chinshui shale.

1136, FZB 1194, FZB 1243; Hirono et al., 2006), %
FEHETTRo7ZDIFFZB1136TH S EEhTw5D
(Kano et al., 2006; Ma et al., 2006) . A% i
e, 3ODOWEETRTIZOVWT, B h ™y U

(Fig. 2th ® BGZo. HMERFD T %7 @ slip zone %

GhlEZoN5) THEZHEELIRD SN D,
Thbb, VFIA - VETTL - LY AEGERE
A ~arF o AR (Sr/Sr) AL, A b
Oy FoLAEAEENPENL TS, — KT, F5 -
FUy YU A - SEARIERE (RE - YV
M) LH—THoize BT VHFICBT HHBE
b2 RHEHEIrSOThTERTE (Fig.3), TED
14 9% 13 FZB 1136 & FZB 1194C 3 | [/ #2 ¥, FZB
1243 TIXEDOFHRE LD THAUMWTH 5 2 & 23
bbb, ZOZEiE, Bl VnoOMEE THRD S
N2 S ORBELD P L TR TIE R L, [5h
OIFOMIZL VAL EERLTWD,

B VCTHBIRD LN TRITVTRS
ICEIRDBAREER LR EHTRBH LT WILETH
LZlhn, TNLOEANEHROWAEICZELBDT
HAHIENHEEINL, TNEMHESE2DD, You
et al. (1996) »H§#E ~ 5 7 OJREAHEREY (TCDP @
HeAEW L ML L -85 % A L T %) & NaCl-
CaCLKBE & % H\vT25°C~350°C THT - 72Kz
o7 —%Tdhs (Fig.4) o Dickson B O FiE (%
BRI OV TS AKRIZA, 20090 3 % S IR)
W ZoERTIE, BB GEEW +HE) A
SRR OIE % BB IC B L S8, KiREE & 720 1
Po 721k, WE - BN A ZESE 2 2 LA HARHED
B E N SNz, Fig. 42 15 &, Hitkrhoy 7
A, VEIY T LA, YL DEEIZ200°C~300°C
D bcaiicsmL sy, EfhicEEFATwAS
NEDOTLENHRAMIBEH L2 25505, —T,
AR OZ M a v F oy A13H12200°C LLE TR L,
BEHICY AFNTWD, VFT LA, VEIVTL, &
7 LADFARMHNOBENEIA X7 F 4 b OGIRERA S
A b, kAR OR8N LAk & OB, Wi
EHOX My F 7 A0, FlziZAE U7 N
4+ NafBtEA) ~OWY AZRDIHERTH 5 & HMR
ENTW5S (You et al., 1996), KELFEERDFARHMIZ
D SN I NS OMEMIE TCDP © R 7 VTR
B OoNBHEEI (Fig.2, Fig.3) & A48
BRI >TWwh, $72, Fig 4 THE IR S DI, 350
CETHIML7ZD LG & fi\VCTirbh 72 iR FEERIC
BWT, WAEFD)F A - LVEIY A - 2Ty LE
BidEmwl N, 2 bayF o ABEEIXKOLRLVO
FEMRANTVDLILETHD, TDOTLIE, FHimTH
B ENEHPOTLEME LM EHHR DR NS
TLEBEKRLTVWS, ThHDZ &, TCDP O R
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Fig.2 Depth profiles of magnetic susceptibility, trace element concentrations and Sr and Pb iso-
tope ratios across the three fault zones in TCDP Hole B after Ishikawa et al. (2008). FZB
1136 (upper), FZB 1194 (middle) and FZB 1243 (lower). The magnetic susceptibility data
are from Hirono et al. (2006). BGZ, black gouge zone; GGZ, grey gouge zone; BrZ, breccia
zone; FDZ, fracturedamaged zone; BM, 2-3 ecm-thick disk-shaped, relatively stiff black ma-
terial observed in the BGZs of FZB 1194 and FZB 1243.
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Trace element and isotope compositions of the black gouges (BG) in TCDP FZB
1136, FZB 1194 and FZB 1243 and calculated gouge compositions after Ishikawa
et al. (2008). The calculated compositions were obtained using the D values at
350°C from the data of You et al. (1996). The gouge compositions are expressed as
relative deviations from the host rock values.
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Fig. 4 Plots of element concentrations in the experimental fluids against temperature during the
heating and cooling episodes of a hydrothermal experiment by You et al. (1996). Element
concentrations in parenthesis represent those in starting material, hemipelagic sediment

from the Nankai Trough.
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Fig. 5 Calculated compositions of the black gouge in TCDP FZB 1136 as a function of the fluid/
rock mass ratio (R) after Ishikawa et al. (2008). The calculations at 350°C (a), 300°C (b),
and 250°C (c). The gouge compositions are expressed as relative deviations from the host
rock values. D values from the data of You et al. (1996) were used. The initial fluid concen-
tration (Cp) values for Li, Rb, Sr, Cs and Ba were estimated from the compositions of pore
waters of 49-67°C collected from neritic sediment in the High Island Field, offshore Texas,
at depths of about 1800-2100 m (Kharaka and Hanor, 2003). For La, Sm, and Pb, the Cp
values were taken from the fluid compositions obtained by hydrothermal experiments at
25 and 63°C (You et al., 1996). The values indicated by the arrowheads at the right side
correspond to the peak values of the signals observed in the depth profiles (Fig. 2). The
dotted vertical bars in (a) indicate the R values, for which calculated trace element and

isotope spectra are shown in Fig. 2.
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13500°C IIFEL d o 7200 b Ltk v, B, W
J& JH 58 o i 1346°C~49°C TH 5 (Kano et al.,
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(Ishikawa et al., 2008) . #HIZF ) % 51X, HWEROD
Wi B 2 BB T DX ) L5l EZR T
LT LIS EZ SN D, HIEREHICH TR A
SRR OV A ERT AR D 505, &
DA ZBIC T2 REBOMRINETH Y,
72, FOX) e —ATTFRENDHE LREWROTE

0.9

0.8

0.7

i 0.6
0.5

0.4

0.3

0.2

0.1

0

150 200 250
T (°C)

TCDP
Black gouge

Fine-grained
sediment

300 350 400

Fig.6 The degree to which solid-fluid Sr isotopic equilibrium is achieved
(F) in 10s as a function of temperature. The F values were calcu-
lated for the TCDP black gouge with 20% porosity and surface area
of 3.23X 10" m* m™® (Ma et al., 2006) and for the sediment with 50%
porosity and 1 X 10° m* m®, assuming P =30 MPa and C,/C;= 60, us-
ing the equation and the reaction rate (k) by Beck et al. (1992). The &
values for recrystallization of calcite and Sr isotope exchange at 300,
350, and 400°C are 107**, 107", and 10™** mol m* s', respectively

(Beck et al., 1992).
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€7V XL (B 213 Rice, 2006; Bizzarri and
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% 72, Tanikawa et al. (2009) ¥ FZB 11362 7 ik}
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Fig.7 Trace-element compositions of the slip zone (SZ) rocks from the Emi accretionary complex
normalized with respect to the host-rock compositions. The error bars indicate the stan-
dard deviations of the host rock compositions. After Hamada et al. (2011).
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Fig.8 Trace element compositions of the slip zone (SZ) rocks and host rocks from the Shimanto
accretionary complex in Kure area after Honda et al. (2011). (a-c) Nb, Li and La concentra-
tions plotted against Zr concentration. Symbols are: diamonds, host rocks; squares, bulk of
slip zone rocks; circles, black part collected from the slip zone rocks. (d) Trace element
compositions of slip zone samples normalized with respect to “expected” compositions (see
text). Error bars indicate standard deviations of the estimated expected values. (e) Devia-
tions of compositions of slip zone rocks from “expected” compositions plotted along with
calculated values for fluid/rock mass ratio R =7 at 250°C, 300°C, and 350°C. Error bars in-
dicate standard deviations of compositions of the slip zone rocks.
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