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Duplex structures and their tectonic implication
for the Southern Uplands accretionary complex

Yujiro Ogawa

ABSTRACT: Various order duplex structures are deseribed from oceanic sequences of basaltic and
associated pelagic-hemipelagic sedimentary rocks in the Ordovician (northern) part of the Southern
Uplands accretionary .complex. The general structure of the terrane as a whole strikes ENE, but each
component lithelogical tract strikes NE or more northerly, oblique to the regional trend, making an
en echelon outcrop pattern. Further oblique relationships between structures and lithologies can be
mapped at larger scales, up to 1 km scale or more. These duplex structures are thought to be
oviginally SE-verging, now partly overturned to the NW. Differences in the en echelon geometry,
either sinistral or dextral, are explained by variable plunge of the original structures,

Peach & Horne's first regional map of the Southern Uplands suggests an en echelon patlern of
lithologies, implying large-scale duplex structures across the whole terrane. Here, the duplex
structures are regarded as ubiquitous at both regional and smaller scales, suggesting considerable
horizontal shortening. This was accommodated by such structures during underplating and out-of-
sequence thrusting, in all parts of the accretionary prism, but particularly in the deeper tectono-
stratigraphic levels, The duptex structures are characleristic of ancient décollement zones.

KEY WORDS: Décollement, en echelon pattern, geologica! structure, oceanic sequence, under-

plating,

The Southern Uplands of Scotland is widely thought to be one
of the oldest recognised accretipnary complexes (McKerrow
et al. 1977, Leggett et al. 1979, 1982; Hepworth et al. 1982;
Leggett 1987), although there is still some controversy over
its precise palaeggeographic setting. The terane has been
extensively studied since the now-classical work by Peach &
Horne (1899), who proposed many overturned fold-and-
thrust structures based on the outcrop patterns of oceanic
sequences composed of basaltic and pelagic lithologies. These
include radiolarian bedded chert and a black shale known as
the Glenkiln Shale. The large-scale fold structures proposed
by Peach & Horne are actually uncommon, and generally con-
sistent S-ward younging in steeply dipping strata means that
most of the repetitions of the same lithologies are likely to
arise from (hrust faulting. In recent years much more detailed
stratigraphy has been obtained (Armstrong ef al. 1996, 1999;
Floyd 1996), and overall S-ward younging of the ages of each
tract has been confirmed. This contradiction between the N-
ward younging of the strata and the S-ward younging of the
structural tracts means that the Southern Uplands Terrane
salisfies the geowmetry of an accretionary complex (Ogawa
1998),

Several published geological maps and cross-sections of this
terrane imply a large-scale duplex structure (e.g. British Geo-
logical Survey 1985, 1986), and a few examples have been
demonstrated in detail, for example SW of Stranraer (British
Geological Survey 1992; Stone 1995) and the structural profiles
based on biostratigraphical data in the SW Southern Uplands
and in the Peebles and Hawick areas (Rushton er a/. 1996).
This paper describes several examples of typical duplex struc-
tures and discusses their regional significance. Three areas
have been mapped in detail: the first is the Wande! area, 5 km
INE of Abington; the second is at Hunt Law in the Leadhills
area, 10 km SE of Abington; the third is the Glen App coastal
area, S ol Bailantrae (Ogawa 1998) (Fig. [). In each area, the
litholegical owcrop pattern is not parallel to the general
trend of the structural tract in which it is contained. The

Edinburgho™\ !

Figure 1 Index map showing study arcas: Glen App (G), Leadhills (L)
and Wandel (/) areas; N.B., C.B. and 8.B. are northern belt, central
belt and southern belt of the Southern Uplands terrane, respectively.

former is comymonly more northerly than the latter, thus pro-
ducing an en echelon structurally defined outerop pattern,

1. Description of duplex structures

1.1. Wandel area

This area lies within the northernmost tract of the Southern
Uplands (Leggett e al. 1982}, and the strala correspond to
part of the Marchburn Formation (Floyd 1996). In the upper
reaches of the Hawkwood Burn, which flows from the NE to
merge with the Wandel Water, severai bedded chert bodies
[NS 973 259] have yielded fossils of Llanvirn age (Armstrong
et al. 1990), The disposition of these strata (Fig. 2) indicates a
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Figure 2 Lithological map of the upper reaches of the Hawkwood Burn, Wandel area; note the oblique relation
to the general trend of the chert-dominaunt zone, ch—chert, rsm—red siliccous mudstone, ss—sandstone, sh—

shale.

repetition of the same succession, from chert to turbidite
through mudstone with steep dips but consistent N-ward
younging. Brecciated basaltic rock of within-plate basalt affi-
nity occurs adjacent to one of the chert bodies. The illustrations
in Clarkson et af. (1993) and Armstrong er al, (1990) both sug-
gest a general ENE strike for the chert bodies; however, careful
mapping indicates that this is not the case. Each chert bed can
be traced along a NE or even a NNE strike, oblique to the
general trend of the belt (Fig. 2). There are several oukcrops
each containing minor faults and folds which define smaller-
scale duplex structures, all with a SE vergence and consisting
of horses (imbricated thrust packets) each several tens of
metres long,

There could also be duplex structures of a greater order of
magnitude, on a scale of 1 km, recognisable by the oblique

distribution of chert-dominant zones within the Marchburn
Formation structural tract (inset Fig. 2),

1.2, Leadhills area _
Hunt Law is on the northern side of a ridge which divides the
Strathelyde region to the NE from the Dumfries and Galloway
region to the SW. Leadhills is well known as the location of
now-defunct lead mines. Near Leadhills, along the upper
reaches of the Snar Water, excellent exposures are developed
[NS 871 157] (Borthwick 1993}, and three chert beds are recog-
nisable in the tributary valley draining into the Snar Water
from Hunt Law (Fig. 3). The chert beds seemingly alternate
with N-ward-younging turbidile sandstone and mudstone,
assigned to the Kirkcolm Formation (Floyd 1996). Basaltic
rocks are also exposed, bul their relationships to the chert
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Hunt Law

Fault

ch ch sh

Figure 3 Lithological sketch, looking NE of the chert-dominant zone
exposed on the hillside at Flunt Law, Leadhills area.

and turbidites are not clear. The chert bodies can be traced to
the NE, slightly oblique to the overall NNE structural trend
of the tract. Thrusts occur between the chert and turbidite
lithologies and dip steeply NW, implying a SE vergence, and
apparently link inte duplex structures of several horses, each
on the scale of tens of metres. Along strike to the E, in the
Abington area, Leggett et al. (1982) recorded many repetitions
of the same sequence from basalt to turbidite through pelagic
lithologies within 100 m widths. These repetitions are also
considered here to be enclosed within a thrust duplex system.

1.3, Glen App coastal area

This area lies in the NW of the Southern Uplands between the
Stinchar Valley Fault to the N and the Glen App Fault to the S.
A very complicated lithology distribution is mapped in detail
along the coast {Fig. 4) {Ogawa 1998), although poor exposure
prevents a similar analysis inland. The characteristic litho-
logical association of basaltic and cherty rocks within red silic-
eous mudstone (Currarie Formation) is traceable in a series of
en echelon outcrops [NX 05 75-06 79] (fig. 2 in Ogawa [998).
Ogawa (1998) identified several stages of deformation but the
most important, first, stage is duplexing to create several
horses on a scale of hundreds of metres. The readily traceable,
red-coloured sedimentary rocks best show the disposition of the
duplex along the faults. Overall, the structural geometry is
interpreted as a mélange formed along a large décollement

zone between the subducting and over-riding plates (Fig. 4,
fig. 13 in Ogawa 1998). It is the component, much smaller-
scale duplex structures that are seen in outcrop. All of the
observed thrust duplexes are S-ward verging but down-
ward facing, hence the original vergence must be S-ward with
hinterland-dipping duplex siyle (Fig. 4). An important feature
is that intenseiy folded turbidites are caught up between the
décollement zones dominated by red siliceous mudstone.

2. Discussion and conclusion

From the detailed mapping outlined abave, the following con-
clusions can be deduced: (1) the regional trend of each tract is
ENE, whereas each individual bed strikes obliquely to the
NE or NNE; (2) chert to turbidite sequences are repeated
many times by thrust faults; (3) basaltic rocks are sporadically
associated with the bedded radiolarian chert and siliceous mud-
stone, which are thought to be of pelagic to hemipelagic origin;
(4) chert-dominant bodies are distributed in an en echelon
pattern, not only on a local scale but also on a regional scale,
as demonstrated by previous mapping.

The classical work by Peach & Horne (1899) led to a regional
map covering the whole of the Southern Uplands Terrane and
illustrating oblique relations between the general direction ol
the tracts and their component strata. Peach & Horne inter-
preted the contradiction in terms of folding rather than thrust-
ing, and previously published geological maps on the scale of
1:50,000 {e.g. British Geological Survey 1978, 1992) and
1:250,000 (British Geological Survey 1985, 1986) indicate a
similar arrangement. The structural relationships shown by
these previously published geolegical maps range in scale
from tens of kilometres to less than | km, whereas those
described in this paper range in scale down to tens of metres,
and locally down Lo the | m scale. At all scales, oblique rela-
tions between the general trend of the tracts and the detailed
lithology are confirmed, It is considered here that these rela-
tionships arose when the oceanic sequence, which forms the
lower tectonostratigraphic horizon during accretionary prism
formation, was accreted by means of duplex formation
during underplating. The red siliceous mudstone with basalt
and chert bodies along many duplex structures is thought to
represent the décollement zones (Fig. 5). The structure was
then further dislocated by later, out-of-sequence thrusts at a
shallower level to form the whole aceretionary complex. Most
of the beds in the northern belt of the Southern Uplands dip
at high angles, and may be overturned, as in the Glen App
coastal area (Fig. 4), but the basic duplex structure is still pre-
served.

Geological bodies are, of course, arranged in three dimen-
sions, whereas they are exposed largely on two-dimensional
surfaces. However, from the sections described above, it is
clear that the features are indeed three-dimensional duplexes.
In some areas, the en echelon pattern of lithology is dextral,
but in others it is sinistral, The difference arises from variable
plunge direction. If the S-ward-younging, hintetland-dipping
duplex plunges E, dextral en echelon relationships appear, but
if the plunge is to the W, the relationships are sinistral (Fig. 6).

These duplex structures are seen not only in the areas dis-
cussed here, but also elsewhere in the Southern Uplands.
From the work of Peach & Horne (1899), and from many of
the recent geological maps published on a scale of 1:50,000, it
is reasonable to deduce that most of the pelagic lithologies
exposed in the area lie within duplex structures without any
significant large folds. The duplex structures are the product
of intense lateral shortening by means of imbricated thrust

— 6 —
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Figure 4 Largely overturned and laulted present schematic profile of the Glen App coastal arca, S of Ballantrae,
showing the distribution of the Curraric Formation (Curraric Formation is shown hatched; red siliceous mudstone
with basalt and chert), and the model at the time of the aceretionary prisin stage; a | km-scale duplex structure is

reconstructed in the model.

packets (horses), bounded by a floor-thrust below and a roof-
thrust above. Similar structures are seen in other ancient accre-
tionary complexes that have been mapped in detail, such as the
Shimanto belt (Murata 1991; Hashimoto & Kimura 1998}, and
Miura-Boso peninsulas (Yamamoto er a/. 2000; Hirono &
Ogawa 1998) of Japan, the Franciscan complex of the U.S,
West Coast (Kimura er af. 1996), and in Kodiak Island,
Alaska (Sample & Fisher 1986; Sample & Moore 1987), In
these examples, the structures are thought to have formed by
underplating of the accretionary prism, in particular along
décollement zones between the subducling and over-riding
plates. Hence, the Southern Uplands could alse be an under-
plated prism, and it is likely that fusther detailed mapping
will establish many more examples of duplex structure.

Large-scale

duplex struciure 300 m

Figure 5 Model of large-scale duplex structure formation along the
décollement zone in an accretionary prism; note that the oceanic
sequence, pelagic rock-dominant lithology alternates with folded terri-
genous strata (shown s S-shaped turbidites) to form a duplex structure
first, then is rearranged at the shallower levels by out-of-sequence
thrusts.
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Three high-pressure structures of methane hydrate, a hexagonal structure (strA) and two
orthorhombic structures (str.B and str.C), were found by in situ x-ray diffractometry and Raman
spectroscopy. The well-known structure I (str.I) decomposed into the str. A and fluid at 0.8 GPa. The
str.A transformed into the str.B at 1.6 GPa, and the str.B further transformed into the str.C at 2.1 GPa
which survived above 7.8 GPa. The fluid solidified as ice VI at 1.4 GPa, and the ice VI transformed
to ice VII at 2.1 GPa. The structural changes occurring with increasing pressure were observed
reversibly with decreasing pressure. The symmetric stretching vibration, v, of the methane
molecule observed in the Raman spectra changed along with the structural changes. The bulk
moduli, Ky, for the str.I, str.A, and str.C were caiculated to be 7.4, 9.8, and 25.0 GPa, respectively,
The difference in the bulk moduli implies the difference in fundamental structure of the
high-pressure structures, © 2007 American Institute of Physics. [DOIL 10.1063/1.1403690]

L. INTRODUCTION

Methane hydrate, containing guest methane molecules in
cages of hydrogen bonded water molecules, lies globally un-
der the oceans.! Methane hydrate is called *“burning ice™ and
is a promising natural respurce, while at the same time meth-
ane is a greenhouse gas that plays the most prominent role in
global warning. In addition, outer planets and their satellite
such as Uranus and Ganymede are thought to be composed
partly of ice and methane hydrate. Many studies, therefore,
have been carried out from wide viewpoints such as phase
relations®* crystal structures,>~!? physical properties,™* and
nature of hydrogen bonding."* Most of these studies, except
for a few,'*"!® were made at low temperature under ambient
pressure. Therefore, high-pressure stucies above | GPa have
to be more intensively pursued to explore new materials in
water-methane system, as well as, to survey their possible
occurrence on the outer planets. Recently, the present authors
reported an in situ x-ray diffraction study of methane hydrate
at pressures of up to 5.5 GPa using a diamond anvil cell
(DAC)."? This study showed that the structure 1 (str.I) of
methane hydrate survived until 2.3 GPa by changing its cage
occupancy. Another high-pressure study by x-ray diffractom-
etry and Raman spectroscopy reported transformations to a
hexagonal structure via the steucture IL'® The other work by
neutron and x-ray diffractometry described existence of a
hexagonal structure and a orthorhombic structure.!® The dis-
crepancy in the transition behavior is probably affected by
kinetic conditions such as compression rate and the initial

0021-5606/2001/115(15)/7066/5/$18.60

state of the sample. Therefore, further experiments with a
reduced compression rate are required, as are those at higher-
pressure regions.

In order to clarify the structure changes for clathrate hy-
drate, it is necessary to pursue not only the fundamental
structure (the framework built up by cages) but also the vi-
bration state of the guest molecules. For this purpose, it is
required for the specimens to be characterized by x-ray dif-
fractometry and Raman spectroscopy. The Raman spectrum
resulting from the totally symmetric stretching vibration, v,
of enclathrated methane can be used as a probe for their cage
size and the occupancy.®~* In this study, both in situ obser-
vations of x-ray diffractometry (XRD) and Raman spectros-
copy were carried out for the same samples, and three high-
pressure structures, a hexagonal structure (str.A) and two
orthorhombic structures (ste.B and str.C) were found at
higher pressure. As well, the fundamental structure of the
str.A was examined.

. EXPERIMENT

A lever and spring-type DAC was used in the high-
pressure experiments. In order to control pressures lower
than 2 GPa and the compression rate, several pairs of soft
springs were used. Pressure measurements were made by the
ruby fluorescence method. The accuracy of the present mea-
surement system is 0.1 GPa, taking the resolution of the
spectrometer and the analytical procedure into account. The
pressure measurements were carried out several times, and
an average of three reasonable values among them was

© 2001 American Institute of Physics
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FIG. |. XRD pulterns observed with pressurc changes. At 0.4 GPa, typical
XRD of the str.l is shown, At 0.8 GPa, the str.A is observed as a crystalline
phase. At 1.4 GPa, the sinA and ice VI (marked by open circles) are ob-
served, At 1.8 GPa, the sir.B and ice V1 are observed, At 3.6 GPa, the su.C
and ice VII (marked by solid circles) are observed. At 7.8 GPa, the st.C is
still observed.

adopted. The XRD experiment was performed using syn-
chrotron radiation (SR) on a BL-18C at Photon Factory, High
Energy Accelerator Research Organization (KEK). The
monochromatized beam with a wavelength of 0.6198 A was
used. Methane hydrate powder prepared using a conven-
tional ice-gas interface method under the conditions of 15
MPa and —3 °C was used as the initial material. This pow-
der consisted of almost pure methane hydrate and contained
a maximum of a few vol % of ice 7, according to a combus-
tion analysis. The sample powder was put into a gasket hole
in a vessel cooled by liquid nitrogen to prevent decomposi-
tion of the sample, The sample was sealed by loading the
anvils slightly up to 0.2-0.3 GPa at the low temperature.
Then the DAC was placed under room temperature. The
sample was held as solid state during the procedure. All mea-
surements were conducted at room temperature. Particular
attention was paid to reducing the rates of compression or
decompression. The mean rate was approximately 0.1 GPa
per 10 mins. Raman spectroscopy was performed by using
the 488 nm line of an argon ion laser with incident power of
400 mW at tube. A single monochromator and CCD-detector
were used in the optical system. The calibration of wave
number was carried out by using ten Ne emission lines in the

High-pressure structures of methane hydrate

FIG, 2. Representative XRD patterns, (2) The str.] at 0.4 GPa; (b) the str A
at 0.8 GPa; (c) the str.B and ice VI (spotty rings) at 1.8 GPo; and (d) the
str.C and ice VII at 3.6 GPa.

range from 1000cm ™! to 3500 em™!, and by fitting the de-
viations between the standard and the observed values with
third order polynomial,

.’ RESULTS

Figure | shows XRD patterns observed with changes in
pressure. At 0.4 GPa, a typical XRD pattern of the str.] was
observed. The XRD pattern represented clear powder rings
[Fig. 2(a)]. The d-values and relative intensities agreed with
those of the established crystal structure 15 At 0.8 GPa, a
hexagonal structure (str.A) was observed in the XRD pattern.
Under an optical microscope, relatively larger crystals and
thin fuid layer between the crystals were observed. The
XRD pattern of the str.A was spotty at this time, suggesting
grain growth in the fluid. At 1.4 GPa, ice VI {marked by
open circles) appeared besides the str.A, and the fluid disap-
peared. At 1.6 GPa, the str.A transformed into the ste.B. At
2.1 GPa, the str.B further transformed into the str.C, and ice
VI wansformed into ice VII {marked by solid circles). At 7.8
GPa, the str.C still remained, although the diffraction inten-
sities were rather weakened, Solid methane, phase [ or phase
A, were not observed in the pressure region examined.” The
structural changes of methane hydrate occurring with in-
creasing pressure were observed reversibly with decreasing
pressure. The representative XRD patterns of the str], str.A,
str.B, and str.C were given in Fig. 2. The XRD patterns of the
str.A reverted from the stnB represented relatively homoge-
neous rings [Fig. 2(b)] than those observed at the decompo-
sition from the str.I.

The changes in fundamental structure were clarified by
the XRD data mentioned above. In order to examine changes
in the state of the guest methane molecule along with the
structural change, the Raman spectrum resulting from the
totally symmetric stretching vibration (v|) of enclathrated
methane was measured. Figure 3 shows Raman spectra ob-
served with changes in pressure. For the str.], a typical dou-
blet peak was observed at 2904 cm™! and 2919em ™" at 0.4
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FIG. 3. Raman spectra from », of methane molecule along with the struc-
tural change,

GPa (Fig. 3). The intensity ratio of the former to the latter
peak was 2.9 as an average within the measurements. The
former peak, 2904 cm ™!, was coincident with those reported
previously; on the other hand, the latter one, 2919 cm™ I was
a little higher than those reported, 2914-2915 cm™! 02018
The previously reported data were obtained at ambient
pressure’>>! or at 0.125 GPa,'® while the present data were
obtained at higher than 0.4 GPa. A certain pressure effect
might occur,? although the reason for the shift is not clear at
the present time. At the transition from the str.l to str.A, the
peik for the stc.A began to appear between the doublet peak
of the str.] at 0.8 GPa (Fig. 3). After the transition, an appar-
ent single peak for the strA was observed at 2914 cm™" at
1.0 GPa (Fig. 3). With increasing pressure, the peak of the
str.A split into two or three peaks at 1.6 GPa (Fig. 3). At 2.0
GPa, a peak for the stt.B was observed at 2942 em™ !, An
apparent single peak for the str.C shifted to 2977 cm™! at 7.3
GPa, The observed changes of »| vibration of the methane
molecule in the Raman spectra corresponded to the structural
changes observed in the XRD patterns (Fig. 1). _
The variations in volume ratios (V/ V) with pressure for
the str.l, str.A, and steC were obtained. Fiiting by Birch—
Murnaghan's equation of state as Kg3=4, the bulk moduli,
Ky, were calculated for the strl, str.A, and str.C to be 7.4
GPa, 9.8 GPa, and 25,0 GPa, respectively (Fig. 4). There is a
smaller difference between the strl and the str. A, suggesting
that the fundamental structure of the str.A is composed of
cages while the bulk modulus for the str.C is much larger
which is comparable to that of ice VIL This implies that the

. Hirai et al.
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FIG. 4. Variations in the volume ratio with pressure for the str.l, str.A, and
stC.

str.C is different from those of cage structure. The bulk
modulus for the str.B was not calculated because there was
insufficient data for fitting due to the narrow pressure range.

V. DISCUSSION

In the previous study by the present authors,!” where the
compression rate was rather higher, methane hydrate decom-
posed into ice VI and solid methane (phase I) at 2.3 GPa.
While, in the present study, three high-pressure structures
were clearly found. The transition behavior is thought to be
considerably affected by the compression rate and the . start-
ing material. The study by other authors'® reported that the
str.Y transformed into the structure II at 0.1 GPa, and the
structure II transformed into a hexagonal structure at 0.6
GPa. The structure II was not observed within the present
experiments performed, The other studyw described that at
0.9 GPa the str] transformed (0 a hexagonal structure, and
that at 2.0 GPa the hexagonal structure transformed to an
orthorhombic structure, These hexagonal and orthorhombic
structures {named as MH-II and MH-III) are thought to cor-
respond 1o the present str.A and str.C, respectively, on the
basis of the same unit cell parameters, the indexing, and the
pressure range of existence. While the str.B was not found in
that study. The str.B, in the present study, existed only in a
narrow pressure range from 1.6 GPa to 2.1 GPa, but this
structure was observed in good reproducibility with increas-
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High-pressure structures of methane hydrate

TABLE . The observed and calculated o-values for the str.A at 0.8 GPa. ‘The observed unit cell parameters:

a=12.004 A, c=10.046 A.

d-obs, d-calc. d-obs. d-calc.
Bkl A 73] Dev. hk! A) (A) Dev.
100 10.226 10.337 —-0.011 204 2.249 2,246 0.001
001l 9.932 9.975 —0.004 223 2,221
101! 7.133 7.178 —0.006 411 2.205 2.200 0.002
110 5.952 5.968 - 0.003 322 2.143 2,142 0.000
111 5.109 5.121 —-0.002 214 2.107 2,102 0.002
002 4,988 4.988 0.000 500 2073 2.067 0.003
201 4.575 4.589 -0.003 501 2.024
102 4478 4.402 ~0.003 304 2.025 2.020 0.002
210 3.900 3.907 —0.002 005 1.995
211 3.638 330 1,993 1,989 0.002
202 3.585 3.589 —0.001 420 1,956 1,953 0.002
300 3.446 3.446 (,000 331 1.951
ago03 3.328 3325 0.001 323 1.933 1.931 0.001
3ol 3.257 3257 0.000 421 1917
103 3.165 224 1913
212 3.080 3.076 0.001 502 L914 1.910 0.002
220 2.987 2.984 0.001 115 1.892
113 2.907 2.905 0.00! 314 1.882
310 2.861 2.867 —0.002 413 1.868 1.867 0.00t
221 2.859 510 1.857
203 2.802 2.796 0.002 332 1.848
311 2,755 4272 1.819
213 2.536 2,532 0.002 404 1.783 [.794 —0.004
i 2.486 213 1781 1777 0.002
104 2436 2424 0.005
320 2373 2371 0.001
402 2.204

ing and decrensing pressure. And the XRD pattern was
clearly distinguished from those of the str.A and str.C {Fig.
2). The str.B is certainly present as a high-pressure structure
of methane hydrate. The discrepancy among these studies
might be affected mainly by compression rate and the initial
state of the sample.

The diffraction lines observed in the str.A were indexed
by a primitive hexagonal lattice (Table I} with the unit cell
parameters of a=12.004 A and c=10.046 A at 0.8 GPa, A
hexagonal clathrate hydeates with a space group of P6/mmm
have been previously reported at ambient pressure, which
accommodate a large guest molecule, methyt cyclohexane-d,
in the large 20-hedra cage and small help gas, H,S.® And a
structural refinement of the hexagonal structure accommo-
dating a large 2.,2-dimethylpentane molecule was
performed.?* The framework of these clathrate hydrates is
the same as that of dodecasil 1H,>*® which is a clathrate
compound of silica. The dodecasil 1H also accommodates a
large guest molecule of piperidine. The framework of the
hexagonal structure is composed of three different cages, one
20-hedra cage [5°6%] (X-cage), three 12-hedra cages [5'7]
(Y-cage), and two modified 12-hedra cages [4°596°]
(Z-cage)>> within a unit cell. The ideal composition of the
structure is 1X3Y 22/34H,0, when one guest molecule is
contained in each cage. The number of the guest molecules is
6 for 34 water in this cose. Table I shows the observed
d-values and the calculated ones using crystal parameters of
dodecasil 1H. Both d-values exhibit good agreement, which
indicates that the fundamental structure of the present str.A is

similar to those of the low-pressure hexagonal structure
reported.®2*> The recent high-pressure study'® of methane
hydrate also reported that the hexagonal structure observed
in that study was similar to the low-pressure one. The low-
pressure hexagonal structures reported are stabilized by ac-
commodating the large guest molecule in their large 20-
hedra cage. In order to stabilize the structure only by small
methane molecules, it is expected that two or more methane
molecules are accommodated in the 20-hedra. According to
Udachin et al.,** the dimensions of a free ellipsoid in the
20-hedra are 6.84, 6.84, and 8.59 A, while the van der Waals
diameter of methane molecule is 4.1 to 4.3 A, Thus two
methane molecules can be easily accommodated in the 20-
hedra with sufficient intermolecular distance and also dis-
tance from the cage, On the other hand, it seems rather dif-
ficult for three methane molecules to be accommodated
without superimposing each other. A preliminary structural
analysis based on the low-pressure hexagonal structure sug-
gested that the fundamental structure of the str.A might not
totalty be the same as that of the hexagonal structure but may
be somewhat modified. A detailed refinement of the str.A
should be the subject for future research.

As for two orthorhombic structures, the ste.B and ste.C,
the unit cell parameters tentatively determined were
a=4.3806, b=8.140, ¢=7.935 at 1.80 GPa and a=4.644,
b=7.967, c=7.572 at 4.80 GPa, respectively. Although
these orthorhombic structures have similar unit cell param-
eters, they exhibit clearly different XRD patterns described
above. The str.B might be a related structure of the str.A
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consisting of cages, because the transition from the str.A to
str.B was not clearly distinguished under the optical micro-
scope. The str.C corresponded to the body-centered ortho-
rhombic structure reported'® because of the same unit cell
parameters and the body-center indexing. The str.C survived
above 7.8 GPa. The bulk modulus is comparable to that of
ice VII. These suggest that the str.C is probably a denser
structure such as Hy—H,O clathrate' rather than other struc-
tures consisting of cages.

The present work, employing a combination of x-ray
diffactometry with Raman spectroscopy, has developed an
understanding of the behavior of methane hydrate under high
pressure. The results suggest that further new materials in the
water-methane system might be present under higher pres-
sure, and that methane hydrate might exist on the outer plan-
ets and their satellites,
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The crystal structure of synthetic TIAISi;Oy:
Influence of the inert-pair effect of thallium on the feldspar structure
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Abstract: The crysta) structure of synthetic Tl feldspar, TIAISi;Og, was determined based on single-crystal X-ray
diffraction data; monoclinic, a = 8.882(3), b= 13.048(2), ¢ = 7.202(2) A, B = 116.88(1)°, V = T44.5(DA%, Z = 4,
space group C20mn (R =7.33% for 462 observed reflections). The underlying framework is similar to Rb feldspar,
RbAISi; Oy, and can be regarded as isotypic with sanidine. The structure accommodates T1* cations eccupying the
M site coordinated by nine O atoms, The more expanded T1 polyhedra as compared to the Rb polyhedra, in spite
of the small ion radiug of T1" relative to Rb*, result from the behavior of the sterecactive lone-pair electrons of T1*
called “inert-pair gffect”. The difference in centroid—central atom distance in the TIO, polyhedron suggests that
the lone-pair electrons are orienting parallel to the [001] divection in the feldspar structure. Therefore, Tl found as
a trace element in analyses of natural K-feldspar can be considered as an actual constituent of this mineral. The
syntheses of the present Tl-feldspar, TIAISI; Oy, together with Tl-leucite, TIALSI,O;, and the chemical analogue
of kalsilite, TIALSIO,, shed new light on the crystal chemistry of potassium aluminosilicatle minerals.

Key-words: thallium, feldspar, crystal structure, lone-pair electrons, stereochemical activity, iners-pair effect.

Introduction

Thallium is conunonly distributed as a trace ele-
ment in the Earth’s crust (e.g. Rb 90, Sr 375, Cs 3,
Ba 425, Sb 0.2, Pb 13, Bi 0.2, and T1 0.5 ppm; Ma-
son & Moore, 1982), but suifides represent the
overwhelming majerity (over 30 defined species)
of known thallium minerals (Clark, 1993) because
of the chalcophile property of this element, Silicate
minerals containing T as a trace element, for ex-
ample feldspars and micas with T1 contents in the
ppm range, were reported by Badolov & Rabino-
vich (1966) and Heinrichs et al. (1980). Extracting
crystal-chemical information about T behavior
from silicate minerals in nature, however, is still a
far from routine process and quantitative studies
are rare (Mason & Moore, 1982). The first synthe-
sis of thallium alwminosilicates by Krogh et al
{1991} provided T, | AlSiO,, with a determination
of the crystal structure by Rietveld analysis. More

DOI: 10.1127/0935-122 172001/0013/0849

recently, new thallium aluminosilicates like Ti-leu-
cite (T1Al8i,04) have been synthesized by Kyono
et al. (1999) and the crystal structure of synthetic
TIAISIO, has been accurately re-determined by
single-crystal X-ray diffraction (Kyono ef al,
2000). Our initial interest in these aluminosilicates
stems from the “Inert-pair effect” of TI*, which
produces an irregular coordination environment of
anions around this atom (West, 1999). Application
of the inert-pair effect to mineralogy was made to
understand the crystal structure of derbylite, where
the [SbO,]* complex is a distorted letrahedron with
the lone electron pair accupying a missing vertex
(Moore & Araki, [976); in these cases the bonding
is well described by the valence-shell electron-pair
repulsion (VSEPR) model (Gillespie, 1972) with
the lone-pair electrons at one of the four tetrahedral
ligand positions to give the configuration MX,E.
Recently, the crystal-structuce refinement of TIAL-
S10, has clarified the substantial inert-pair effect of

0935-1221/01/0013/0849 $ 2.00
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the Tl atom on this structure, and the extremely dis-

torted T1-O polyhedra have an implication for the
rare occurrence of T1 aluminosilicate minerals in
nature (Kyono et al,, 2000).

The present work was aimed at synthesis and
single-crystal X-ray structural refinement of TI
feldspar (T1A15i,0,) in order to elicit the inert-pair
effect of thallium on the feldspar structure and to
understand its bearing on the crystallization of Tl
minerals in nature.

Experimental methods and data analysis

The TIALSi;Og crystal was synthesized from a
powdered sample of low-albite (AbgggAn, ) from
Minas Gerais, Brazil, under hydrothermal condi-
tions. The starting material was mixed with TINO,
inal: 1 weight ratio and poured into a 5 cm? silver
tube, Water was then added in a suitable volume to

Table 1. X-ray powder diffraction data of synthetic T1 feld-
spar.

UI() dahs(A) dcnlc(A)*

h k i

0 2 0 44 6.46 6.52
0 0 1 20 6.37 6.41

L 1 1 20 5.90 594
0 2 1 26 4.55 4.57
2 0 0 3.96

} &4 3.94

1 1 b 3.96
1 3 0 36 3.80 3.81

1 3 1 70 3.63 3.64
2 2 T 80 3.62 3.63
i 1 2 92 . 3.45 346
2 2 0 100 3372 3385
2 0 2 20 3327 3339
0 0 2 54 3.197 3209
1 3 1 78 2992 3,003
2 2 p) 20 2977 2972
0 4 | 18 2900  2.907
3 i T 24 2.895 2.884
1 3 2 42 2760 2770
3 1 3 32 2.669 2.676
2 4 T 36 2.606 2.613
3 1 0 22 2582 2588
1 1 2 18 2536 2.544
3 3 T 2 2.444 2.445
1 5 1 12 2424 2430
2 0 3 8 2.383 2387
3 3 y) 2314

} 18 2310

1 1 3 2313
3 0 8 2,955  2.2357
2 2 3 6 2.241 2,242

h k ! 11, dy (A dg (A
1 3 2 6 2234 2228
L 5 1 6 2207 2209
3 { 3 10 2,098 2,194
4 0 i 16 2.191 21492
4 0 p) 16 2.189 2.183
0 6 0 16 2,160 2,174
0 0 3 4 2.137 2.139
3 l 1 10 2097 2099
4 2 2 12 2.073 2,070
1 3 3 14 2066 2068
0 6 I 4 2,054 2059
3 3 3 20 1.978 1.980
4 0 0 24 L.977 1.980
2 2 2 24 1.975 1.978
3 5 1 2 1.956 1.956
2 4 3 2 1.931 1.926
3 3 1 14 1.914 1.910
2 & 0 8 1.907 1.906
4 2 0 2 1.395 1.895
3 5 0 6 1.854 1.856
1 ! 3 4 1.846 1.845
2 6 2 4 1.821 1.822
1 7 0 10 1.814 1.814
2 0 4 14 1.793 1.797
1 7 1 14 1.792 1.795
0 4 3 10 1.790 1.789
1 5 3 2 1.749 1.746
1 3 3 2 1.709 1.713
4 0 1 8 1.690 1689
3 1 2 2 1.684 1.683
4 4 3 2 1.681 1.681
k) 5 1 8 1649 1.648
4 2 | 6 1.635 1.635
4 2 g 2 1.618 1.617
5 3 3 1.575
} 8 [.574
2 4 4 1.574
0 2 4 2 1.560 £.558
3 7 ) i 1.540 1.540
2 & 2 6 1,502 1.501
6 0 7 2 1.478 1.479
0 8 2 2 1.454 1.454
6 2 3 1.442
Jl 4 1.442 _

1 1 4 1.441
2 4 3 8 1.439 1,439
6 2 3 4 1420 1.421
i 9 T 4 1.417 1.416
1 9 1 2 1.370 1368
5 5 0 4 1.355 1,354
1 9 vl 2 1.344 1.344
3 9 1 4 1.301 1.301
2 8 2 2 {.283 1.282
7 1 3 2 1.258 1.258
6 0 3 2 1.244 1.243

* d,,, based on refined cell parameters: @ = 8.381(2), b=
13.044(3) A, c = T196(DA, P = [ 16,852, V = 743.6(2) AL
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Fig. L. SEM photograph of synthetic T! feldspar.

give a 7T0% filling ratio before sealing up the tube.
These silver tubes were inserted into the autoclave.
The whole was heated up to 550°C during 5 days:
the maximum pressure reached under such condi-
tions was around 70 MPa. The experiments were
stopped by air-cooling of the autoclaves to room
temperature within the furnace. The totally crystal-
lized precipitate was filtered and washed thorough-
Iy with distilled water in order to completely dis-
solve the TINO, covering the surface of the prod-
ucts, The synthesized Tl-feldspar crystals are trans-
lucent and colorless, up to 0.5 mm in size (Fig.1).
The X-ray powder diffraction pattern (Table 1) of
the crystals was indexed on a monaeclinic lattice de-
rived from that of the sanidine structure (Ribbe,
1963).

The chemical homogeneity of the synthetic Tl-
feldspar was confirmed by electron-microprobe
analysis, which was performed with the wave-
length-dispersion spectroscopy (WDS) on a JEOL
superprobe (TXA-8621), operated at 20 kV and 10
nA beam current, with a beam size of 10 ym. Syn-
thetic lorandite (Berlepsch, 1996) was used as Tk
standard, Na and K are below detection in the stud-
ied crystals and the average of six analyses made
at different positions of a single-crystal sample
is 8i0, 40.63, AL,O4 12.25, T1,0 46.42, sum 99.30
wt.%, leading to the empirical formula
T]U.%OAll-DSSSi!.DﬁgOS’ Which iS C]OSC to endember
of TIAlSi;0g.

X-ray single-crystal investigations were pur-
sued on an Enraf-Nonius CAD4 diffractometer uti-
lizing graphite monochromated MoK radiation.
Intensities were recorded using the standard w/26
scan technique. Absorption (1 scan method), Lo-
rentz, and polarization corrections were applied to
the intensities with the SDP program (Enraf-Noni-
ns, 1983). All calculations for refinement were

Table 2. Crystal data for synthetic Tl feldspar.

Empirical formula TIAISI;O4
Formula weight 443 62
Wavelength (A) 0.71073
Crystal system maneclinic
Space group C2/m
a(A) 8.882(3)
b(d) 13.048(2)
e(A) 7.202(2)
B 116.88(1)
V(AN 744.5(4)

Z 4

F(DOO) 800.0

Doy (glom?) 3.958

M (mm") 22.31
Crystal size (mm”) 0.12x0.05x0.05
Max 0, deg. 25

h, k, [ ranges ~10—9, 015,08
Total reflections 749
Unique reflections 693

|F= 40; 462
Parameters 64

Final R (%) 733

Finat § 1.140

R = S IF)-IFyVEIF,
8= [Zw (IFJHF I (m — n)]'2, for m ubservations and n
parameters

done with the SHELXL.-97 program (Sheldrick,
1997); the crystal data and refinement information
are given in Table 2. The initial model for Tl-feid-
spar was taken from the structure of sanidine (Rib-
be, 1963}, The refined atomic coordinates and dis-
placement parameters for Tl feldspar are presented
in Table 3.

Infrared spectra were obtained using FTIR spec-
troscopy (Herschel FTI/IR-300, JASCO) over the
range 1400-400 cm’' (Fig. 2). Samples were
ground into & powder for about 5 min by hand in an
agate mortar and pestle, and absorption experi-
ments were performed using the standard pellet
technique. The powder was diluted with KBr in the
ratio 1:400 for the middle infrared region. A total of
128 scans were averaged at a nominal resolution of
4 crt, The instrument was equipped with a Ge-
coated KBrbeamsplitter and a MCT detector.

Results and discussion
Description of the crystal structure
On the basis of 25 reflection data with 20> 25°, the

unit-cell parameters were determined on the dif-
fractometer as a = 8.882(3), b = 13.048(2), c =
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Table 3. Atomic parameters and their estimated standard deviations for Tl feldspar

atom X y z U, U Uy U, Uy Uy (AN
Tl 02968 0 0.1568  0.0620 0.1163  0.0483 0 0.6230 0 0.0763
0.0003 0 0.0004 Q0018 00031 00017 0 0.0013 0] 0.0015
T, 0.0081 0.1928 0.2222  0.0409 00716  0.0274 0.0017 0.0174 0.0015 0.0459
0.0013 00010 00016 0.0052 0.0081 0.0049 00050  0.0041 0.0049  0.0028
T, 07223 0.1227 03395 00412 00637 0.0349 0.0020 0.0221 0.0019 0.0448
0.0012 0.001C0 0.0016 (0.0053 0.0075 0.0056 0.0048 0.0048 0.0048 0.0027
OA, 0 0.1494 0 (.0879  0.0548  0.0167 0 0.0306 0 0.0505
0 00032 0 0.0294 00236 00159 0 g.0180 0 0.0100
OA, 0.6767 0 02817  0.0399  0.0359  0.099] 0 0.0306 0 0.0670
0.0059 0 00094  0.0259 00224  0.0334 0 0.0268 0 0.0133
OB 08279 01606 02212 00552 00743 00369 0.0031  0.0155 -0.0035  0.0578
0.0038 0.0027 00045 00166 00218 00141 {.0152 0.0131 0.0147  0.0078
ocC 0.0410 03163 02603 0.0495 00648 00310 -0.0032  0.01H1 -0.0143 0.0511
0.0036 00023 0.0042 00151 00197 0.0131 0.0135 0.0118 0.0130 0.007¢
oD 0.1730  0.1284 04076 0.0887 0.0546 0.0195 -0.0026 0.0215 -0.0068 0.0554
0.0044  0.0023 0.0039 0.0211 0.0181 0.0126 00153 0.0137 0.0117  0.0076
L10%) when the reflection data were used from 2° to
70° in 20. After omitting the high-angle reflections
(20 > 50%) on account of extreme weakness of these
intensities, the R value dropped drastically to about
7%, and the final agreement factor is £ =7.33% (Ta-
ble 2). However, more prudent calculations did not
give a better R factor owing Lo the rugged surface of
T crystals. The average structure finally obtained can
Albi be effectively utilized to outline the crystal-chemical
e ite
P features of feldspar structures.
S Although the framework structure for the Tl-
[ . . -
= feldspar is topologically equivalent to that for Rb-
& feldspar of the sanidine type {Gasperin, 1971), the
g isotropic displacement factors of Tl and OA,; ions
= are much larger than those of Rb and OA, in the Rb
feldspar (Gasperin, 1971). These factors dominate
the characteristic structure of Tl-feldspar (Table 2).
Tl feldspar The difference between these two isotypes proba-
bly demands some stereochemical explanation
from the inert-pair effect on the feldspar structure.

1400 1200 1000 80U
Wavenumber {(cm™)
Fig. 2. IP powder spectra between 400 and 1400 cm! foral-

bite (starting materials}) and synthetic Tl feldspar.

500 460

7.202(2) A, B = 116.88(1)°, V = 744.5(4) A® (Table
2). It is worth noting that TLA1Si,0y has a larger unit-
cell volume than RbAISi;O4 (Gasperin, 1971; Von-
cken et al. 1993; Koval'skii ef al. 2000) although the
ionic radius of the T1* cation is slightly smaller than
that of Rb* (Shannon, 1976), The structure was
solved and refined in the space group C2/m. Conven-
tionat refinements of diffraction data yielded reason-
able interatomic distances and angles for tetrahedral
framework, but the R value was very large (about
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The mean T -0 and T,-O distances in the present
Tl-feldspar indicate a highly disordered {Al,Si) dis-
tribution {Tabhle 4}, and a slight difference in (Al,S1)
ordering between Tl and Rb feldspars (Table 5).
The IR spectrum of the Tl-feldspar (Fig. 2) sup-
ports such a disordered (AlSi} distribution, be-
cause the broader peaks are attributed to strong dis-
order of Al and Si atoms (Smith & Brown, 1988).
The contrast with the highly ordered (ALSi) distri-
bution in the low-albite starting material (Fig. 2)
implies that Tl-feldspar has crystallized after disso-
lution of low-albite in the hydrothermal solution.
The SEM photograph suggesting a possibly euhed-
ral morphology of Tl-feldspar is corroborative evi-
dence of such crystallization (Fig. 1.
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Table 4. Interatomic distances (A), angles (°) and bond valences {b.v.).

Ti feldspar  Rb feldspar*
T, - DA, 1669 (1 1.633
0B 1.651 (33) 1.629
oc §.638 (32) 1,644
oD 1.693 33) 1.634
nean 1.663 1.635
Ti— 0A, 1.658 {19) 1.633
OB 1.605 (33) 1.627
ocC 1.650 (30) 1.634
oD 1.629 (27) 1.635
mean 1.636 1.632
Tl feldspar  buv,
TI- 0Ax2 3.055{27) 0.184
0A, 3.074(46)  0.087
OBx2 3210031 6121
OCx2 309033  0.167
oDx2  3.002(29) 0.207
mean 3.090 2 0.766

Tl feldspar ~ Rb feldspar*
OA,-T,-OB 106.8 (13) 107.6
OA,-T-OC 1149(18) 1129
OA,-T-0D  103.6(13)  106.5
OB-T,-0C L35 (1) 110.6
OB-T,-0D 1116 (17) 1i0.9
OC-T,-0D 1G2.3¢15) 108.3
mean 109.5 109.5
0A,T,-OB  107.4(23) 1107
0A,T,OC  1069(19) 1054
0A,-T,-0D  106.0(23)  109.5
OB-T,-OC 112.4(16) 109.7
OB-T,-OD 1347 110.9
OC-T,-OD 109.8(16) (110
mean 109.3 1094
Rb faldspar*
3.068
295
1169
3124
3.041
3.084

* Gasperin (1971)

Table 5, The Al content of individual tetrahadra and their
angular distortions,

Site occupancy Angular distortion

b t T T,
Tl feldspar  0.261 0.239 392 3.07
Rb feddspar  0.251 0.249 2.35 2.13
(Gasperin, 1971)

Site occupancies were cafculated as t;, = 0.25 + (<T,-O> ~
<<T-Q>>)/const, where ‘const’ = <<Al-03> - <<8i-
O>>; it is equal to 0.125 A for K-rich feldspars (Kroll &
Ribbe, 1983). -

T10, and RbO, polyhedra

There is a very strong possibility that the steuctural
difference between TLALSI; Oy and RbAIS{; O feld-
spars is mainly caused by the behavior of the lone-
pair electrons of the TI* ion (West, 1999), Brown
(1988) had already mentioned that for the main
heavy elements in Jower oxidation states (such as
TI*, Pb?*, Sb¥, Bi**) low coordination numbers are
invariably associated with slereochemical activity
of the lone pair, in pacticular that TI* offers a dra-
matic illustration of this effect, and that the weaker
bonding bases show a tendency for the coordina-
tion number to rise and for the distortion to dimin-
ish as the base strength is reduced. In the TI-feld-

spar structure T1* is found to be coordinated by nine
oxygen atoms of the framework (Fig. 3). The poly
hedral volume, centroid-central atom distances
and sphericity parameters for M* M2+ Si, Al
0y feldspars (Makovicky & Balic-Zunic, [998)
calculated with the program IVTON (Balic-Zunic
& Vickovic, 1996} are listed in Table 6. These re-
sults suggest that the geometry characteristic of this
T1O, polyhedron departs from the correlation be-
tween ion radii and distortion parameters (Fig. 4).
Particular attention must be paid to the fact that the
T1 coordination polyhedron has the largest volume
of all alkali polyhedra in feldspar structures (Table
6). In general, the shortest M-O distance is M-OA,
due to the OA, oxygen depending on the repulsive
power of M cations from each other (Smith &
Brown, 1988). However, the T1-OA, bond distance
is 3.074 A and not the minimum (Table 4. The
uniqueness of this polyhedral environment is plain-
ly shown in Fig, 4, which indicates that despite of
great allowance of T-OA,-T angles in monoclinic
feldspars (Kimata et al, 1996) the TI-OA, bond
distance of T]-feldspar is disproportionately longer.
The unusual Ti polyhedron evidently derives from
lhe uniqueness of TI-OA; bond distance revealed
by Fig. 4. Therefore bond elongation of the TI-0A,
distance is regarded as due to the influence of the
distorted ligand field caused by the inert-pair effect
of Tl lone-pair electrons.
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Table 6, Selected polyhedral distortion parameters.

Chemical formula  Polyhedron V(A% (A) s d(A)  Reference

TIAISi,0 TIO, 4731 3089 0991 0.34 Thissudy

NaAISi;0 NaQ, 40.21 2903 0925 0,114 Harlow {1982)
Ba,AlLSi,0; BaO, 4119 2925 0952 0.023 Newnham & Megaw (1960)
KAISi,0, KO, 4343 2986 0961 0.051 Scambos eral. (1987
RbAISI O RbO, 46.68 3,082 0982 (0.089 Gasperin (1971)

¥: volume of coordination polyhedron

r: mean distance from centroid to ligands
s: sphericity of coordination polyhedron
d: centroid — central atom distance

Fig. 3. Anisotropic thermal-vibration ellipsoids of TIO,
polyhedra in projection on [00 1} and [010]. Polarized Tl 65*
lone pair electrons (L.P.E} are shown schematically.

The bond-valence arrangement calculated from
the parameters of Brese & O'Keeffe (1991) is

shown in Table 4. The bond-valence sum around
the T site does not fully satisfy the formal charge
for TI* (= 1.000). This deficiency, as similarly cal-
culated in TLAISIO, (Kyono et al., 2000}, reveals
that the coerdination polyhedron of Tl can be elec-
trostatically established for the crystal structure by
some other factors except for bond valence, The re-
sult of statistical analysis that the bond valences of
lone pair cations are not only correlated with bond
length but also with bond angles (Wang & Liebau,
1996} can provide a plausible explanation for the
total bend valence contribution to the central TI*
cation. Therefore a reasonable explanation for the
present deficiency in the total bond valence must
await clarification of the relationship between the
bond valence and the position of the lone pair with
respect to the nucleus.

Orientation of inert-pair electrons in
Ti-feldspar

The displacement of the central atom from the
‘best’ center of the ligand arrangement can be used
as 2 measure of stereochemical activity for the s*
lone pair of the central atom (Andersson & Astrom,
1972). The direction of the displacement is assumed
to be opposite to the orientation of the lone pair on
this atom (Balic-Zunic & Makovicky, 1996). The
TIO, polyhedron shows a remarkable difference in
centroid—central atom distance with respect to MQq
polyhedra in other feldspars (Table 6), and the cause
for the deviation has apparently to be sought in the
existence of the Tl 6s* lone pair. The assumed orien-
tation of the TI lone-pair electrons calculated from
the [VTON data points approximately in the [001]
direction, which makes the following angles with
the crystal axes: 112.40°, 90.00°, 4.48°, From the
T! atom through the centroid of TIO, polyhedron,
the T1 6s? lone pair points between the three oxygen
atoms, OA, and two OB (Fig. 3).

.._.19_
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tl47  cation-centroid distance .
‘
0.104
*
A(A) 0.06
*
.02+ ¢
106 7
1 sphericity 4
Sph oss Y
0.90
481
46 polyhedral volume
It 44
v 4
(A9 42
10
1
33+
1.00 N [ ]
M-0A,/mean M-0O distance
dDAZIdmun 0'90:
0.80 T T T T T T T Y
12 1.3 .4 1.5 L6
Fig. 4. Ionic radii for Na, Ba, K, T Na Ba K TI Rb
and Rb vs. their individual polyhe-
dral parameters in feldspar. Values loni di A
are taken from Table 4 and 6. onic radius (A)

Implications for mineralogy caused by the irert-pair effect of Tl 65* lone pair.

Therefore, the present synthesis of TIAISi,O4 has

The synthesis and crystal structure of TIAISi;0,
Feldspar, together with Tl-leucite T1AlS1,0, (Kyo-
no et al., 1999) and the chemical analogue of kalsi-
lite, TIAISiO, (Kyono et al., 2000), provide us with
new insights into the crystal chemistry of feldspars
and potassium aluminosilicate minerals in general.
When TI* is geochemically offered to growing
feldspars, the structure can easily accommodate
this cation despite of expanded Tl polyhedra

an lrnplication for the occurrence of feldspars en-
riched in T1* in nature. The varity of Tl-rich feld-
spars in nature may be due not to crystal-chemical
constraints but to geochemical ones. In any event,
the low TI contents reported in analyses of K-feld-
spars from granitic pegmatites (Cerny, 1994) can
be considered as an actual constituent of the feld-
spar structure.
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Abstract

We conducled a detailed bathymetric sarvey of a chain of scamounis named the Joban Seamount Chain (JSC), exlending
N53°E over a distance of about 394 km on the ocean floor located east of the southern Japan trench. We surveyed a total of nine
seamounts in the JSC and obtained their precise shapes and locations. Two of the seamounts, Hitachi and Futaba seamounts,
were newly found and named. Two seamounts, Ryofu and Futaba, seem to lic in another line parallel 1o the JSC, which probably
also ineludes Kaltori seamount. Two other seamounts, Iwaki and Hitachi seamounts, were classificd as guyots and Iwaki has a
terrace on its nontheastern side. Another isolated guyot, Daigo-Kashima, is located close 1o the southeast of Daiyon-Kashima
seamoumt. The origin of the JSC remains uncerlain owing 1o the lack of reliable ages, but formation at a congregation of
hotspots or some combination with fissure eruption appear to be possible candidates. @ 2001 Elsevier Science B.V. All rights
reserved.

Keywords: Seamount;, Guyor; Seamount chain; Bathymetry; Morphology

1. Introduction

We conducted a systematic geophysical survey of a
seamount chain, Joban Seamount Chain (JSC), in the
Northwestern Pacific during croises KH90-1 and
KHO2-3 (Figs. | and 2) of the R/V Hakuho-maru of
the Ocean Research Institute, University of Tokyo
(Kobayashi, 1991, 1993) 1o map in detail its bathyme-
try using the SeaBeam system, The 18C is situated to
the cast of the southern end of the Japan Trench
(Fig. 1), and extends N33°E over a distance of aboul
394 km, which is inconsistent with an ovigin from a
fixed hotspot and models of motion of the early Meso-

* Corresponding author, Now at: Institute of Marine Sciences,
University of Dar Es Saloam, P.O. Box 668, Mizingani Rond,
Zanzibar, Tanzonia,

E-moif address; masalo@zims adsm.seiz (D.C.P. Masalu),

zoic Pacific plate. The ISC is composed of eleven
seamounts: (from northeast) Ryofu, Soma, Mizunagi-
dori, Iwaki, Futaba, Hitachi, Daiyon-Kashima,
Daisan-Kashima, Daini-Kashima, Katori, and Daii-
chi-Kashima seamounts, Except for Daiichi-Kashima
and Katori seamounts, which were surveyed by the
KATKO project, the remaining nine seamounts were
mapped by our cruises. To enhance our underslanding
of the JSC, we also surveyed a seamount called
Daigo-Kashima, located about 74 km to the southeast
of Daiyon-Kashima ssamount (Fig. 1), The GEBCO
chart and satellite geoid map indicale another
scamowyl  west of Daigo-Kashima, which was
confirmed by our reconnaissance survey, but no
other seamounts have been found in its northeastern
cxlension in any available maps. Daigo-Kashima
seamount is isolated and not obviously related 1o
any chain,

(025-3227/00/% - see front mutter € 2001 Elsevier Science BV, All rights reserved,

PI: 50025-3227(00)00162-6
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T (94-80 Ma)

142° 143" 144°

y 35°
145° 146°

Fig. 1. Index map showing the Joban Seameount Chain (ISC) and neighboring seamounts, DI, Daiichi-Kashima; KT, Katori; D2, Daini-
Kashima; D3, Daisan-Kashima; D4, Daiyon-Kashima; IW, Twaki; FT, Futaba; MZ, Mizunagidori; RF, Ryofu: SM, Soma; DS, Daigo-Kashima.
M12, M13 and M14 are magnelic anomaly lineatians based on Nukanishi et al. (1989), which are equivalent to 137, 139 and 140 Ma,
respectively, by the Harland et al, (1989) timescale. Bathymetry based on GEBCO (General Bathymetric Chart of the Oceans) data. Dotted
lines are ship tracks of surveys during cruises KH90-) (Leg 1) and KH92-3. Thick arrows show expected holspot trends for the respective ages
in brackets (Henderson, 1985), pointing towards the younging direction, Insel st upper right shows the JSC within iis regional contexl,

The existence of JSC has been known (e.g. Charts
6312 and 1009 of the Hydrographic Department of
Tapan, 1968), but had not been surveyed in detail
before our cruises. Cruise KH90-1 marked the
firsi exlensive geophysical survey on the ISC and

yielded much new information aboul this seamounl
chain, :

The pwpose of this papet is to present the resulls of
our swrveys, including the precise locations and
description of the morphology of the 1SC seamounts

_.23....
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based on the newly obtained SeaBeam bathyinetric
data. These data are not only an important contribu-
tion in the mapping and understanding of the
bathymelry of the world’s ocean-floor, but also are
important in unraveling the tectonics and evolution
history of the Pacific plate, and in investigation of
the origin of the abundant Northwestern Pacific
seamounts.

1. 1. Previous work on the Joban Seamount Chain

Several previous studies have been done on the
JSC, Daiichi-Kashima seamount {(Fig., 1) has been
studied extensively under the KAIKO project (Le
Pichon et al., 1987; Kobayashi et al., 1987; Cadet et
al., 1987; Tani, 1986), which followed up a study by
Mogi and Nishizawa (1980) and their findings of
normal-fanlted features parallel to the Japan treanch.
Afler reconstruction, the original seamount body was
found to be a guyot (Tani, 1986). This seamount was
found to be capped by about 100 m of limestone
(Cadet et al., 1987; Pautot et al.,, 1987). The round
flat top of the original seamount has a diameter of
about 18 km with a depth of 3500 m. The eastern
flank of Daiichi seamount is 7000 m deep, indicating
that it is down in the trench slope, and its crestal
height is about 3500 m. The cap limestones were
studied by Konishi (1989), who concluded that they
were of Albian age (ca. 112-97 Ma), Basalis from
Daiichi-Kashima seamount were daled by the
®Ar-* Ar method to be about 120 Ma (Takigami et
al.,, 1983). A paleomagnetic study of Daiichi-Kashima
seamount suggests that a considerable part of its (op is
non-magnetic (Ueda, 1985), which is consistent with
the presence of a limestone cap.

Katori scamount was also studied by the KAIKO
project and was found to have two peaks with waler
depths of 4129 and 4241 m, with a narrow but flat
crest (KAIKO T Research Groop, 1985), The depth
contour 4500m is clopgated in a direction of
N60°W, which is roughly perpendicular to the trend
of the JSC, The flank of Katori is about 7000 m, so its
height is about 3000wm. A paleomagnetic study
suggests that Katori seamount has different compo-
nents of magnetization in its top and bottom parts
(Ueda, 1985).

Daini-Kashima and Ryofu seamounts have been
dated by the K—-Ar method to be about 81 and

70-72 Ma, respectively (Ozima et al, 1970
Kaneoka, 1971), Uyeda and Richards (1966) studied
the paleomagnetism of Ryofn seamount and
concluded that its top part may be weakly or comple-
tely non-magnetized. Furthermore, palecmagnetic
studies suggest that Mizunagidori seamount has a
small magnetic anomaly (Tomoda, 1974; Masalu et
al., 1993).

1.2, Seamounts in the Northwestern Pacific

The Northwestern Pacific seafloor is characterized
by a great abundance of seamounts, most of which are
guyots (Van Waasbergen and Winterer, 1993; Sager
et al., 1993; Winterer et al., 1993; Lincoln et al,,
1993). However, the origin of Northwest Pacific
seamounts, which tend to align in chains similar to
those known to have been formed by hotspot volcan-
ism, is uncertain, Two hypotheses hiave been proposed
for their origin. The first hypothesis, unusual wide-
spread volcanic pulses, is based upon results from
Deep Sea Drilling Project cores on intrusive and
volcanogenic sediments. At least two widespread
Cretaceous voleanic events have been postulated:
Aptian to Cenomanian (~115-95 Ma) and Camnpa-
nian-Maestrichtian (~80-65 Ma) (Rea and Vallier,
1983; Schlanger et al., 1981; Winterer, 1976, Tarduno
et al., 1991). The second hypothesis, formation at a
congregation of hotspots, is based on the trends of
numerons seamouni chains and their age data that
have been nsed to document the motion of the Pacific
plate relative to hotspots (Henderson, 1985; Duncan
and Clague, 1985; Engebrelson et al., 1985; Fleitout
and Moriceau, 1992), These models suggest that most
of the western Pacific seamounts were probably
formed as the Pacific plate drifted over a congregation
of hotspots presently located in the sontheast Pacific,
an area which has been dubbed the ‘superswell’
(McNutt and Fischer, 1987; McNutt et ai.,, 1980,
Wolfe and McNuti, 1991),

2. Resulis of the surveys

The bathymetric map of the JSC and nearby
scamounts based on the data collected during cruises
KH90-1 and KH92-3 is presented in Fig. 2. The map
provides precise locations and shapes of the JSC
seamounts,

—24—
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Fig. 2. Bathymetric map of the Joban Seamount Chain and nearby seamounts produced from SenBeam bathymetric data collected by cruises

KH90-1 &nd KH92-3, Contonr interval is 100 m,

2.1. Topography and nomenclature of the Joban
Seamount Chain

In the bathymetric chart No. 6312 (Tohoku Nippon)
of the Hydrographic Department, Marilime Safety
Agency of Japan (1968), five seamounts are shown
to exist cast of the Japan Trench at latitudes of
35°40'N-37°10'N, to the sontheast off the coast of
Ibaraki Prefecture (Yapan), They are, from southwest
to northeast, Dalichi-Kashima, Katori, Daini-
Kashima, Daisan-Kashima and Daivon-Kashima
seamounts. We confirmed that these seamouns exist

and form a linear chain (Fig. 2) trending N5S3°E
(Kobayashi, 1991, 1993), This scamount chain
exlends further 1o the northeast 1o include Hitachi,
Iwaki, Bosei, Soma and Ryofu seamounts. Another
seamount, Daigo-Kashima, is located on the southeast
of this line.

Soma was named by the scientific party onboard
cruise KH92-3 (Kobayashi, 1993) afier a Pacific
coast city in the north of Joban District, northeastern
Honghu, Japan. The name ‘Bosei’ is after chart No.
1009; however, the name ‘Mizmagidori’ was first
proposed by Tomoda (1974) for (his seamount when
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Table 1
Main characteristics of seamounis in the Joban Seamount Chain

Seamount Location Crestal depth  Flank depth  Heiglu Diameter  Volume  Remarks
{m) (m) {m) km) (ki)
Ryofu 37°59.9'N 2880 5360 2400 18 215 Conical seamount
145°58.5'E
Soma 37°42.9'N 2180 54005500 ~3200 24 555 Crestal nidge trending NE
145°57.5'E
Mizunagidori 37°08.8'N 2300 5400-5800  ~3500 33 1069 Sharp ridge trending N60°E,
oblate shape in W~E direction
145°17.5'E
Futaba 37°08.8'N 3600 ~ 5400 ~2000 14 no Small, ¢conical, found in cruise
KH90-}
144°39.0'B
Twaki 36°53.0'N 1700 ~ 5400 ~3700 60 2282 Corrected position, guyol, top
inclines SW, oblate shape
along N6O°E
144°46.0'E
Hitachi 36°39.5'N 2360 5660 3300 18 488 Guyo! found in cruise KB90-1
144°29.5'E
Diiga-Kashima 35°48.0'N 1500 5600 4100 40 1144 Classified as guyot
144°21.0"8
Daiyon-Kashima  36°17.6'N 2800 5500 2600 24 341 Conical seamount
143°59.0'E
Dnisan-Kashima  36°11.0°'N 3100 5800 2700 1 315 Conjcal star-fish seamount
143°47.0'E
Daini-Kashima 36°03.0'N 2800 5800 3000 30 626 Conical seamouns
143°39.0°E
Yayoi Kuoll 37°30.2'N 4840 5540 ~ 700 7.5 10 Conicnl, sharp crest
145°57.0'E
Harymi Knoll 37°20.0'N 4750 5500 ~ B30 1.5 12 Conical, sharp erest
145%41.0'E

lie surveyed it in 1969, although Jater detailed work by
Murauchi and others using the R/V Bosel-Maru
proposed the name ‘Bosei’, which has been adopted
by the Ocean Topography Nomenclature Committee,
Two knolls were discovered on the area between
Mizunagidori and Soma seamounts and were named
Harumi and Yayoi by the scientific party onboard
cruise KH92-3, Hitachi seamount was newly found
during cruise KH9(-I and was named by the scientific
party onboard Leg 1 of Cruise KH90-1, after the near-
est city in the east coast of northeastern Honshu, Japan
(Kobayashi, 1991),

We found that Jwaki seamount is not situated at the

location shown in map No. 6312 but slightly to the
southeast and just on the line of the chain (Kobayashi,
1991). Moreover, in the Hydrographic Department
maps, Iwaki seamount is shown to have 1wo peaks.
We confirmed the existence of only one peak on this
seamount (Fig. 2). We found a peak to the northwest
of Iwaki seamount, but it does not seem to be a pari of
this seamount, Rather, it scems to be an independent
seamount and was named ‘Futaba’ by the scientific
party onboard Leg 1 of cruise KH90-1, afler the
geological town in Fukushima Prefecture which
yielded a Dinosaur remain, ‘Futaba-Suzuki-Ryu’.
The name ‘Joban’ was proposed by Lhe scientific
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Fig. 3. Estimation of nges of guyot seamounts. Backiracking of the flat top and terrace of Iwaki and Hitachi seamounts to sea-leve! against a

crusta] age depth curve (Parsons and McKenzie, 1977).

party onboard Leg | of croise KH90-1 for this linear
chain of seamounts trending along NS53°E direction,
from Daiichi-Kashima to Soma seamount (Kobaya-
shi, 1991, 1993). This name is after the nearest Japa-
nese old local territory name, Futaba and Ryofu
seamounts lie slightly out of the JSC (Fig. 2). They
secm to lie in another line nearly parallel to the JSC
that probably also includes Katori seamount as its
southwestern end (Fig. 1).

2.2, Seamount morphalogy

The JSC is composed of both peaked and flai-
topped (guyot) seamounts (Fig. 2). The principle
morphological characteristics of the JSC seamounts
are summarized in Table 1. Three seamounts, Iwaki,
Hitachi and Daigo-Kashima have flat tops and were
classified as guyots (Kobayashi, 1991, 1993). Ryofu,
Soma and Mizunagidori seamounts have crestal
ridges that are oriented in the northeast direction,
which is the trend of the JSC. Ryofu, Soma,

Daiyon-Kashima, Daisan-Kashima, Daigo-Kashima
and Futaba seamonnts and the Harumi and Yayoi
knolls have nearly round plan view, thus they are
conical. On some of the seamounts studied, ie.
Ryofu, Soma, Mizonagidori, Hitachi, Daisan-
Kashima, Daini-Kashima, Daigo-Kashima and
Futaba, several ridges that run in different directions
down the slopes of the seamounts can be observed,
Some of these ridpes are separated by cliffs, for exam-
ple, on - Daisan-Kashima and Daini-Kashima
seamounts, The ridges may imply exposure of ancient
lava flows.

Mizunagidori seamount has an oblate shape clon-
gated in the east-west direction and has two peaks,
The smaller peak, which is located at the east, has a
crestal depth of 2700 m. A moat with depths ranging
between 5800 and 5900 m surrounds Mizanagidori
scamount on the southwestern side (Fig. 2).

Twaki seamonnt is elongaied along the trend of the
JSC. The flat top plain of Iwaki, which is at a depth of
1700 m, is also very elongated. The 2000 m contour
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line has a southwest-northeast diameter of about
21 km, whereas the northwest—southeast diameter is
only about 9 km. A gentle slope spreads from the flat
top, down in the southwest divection. The shallowest
part of the crest of Iwaki seamount is located at the
northeastern side. Based upon the steep slope at north-
east below the flat crest, we suggest that this might be
a reef, which was probably well developed on a domi-
nant wind side, Afier the steep crestal slops on the
northeast side, a terrace or level bench in the flank of a
seamount exists at about 2400 m. Hitachi seamount,
which has a flal top at a depth of 2400 m, is located
very close 10 Iwaki seamount and the two share
contours deeper than 3500 m (Fig. 2).

3. Discussion
3.1, Origin of the Joban Seamount Chain

The trend of the JSC (Figs. 1 and 2) is oblique to the
NG68°E trend of magnetic anomaly lineations of the
surrounding ocean-fioor, Hence it is unlikely that
the JSC formed on a spreading center, The trend of
the ISC is alse inconsistent with the expected hotspot
trend (Fig. 1) for the available dates of the seamounts,
which calls for further investigation of the chain.
Other viable possible origins of the JSC are: formation
at a single stationary hotspot, which requires evidence
of age progression along the chain, fissure eruption
along a weak zone, amorphous volcanic pulse,
which requires evidence of 2 wide spread of volcanic
products of the same age, and ridge~hotspot interac-
tion (Morgan, [1978; Schiling, 1991), which can
produce seamount chains with orientations intermedi-
ate between the orientation of the ridge and a fixed
intraplate hotspot. As in the case of formation of a
seamount chain at a gsingle stationary hotspot,
seamount chains produced by the ridge—hotspot inter-
action require evidence of a general age progression
along the chain, Unfortunately, only few radiomelric
dates are available for the JSC scamounts.

3.1, 1. Age estimaiions for guyor seamounts

A flat top and a level bench of a seamount arc
geomorphic features that are formed at or near sea-
leve)l (Hess, 1946; Hamillon, 1956; Tucholke and
Smoot, 1990). Approximate dates of these features

can be derived by backtracking them to sea-level
against an appropriate age—depth curve (Tucholke
and Smoot, 1990).

Iwaki and Hitachi seamounts reside on 138 and
139 Ma crust, respectively (Fig, 1). Observed seafioor
depth around these seamounts is about 5800m
whereas the expected depth based on the crustal
age—depth relationship curve (Parsons and McKen-
zie, 1977) is about 6055 m. The discrepancy between
the two values can be accoupted for by sediment
thickness, After backiracking Iwaki’s crest (1700 m)
in time, it was found to be at sea level when the crust
upon which Iwaki resides was about 29 My old
(Fig. 3); so, the crest was constructed about 109 Ma.
Similarly, Iwaki's terrace (2400 m) was at sea level
when the crust was about 12 My old; therefore, it was
constructed about 126 Ma. Applying the same
methed we obtained, an age of about 127 Ma for
Hitachi seamount (Fig. 3). These results suggest that
the two seamounts formed approximately simulta-
neously about 127-126 Ma, and about 109 Ma
Iwaki’s crest was constructed, presumably of
limestone, These ages are close to the “CAr—*Ar
age of 120 Ma for basaltic samples from nearby
Daiichi-Kashima guyot (Takigami et al., 1989).

The terrace on the northeast of Iwaki seamount is at
the same level of 2400 m as the southwestern part of
the flat top of this seamount, which dips gently to the
sonthwest (Fig. 2), The 2400-m level is also consistent
with the flat top of Hitachi seamount (Fig. 2) suggesi-
ing that the two seamounts were truncated at sea-level
along their present 2400-m level about 127~126 Ma
with subsequent reef-growth on Iwaki until about
109 Ma.

3.1.2, Possible origin of the seamounts

A study of the flai top of Hitachi seamouni shows
that for level contours from 2600 10 2800 m (Fig. 2),
the northwest-southeast diameters are shorter than
the northeast—southwest diameters, This may suggest
that the primary body of this seamount is elongated
along the northeasi-sonthwest consistent with the
trend of the JSC and Iwaki seamount.

The two seamounts appear to be very similar
morphologically, which suggests that they were prob-
ably formed by the same mechanism. Their general
elongation along the trend of the JSC may suggest a
fissure eruption origin. Rupture of the lithosphere,
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which caused the fissure eruption may have been
caused by tensions that probably developed in it
during a Mid-Cretaceous rotation of the Pacific
plate, which has been postulated by Jarrard and Sasa-
jima (1980). A similar mechanism of origin has been
proposed for seamounts in other locales such as the
Line Island chain in the central Pacific (Sager and
Keating, 1984) when the Pacific plate changed its
drifting direction at about 43 Ma. Another excellent
example of tensional ridge volcanism is the Puka Puka
ridges (Lynch, 1999),

However, careful investigation of Fig, 2 reveals
that the trends of some of the seamounts, e.g, Hitachi,
Iwaki, Mizunagidori and Soma, particularly their
crestal part, seems to be slightly different by about
10-20° from the trend of the JSC. The seamounts
look en-echelon, which can be seen also in ridge—
hotspot interaction as in the Musicians seamounts.
Since the ocean floor upon which the seamounts
were built was fairly young at the time of volcanism,
the model of formation of the JSC by ridge—hotspot
interaction also seems to be viable,

On the other hand, paleomagnetic study of the
ISC snggests that Twaki and Hitachi seamounts
may be Early-Cretaceous in age, consistent with
our age estimations based on depth, whereas the
rest of the studied seamounts appear to be Mid- to
Late-Cretaceous in age (Masalu et al, 1993).
Because Jwaki and Hitachi seamounts (guyots)
are located in (he middle of the ISC (Fig. 2),
this argues against the formation of the JSC by
a single stationary hotspot as well as by ridge-
hotspot interaction. This variation of paleomag-
netic ages also argues against the hypothesis of
amorphous  volcanic  pulses, which requires
evidence of widespread volcanic products of the
same age. Furthermore, the hypothesis of amor-
phous volcanic pulses cannot explain satisfactorily
why seamounts in the JSC are aligned in a linear
chain, The obscrvation that Ryofu, Futaba and
Katori seamounts (Figs. 1 and 2) appear to lie
in another linear chain parallel to the JSC and
the inferred mixing of volcanic products of differ-
ent ages in the chain may suggest formation of the
JSC at a congregation of hotspots. Our data set, in
particular with the lack of sufficient reliable dates
for the JSC seamounnts, does not allow us to cate-
gorically disprove or accept any of the hypotheses

discussed above; but as far as the origin of the
JSC is concerned, we are in favor of formation at
a congregation of hotspots, or some combination
with ridge—hotspot interaction. The origin of the
JSC will only be resolved with the availability of
sufficient reliable ages of the chain.

4, Summary ang conclusions

We have mapped the bathymetry and confirmed the
existence of a linear chain of seamounts trending
along N53°E, located east of the Japan trench. This
seamount chain was named ‘Joban’ by the scientific
party on board Leg 1 of cruise KH30-1. Our results
provide precise shapes and locations of the JSC
seamounts, We surveyed a total of nine seamounts
in the JSC, two of which, Hitachi and Futaba
seamounts, were newly found and named by Leg 1
of crnise KH90-1. Two seamounts, Ryofu and Futaba
seamounts, appear 1o lie in another line parallel to the
JSC that probably also includes Katori seamount, Two
seamounts, Iwaki and Hitachi seamounts, are guyots
and Iwaki has a terrace on its northeast side, These
seamounts were probably formed approximately
simultaneously about 127-126 Ma.

The 1SC appears not to have been formed by a
single hotspot, although our data, in particular the
absence of sufficient reliable dates for the JSC
seamounts, do not allow us to uneguivocally disprove
or accept any of the four possible hypotheses of origin
discussed: congregation of hotspois, amorphous
volcanic pulses, fissure eruption and ridge—hotspot
interaction; but we are in favor of origin al a congre-

~ gation of hotspots, or some combination with ridge—

hotspot interaction.
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Pore structure of sheared coals
and related coalbed methane

Huoyin Li + Yujiro Ogawa

Abstract Coalbed methane is considered to be one
of the major contributors to global warming. Geo-
logical prospecting of the rich-storage zone of
methane is an important precondition for gas re-
covery projects. Shear zones along coal seams have
long been considered as a major place where gas
outbursts occur during mining, but they also have a
positive aspect in coalbed methane prospecting and
production because of their great quantity of frac-.
tures and high. methane content. Mercury penetrat-
ing experiments on a serjes of variously sheared coal
samples from the Pingdingshan coalfield, China,
were performed. The results showed that tectonically
sheared coals possess three to eight times more
porosity and two to ten times more specific surface
area than their normal counterparts Moreover,
brittlely defoxmed coals possess larger average
fracture apertures representing a good condition for
methane extraction, whereas ductilely deformed
coals show a fracture aperiure even smaller than
normal coals, which can explain why intensely
sheared coals become difficult for methane extrac-
tion. The occurrence of a large number of tectonic
fractures in 2 shear zone will make it easier for an
artificial fracture to increase the permeability of
<oals in methane production. Therefore, except for
Jocally ductile deformation areas, shear zones along
coal seams are the best source and reservoir for
methane gas production and, if this methane is ex-
tracted, it will help not only the reservoir but also
protect the earth against global warming,
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Introduction

Coalbed methane released from coal mines, particularly
from underground mining, is presumed to be one of the
major contributors to global warming (Fig. 1). To effec-
tively contro] the emission of greenhouse gas, and make
good use of methane gas as an energy source, various
studies for recovery and utilization of coalbed methane are
under way all over the world (John 2000}, Shear zones
along coal seams, which can contain a large number of
fractures and therefore much gas, have long been looked
upon as a major factor for a catastrophic failure or “out-
burst™ of gas and coal in coalfields during coal extraction
(Shepherd and others 1981; Dumpleton 1990; Peng 1991;
Beamish and Crosdale 1998), Shear zones are widespread
in various ranks of coal seams, and are commonly named
detachments, bedding plane faults and soft-coal bands (Yu
and Li 1981; Frodsham and Gayer 1999). The mechanism
of formation has been argued to be either a flexural slip
process or major thrusting corresponding to regional
compressive stress (Bustin 1982; Kang and Li 1995
Frodsham and Gayer 1999). Because a shear zone is gen-
erally distributed in the middle of the seam (Fig. 2), a large
volume of methane within the shear zone could be pre-
vented {from escaping by the surrounding hard coals which
are characlerized by unusually low vertical permeability
and thus similar to the cap rock of the conventional nat-
ural gas reservoirs, In mining production, coalbed meth-
ane {CBM) has been considered a type of disaster gas,
which greatly threatens safe production in coal mines, and
thus il has been released 1o the atmosphere for a long time,
This situation musl, lo a cerlain extent, have aggravated
global warming because the methane gas has a greater
greenhouse effect than carbon dioxide pas (John 2000).
From the geological point of view, important observations
about outhursts accepted by most researchers are; (1)
most of the outbursts occur in the sheared coal layers
within & tectonically deformed zone {Shepherd and others
1981; Cao 1994; Bibler and others 1998), and (2) outburst
coals contain three to len times more methane than non-
deformed coals (Shepherd and others 1981; Hargravs 1983;
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Li 1995). In addition, the comparison of gas content be-
tween shear zone and normal coal also reflects the fact that
sheared coals contain more gas compared with normal
coals (Table 1). Hokao (1982) proposed that geologically
sheared (kneaded) coals can give out ten times more gas
than hard coals when they are broken to pieces.

Although the occurrence of a shear zone within a coal
seam represents a mining disaster, it might be regarded
more positively in coalbed methane prospecting and
production because of the great quantity of fractures and
higher methane content. From the gas production point of
view, the most important structural features of coals are
the storage capacity and permeability. For coalbed meth-
ane extraction, knowledge of the properties of fractures is
essential for planning production and exploration because
of the fractures’ infiuence on recovery of methane and the
local and regional flow of methane. The shear zone along a
coal seam, because of its extensively developed fractures
compared with surrounding normal hard coal, which is
hardly destroyed and thus plays a role in sealing gas, might
be considered a potentially significant coalbed methane
reservoir or a “gas river” (Fig. 3}

To explain the influence of tectonic pressure on coal
properties, measurements were made on a series of coal
samples exhibiting various degrees of tectonic deforma-
tion. Field work was also underiaken. Coal samples were

Flg. 1
Diagrammatic illustration of an wnderground coal mine where a
greal quantity of coalbed methane is released to the atmosphere
during coal extraction

collected from the bedding shear zones where outbursts
frequently occur and from the norma) hard coal where
outbursts occur infrequently, Mercury porosimetry studies
on coal samples have been performed to gain a better
understanding of: (1) porosity and specific surface area,
which refiect storage capacity, and (2) average fracture
aperture, which indicates the permeability of coals.

Geological setting of the samples

Coal samples were taken from the lower Permian Wu coal
seam of the Pingdingshan coalfield in Henan Province,
China. In the coalfield, the main coal-bearing measures are
dominated by strike-parallel compressional structures,

Fig. 2
Photograph showing a bedding shear zone, which is generally
distributed in the middle of the coal seam and characierized by a preat
quanltity of fraclures (dark band is a bedding shear zone, indicating a
sinistral shear sense}

Thickness {m}
seam/shear zone

CIM content in
shear zone (mA)

CBM conlent in
normal coal {m™)

Table 1 ]
Comparison of coalbed methane Locality Depth
conlents between sheared coals (m)
P
o e ol comternats gy i o
Co : Wu 12130 484
{Pingdingshan no. 10 mine,
unpublished data) Wu 14131 483
Wu 14131 485
Wu 20080 E3))
Wu 20080 508
W 20090 520
Wu 20090 52)

58/1.8 11.83 744
5.5/1.9 12.21 6,34
5.4/0.9 12,15 6,52
5.3/ 12,22 val
56125 13.42 8.22
5713 14.51 8.56
»4/0.8 13.87 8.34
5.510.6 12.98 8.05
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Fig. 3
Model of methane flow in a coal seam with a shear zone which
becomes a “gas river” during methane extraction

which have been interpreied to have occurred during the
Indasinian (late Triassic) orogenic compression (Geolog-
ical Survey of Henan Province 1990). Within the Wu seam,
there appears to be a widespread bedding shear zone
where more than 90% of the outbursts of gas occur, the
largest of which displaced 54 t of coal and expelled

3,487 m® of methane, The gas content of outburst coal was
estimated at 64,57 m*/t of coal, whereas the gas content of
normal coal was about 10 m*/t of coal. The bedding shear
zone has traditionally been called 2 “soft-coal band” by
mining workers in the Pingdingshan coal district because
of the absence of bedding planes and the accurrence of
friable coals with a thickness of 0.9-2.5 m. According io
the underground mining data, the width of the shear zone
significantly affects the relative amount of gas emission,
which increases as the thickness of the shear zone in-
creases (Table 2},

The shear zone is not consistent with a simple bedding
fault, but rather a complexly deformed band locally
overprinted by ductile shearing fabrics, In general, normal
coals exhibit bedding plane structures with smooth and
conchoidal fractures, whereas sheared coals were dull and
blocky with a granular texture, Deformed coals were
classified into microstructural classes based on their
particle size and texture as cataclastic-angular coal,
cataclastic-granular coal, foliated coal and mylonitic coal
{Fig. 4). The former two are considered 1o be developed in
a brittle mechanism and are widely distributed in the
shear zone, whereas he latier 1wo are developed during
the ductile deformation process and have been subjected
to more intense deformation, The ductile shearing
structures commonly occur where the coal dips steeply

Cases and solutions ]

{30-40°) at an angle close to the direction of maximum
shear stress developed within a horizontal compressional
stress field {(Ramsay and Huber 1987). Intense shearing
may locally transform coal into mylonites or foliated
fabrics which, under ground weight or abutiment pressure,
become impermeable to gas and are usually considered as
a “tectonic screen”, which blocks methane migration, and
thus prevents methane extraction. Although the number
of fissures may be very high, connection between them no
longer exists. From the experiences of gas drainage in
underground mines, although the rate of gas extraction
within a shear zone is commonly higher than from normal
coals, locally the most noted problem that has been met is
that a drill rod is often gripped and unable to turn and
that drilled holes close quickly like quicksand after drill-
ing, due to the great gas pressure and intensely sheared
coals where ductile structures often occur, For this reason,
gas extraction in such an area becomes very difficult and
the rate of gas extraction is relatively lower than in
brittlely deformed areas, despite the great volume of gas
content.

Experimental methods and results

Studies on the pore structures of varjously ranked normal
coals using the method of mercury penetration have been
carried out by many researchers (Zwietering and van
Krevelen 1954; Toda 1973; Spitzer 1981}, but there is little
literature about the application of this method on tec-
tonically deformed coals, except for the work of Wang and
Yang (1980). This situation may be due to the fact that
almost all researchers tend to determine the internal
chemical structure and properties of coal with this method
rather than investigating the fractures of geological dis-
turbance related to the coalbed methane. In this study, the
mercury penetration method was nsed 1o investigate the
fracture characters of the various deformed coals com-
pared with normal coals to reveal the porosity, specific
surface area and the distribution of fracture aperture in
coals, The porosity and specific surface area of coal were
considered to be related to the content of free and
adsorbed gas, and the average fracture aperture lo the
permeability of coals,

Experimental conditions
Measurements were carried oot using a macropores Unit
120 under pressures of 0-1 atm and an automated high-

Table 2

Relative amonnt of
gas emission (m*h)

Thickness of
shear zone (m)

Thickness of
coal seam (m)

Relatjonship Letween the rela- Working faces Depth (m)
tive amowunt of gaiu emission and
thickness of s one i

::}:li-at:‘cikgiesd hear zone in Wu 12130 ppos
Wua 12130 484
Wu 14)3) 483
Wu 1413) 485
Wu 20080 513
W 20080 508
W 20090 520
Wu 20090 521

5.8 18 15.68
5.5 Ly 16.56
54 0.9 9,04
5.3 1.l 10,45
5.6 2.3 18.54
57 2.3 17.34
4.8 0.8 3t
4.9 0.6 10,55
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Fig. 4

Microphotographs showing variously deformed coals, a Normal coal
exhibiting bedding plane struclure and scarce fractures. b Cataclastic-
angular coal displaying angular structore and wide fracture aperture.
¢ Cataclastic-granular coal which has been rotated and ground by
stress and exhibits granular fragments of variable size. d Foliated conl
characterized by a slightly clongate shape of mast of the grains similar
to s-¢ structures. ¢ Mylonilic caal which has been intensely sheared
shows g-structures (porphyroclasis are founded by inertinite-rich
coual and matrix is founded by vitrinite-rich coal)

pressure Mercury Porosimeter 2000 under a maximum
operational pressure of 2,000 atm. Eleven samples
collected from the shear zone and hard coals were
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measured (Fig, 5). The calculation of the main parameters
with coals are described below.

Fracture aperiure
According to Washburn's (31921) method, fracture aper-
ture was calcnlated from the relation:

W = ~2¢gcosf) /P n

where ¢ is the mercury surface tension, ¢ the mercury
contact angle and P the pressure. When 0=485 dyne/cm
and 0=140° (10 the coal), this formula gives;

W = Z.5/P(W in yr m, P in atm).

—
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¢11: normal coal, undisturbed bright hard coal.
c12: lighlly disturbed, cataclaslic-angular texture,
c13: disturbed and excessively shiny.

c14: highly friable, cataclastic-granular textore.

¢2}: undisturbed bright hard coal.

c22: disturbed and very dull, cataclastic-angular texture,
¢23: exccssively shiny, slikenside develop.

¢24: sofl sooty, cataclastic-granular texture,

Structural properties

¢31: bright and hard but easily split along tectonie fracture.
£32: highly friable, foliated texture.
¢33; highly friable, flow foliated mylonitic coal.

Flg. 5
Locality and structural properties of samples with brittle deformation
a and b, and doctile deformation ¢

Specific pore surface
To calculate the specific pore surface from mercury pen-
etration, the Rootare method (Rootare and Prenzlow 1967)
was employed:

Lmil
= 0.0]92/ PdL
m J

(3)

where 0.0192 is the porosity meter constant, 0 the mercury
level of the dilatometer at the starting stage, L the cumu-
lative shift of the mercury level in the dilaiometer, m the
mass of the sample and P the pressure,

Coal compressibility

Becanse of the high compressibility of the coal substance,
s compared with other solid materials, a correction was
necessary. The experimental results which were expressed
from 0 atm were plotted against pressure. The compress-
ibility of coals can be calculated by the following formula:

1 Av
K== X — X e 4
P v 1.013x]0% )
where v is the volume of sample, P the pressure and Av the
change of volume corresponding to P.

em? - dyne™!

Results and discussion

Figure 6 shows that almost all samples show a straight line
above 200 atm, suggesting that the apparent growth of the
pore volume at pressures over 200 atm is due entirely to
the compressibility of coal rather than to the occurrence of
a number of real fractures. At the critical pressure

{200 atm), the amount of mercury pressed into the normal
caal sample appears to approach a volume of
0.013-0.025 cm/g, whereas it varies from 0.048 1o
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Fig. 6
Diagram illustrating mercury penetration with increasing pressure for
various deformed and non-deformed samples

0.166 cm®/g with the various deformed coals. This ten-
dency evidently shows that the sheared coals contain three
to eight times more pore volume than the normal hard
coals.

Figure 7 shows the frequency distribution of the porosity,
specific surface area, average fracture aperture and com-
pressibility of samples, implying that because of the vari-
able nature of the fracture aperture, a large valume does
nol necessarily imply that the pore surface is also large.
The specific surface area of coal rises as the pore volume
increases and decreases the average aperture. While the
pore velume determines the free gas present, the pore
surface is closely bonded with the shape and size of the
fractures and determines the amount of adsorbed gas
present. Therefore, the foliated and mylonitized coals
{Fig. 5¢) with more surface area contain more adsorbed
gas, whereas the cataclastic coals, because of greater po-
rosity, possess more free gas, Furthermore, the relatively
smaller fracture aperiure of the foliated and mylonitized
coals (Fig. 7c) represents a lower permeability and can
explain why the rate of gas extraction from such an area is
always remarkably Jower than that from the cataclastic
coal, This may also explain why the outburst of gas always
oceurs in the foliated and mylonitized coal areas despite
the pre-drainage of gas being undertaken.

The compressibility analysis (Fig. 7d) of various coals also
shows that the compressibility rose with the increasing
fracture level, implying that the intensely deformed coals
also contain many more smaller microfractures (less than
0.075 pum corresponding 1o more than 200 atm) compared
with the normal coals. These microfractures are not ac-
cessible to mercury even at very high pressure, but they
are accessible to gas. This tendency further indicates that
tectonically deformed coals possess a potentially signifi-
cant capacity of gas storage. Because of the relative
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thickness of deformed coal layers and its granular texture,
migration and accumulation of large quantities of gaseous
and liquid hydrocarbons may be anticipated.

Conclusions

Coalbed methane, which has many times the greenhouse
effect of carbon dioxide gas, is still being released in the
atmosphere in almost all underground coal mines over the
world. The project of coalbed methane recovery and uti-
lization can, to a certain exlent, mitigate global warming,
besides improving coal mine safety.

A shear zone along coal seams, commonly called a soft-
coal band, and referable to as a detachment or bedding
fault, is widely distributed throughout the world’s coal-
fields, The coals in the shear zones are on average much
weaker than those from the non-deformed coals, and
contain a greal guantity of methane gas. Sheared coals
were further classified into microstructural classes based
on their particular size and texture as cataclastic series,
which widely accur in a shear zone, and mylonitic series,
developing in a locally steeply dipping area. According to
the present study on mercury penctration, it is known that
cataclastic coals possess higher porosity, a larger fracture
aperture and smaller specific surface area compared with
mylonitic coals, which show smaller porosity, smaller
fracture aperture and higher specific area. The former
represent a high methane storage capacity and a good
condition for pas extraction, whereas the latter show
abundani adsorbed gas and difficult conditions for gas
extraction, which can explain why more intensely sheared
coals become difficult for methane extraction and why gas
outhurst always occurs in these areas.

For a coalbed methane exploitation, the coals serve both as
a source and reservoir for methane gas. Tectonically de-
formed coals can commanly promote both effects due 10
their higher storage capacity and permeability to methane
gas, but locally it is difficult 10 extract methane due 1o
unusually small fracture apertures, such as within the limb

0 c11 c] 213 cld 621

Fig. 7
Histograms indicating a the
porosity, b specific surface area,
¢ average fraclure aperture and
d compressibility of samples

c €23 £24 ¢31 3% c33

of a subordinate fold. The occurrence of a large number of
tectonic fractures in a shear zone will make it easier for
artificial breaks such as hydro-fracturing to increase the
permeability of coals in methane production, Therefore,
except for locally intensely sheared coals, the tectonically
deformed coal bands, especially bedding shear zones along
coal seams, are the best source and reservoir for methane
gas. Geological studies on these tectonically fractured
bands in coeal seams would provide a beneficial precon-
dition to exploit coalbed methane in the future and thus
lielp protect the earth from global warming,.
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A new type of intra-plate volcanism; young alkali-basalts
discovered from the subducting Pacific Plate, northern Japan

Trench

N. Hirano', K. Kawamura?, M. Hattori®, K. Saito* and Y. Ogawa®

Abstract,  Alkali pillow basalts were collected from the toe of
the oceanward slope of the northern Japan Trench. These
alkali-basalts formed as a result of a low degree of partial melting
of Pacific Ocean mantle and rapid rise of the magma (no
fractionation in shallow magma chambers). Reconstructing
Pacific Plate motion based on *0Ar-*Ar age dates of 5.95+0.31
Ma for these basalts indicates that they erupted outboard of outer
swell or forebulge of the Japan Trench in the NW Pacific. We
suggest that these alkali-basalts represent a new form of
intra-plate volcanism, whereby magmatic activity occurs off the
forebulge of the downgoing Pacific slab, perhaps using conduits
related to fracturing of the slab during bending prior to
subduction.

1. Introduction

Alkali-basalts occur on various parts on the surface of the
earth, most particularly in continental and hotspot areas. These
alkali-basalts are products of deep-origin magma from the upper
mantle or lower depths. Occurrences of such alkali-basalt are also
documented from tectonically unique locations, such as along
deep fractures in oceanic crust.

Alkali olivine basalt and trachyandesite representative of the
ocean island basalt series have been documented around the
Japan Trench on the Joban, Erimo and Takuyo Seamounts
{Kobayashi et al., 1987, Cadet er al., 1987]. The “*Ar-YAr ages
of these volcanic rocks range from 120 Ma (Daiichi-Kashima
Seamount in the Joban Seamount Chain) to 104 Ma (Erimo
Seamount) [Takigami et al., 1989], indicating that these are the
products of Cretaceous off-ridge seamount volcanism (Fig. 1A).
In contrast, the bathymetry of the study area does not show any
evidence for a large voleanic edifice or seamount, but only a
small mound (Fig. 1 B).

This paper describes an occurrence of young alkali-basalt on
the downgoing cceanic slab of a subduction zone. We present the
geologic seuting, maojor and trace element compositions, and
WArY9Ar ape of these basaltic rocks. We then discuss the
tectonic and geophysical implications for this first documentation
of alkali-basaltic magmatism outboard of outer swell of a
subducting oceanic shab.

2. Occurrence and description of samples

Continuous outcrops of pillow basalt were documented and
sampled at depths of 7325 to 7360 m on the oceanwnrd slope toe
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of the northern Japanm Trench (39"23' N, 144°16' B) during
JAMSTEC (Japan Marine Science and Technology Center) R/V
Kairei/ROV KAIKO cruise KR97-11. The slope is characterized
by trench-parallel {N-5) normal faults with some NNW or NNE
faults, due to warping of the downgoing Pacific Plate {the age of
the Pacific Plate here is Early Cretaceous [Kobavashi er al.,
1998]) (Fig. 1). These normal faults bound horst and graben
structures that are approximately 5 km in horizontal extent with
100 to 500 m vertical separations {Ogawa and Kobavashi, 1993,

145°E 150E

Figure 1. Index maps of the dive site. A: The genernl
bathymetric map of the northwest Pacific ocean floor bused on
Kobayshi et al, (1998). Black area is trench floor decper than
7000 m, and grey-shaded area is the outer swell (<3400 m in
depth), Radiemetric ages of Erimo {a}, Ryofu {b), Daini-Kashima
{c) and Daiichi-Kashima {d) Seamounts are abtained as follows
respectively; (a) 104 Ma and {d) 120 Ma QA9 Ar age [Takigami
eral.,, 1989], (b) 70-72 Ma and (c) 81 Ma K-Ar nge [Ozima ef al.,
1977]. The approximate eruption site is plotted as usterisk, B:
Senbenm bathymetric map of the dive site LOKHS6 by R/V
KAIRE! at the northern Japan Trench. Contour interval is 250 m.
Trench axis ts shown by white arrow.
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Figure 4, Fo value vs. NiO plot of olivine from 10K#56 R-001
and R-002, Open box zone is mantle olivine array after
Takahashi et al. (1987). Arrows show trends of olivine fractional
crystallization after Saro (1977).

1% It Thel) Ed

Figure 2. Outcrop photograph of the pillow basalt taken by
R/V KAIRE! video record, indicating a large pillow structure,
The field of view is approximately I m in length.

alkali pillow basalt outcrops at depths of 7325 to 7360 m. The
cliffs are covered with thin drapings of soft, black, muddy
sediments. The total thickness of the basalt outcrops is more than
35 m. The outcrops are alternations of pillow lava (Fig. 2) and
hyaloclastite.

Two samples, |0K#56 R-001 and R-002, were collected from
pillow lava cutcrops at around 7360 m depth {Fig. 2). Both
samples exhibit curved foliations, representing the surface of a
pillow of around 30 cm in diameter. The samples contain a large
proportion of vesicles, reaching 10-30 volume percent. The rocks
and minerals, which have a dendritic texture, are very fresh, even
in vesicles. Large olivine phenocrysts make up from 1.0 % to
24 % in volume {R-00] and R-002, respectively), and the
groundmass is composed of olivine, Ti-augite, microcline and
opaque minerals (Fig. 3A). The olivine phenocrysts (Fo values,
90-23, and NiO contents, 0.3-0.5 wt%) (Fig. 3B) are more
primitive in origin than those in the groundmass (Fo values,
8000, and NiO contents, 0.1-0.5 wt%), and have compositions in
equilibrium with the mantle alivine arvay [Sate, 1977; Takahashi
et al, 1987] (Fig. 4). Small crystalline olivines around
phenocrysts have the same composition as groundmass olivines.
Potassium rich contents of microcline, and Ti-augite (TiOz; 2.0to
5.0 wt%) characterize the highly alkaline magma. Ilmenite is the
most common opaque mineral in the groundmass (Fig.3A). Bulk
r Olivine chemical compositions (Table | and 2), trace elements
e A spidergram (Fig. 5A) and REE pattern (Fig. 5B) show that these
o rocks are enriched in incompatible elements and can be
characterized as potassium-rich alkali-basalts, shoshonites.

Ogawa et al., 1996]. There is no distinct seamount topography
associated with the alkali pillow basalt outcrops, however a
subdued mound-ike feature (100 to 200 m hight, | to 2 km in
diameter) is recognized using seabeam sonar bathymetric
mapping (Fig. [B).

The ROV KAIKO was used to sample rocks from the toe of
the oceanward slope (downgoing Pacific Plate) of the subduction
zone. The slopes have an average dip of 25" but are locally very
steep, forming escarpments along which there are exposures of

Micro crystaline
olivine around
Z phenocr

3. 9Ar-39Ar dating
e LaLN
o Sample 10K#56 R-002 was irradinted in the Japan Material
Testing Reactor (JMTR) along with three flux monitors (HD-B|
biotite) and synthetic salts to permit the corections for
interfering isotopes. The sample wus subjected to eight
step-heating intervals by induction heating. The method of Ar
isotopic analysis follows Saito et af. (1991). Precision limits
represent propagated measurcment and J-value uncertainties and

are reported throughout this paper at the 2 0 level. The detailed

. *'f-"'{,‘ -~
, Olivine phenocryst

-,
5

¢ B .'.‘"
Groundmass
olivine

data can be obtained through URL
[hitp:/fwww . F2.dion.ne jp/™ nhirano/JT/.

[n order to obtain a plateau age in age-spectrum, we need
consistent age over three continuous fractions at 2 o level, A
plateau age of 5.95£0.31 Ma for the sample 10K#56 R-002 was
calculated in the age spectrum (Fig. 6a), The J-value error was
not used in the uge spectrum, and was incladed at the last stage of
age calibration as a plateau age. In addition, we obtained 2

well-tdetined isochron using the inverse isochron method (Fig.
6b), and the derived isachron age (5.69:£0.43 Ma) is in accord
with the plateau age.

Figure 3. Photomicragraphs of thin section af sample {10K#56
R-002). A: groundmass. B: Olivine phenocryst surrounded by
micro erystalline olivine.
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Table 1.  Bulk compositions of 10K#56 R-001 and R-002 by XRF analysis.
sample major element (wi%)
8i0, TiD, AlOy Fe,0, FeO MnO MgQO CaQ Na0  K,0 P3O H.0+ H,0-  Total
R-OCGL  bulk 48.22 236 1030 638 423 0.14 1188 747 295 317 078 176 036 100.G60
groundmass® 48,84 272 14.60 10.44 - 013 823 768 3.04 388 083 123 139 100.00
R-002 bulk 4345 2.84 1126 6.2 436 013 783 814 328 363 084 249 0464  100.00
groundmass’ 4927 2.84 1218 10.00 - 01 661 781 313 401 087 147 131 100.00
sample trace element {ppm)
Ba Ce Ca Ct Ga Nb Mi Pb Rb Sr Th v Y Zr
R-001" bulk 12023 944 567 35278 171.7 36.6 418.1 T2 470 1076.5 20 1400 142 23430
groundmass®  [176.8 ~ 154.0 4240 - 374 163.0 69 362 12§24 4.7 - 1838 3633
R-002 bulk 1209.5 108.7 467 4005 202 403 22798 73 531 10924 2.0 1434 153 2599
groundmass®  1191.2 - 1290 3530 - 394 1N172 73 500 11404 4.9 - 197 2738

a Data far the samples separated the elivine phenocryst from the groundmass. [n this facta?, FeQa shaw the (otal Fe-oxide.

Table 2. REE compositions of the bulk samples by the ICP-MS analysis. Analyzed by Dr. M. Komuro and Ms. K. Fujii,
Institute of Geoscience, University of Tsukuba (personal communication),

ppm

Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
RO01 19,17 34.07 10695 12.03 4935 941 1,98 1.74 1.00  4.63 0.77 1.83 0.23 141 0.19
ROG2 2078 58.69 11428 1297 5361 1002 322 838 1.08 472 058 193 023 146 0.20

4. Tectonic interpretation and geophysical
implication

The alkali-basalts documented here are very young, much
younger than the ocean floor in this area (identified isochron M9
or M10; around 130 Ma [Gradstein et al., 1994; Kobayashi er al.,
1998)). Seamounts in this region are also Cretaccous, with ages
ranging from 120-104 Ma. In contrast, the rocks analyzed in this
study have ages of 5954031 Ma (latest Miocene), and are
found in small-volumes along seafloor escarpments rather than
on seamounts or large volcanic constructions. By performing a
plate tectonic reconstruction we have determined that there is no
plausible hotspot that could have produced these basalts. We
have reconstructed the eruption location of these basalts using the
WAr-WAr age of 5952031 Ma and the presemt “pbsalute”
motian of the Pacific Plate ($0.29 cav'yr to 295.26 degrees [ Gripp
and Gordon, 1990]). Using this method we have derived a
position of approximately 612132 km ESE off the northern
Jupan Trench, now approximatety at 37'N, [49°E. As the
volcanic front in the NE Jupan Arc has scarcely shifted since the
latest Miocene [Ohti er al., 1993, the kinematics of the Pacific
slab at 5-6 Ma are the same as @t present. According 1o the
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Figure 5. Spidergrams of trace element concentrations in
samples TOK#56 R-001 and R-002, A: Normalized by averape
MORB [Pearce, 1982, 1983]. B: Choendrite-normalized REE
pattern [Evensen e af, 1978]. U, To and He were not analyzed,

bathymetric chart of the northwest Pacifie, this area corresponds
to a site just oceanward of the current outer swell or forebulge
(Hokkaido rise), with an inferred paleo-depth of ~6000 m
(asterisk in Fig. 1 A).

Enriched incompatibte element concentrations and REE
patern indicate that the magma source for these alkali-basalis
formed as a result of low degree of partial meling,
Disequilibrium between olivine phenocrysts and groundmass
olivines suggest that the phenocrysts may be xenocrysts
transported from deep in the mantle with rapid rise of the
alkali-basaltic magma. I[f o fracture occurs or is rejuvenated in the

30
gzo Plateau age=5,95+0.31 Ma
A 39Ar=94 % (n=4)
<10
06 BArcum. % 50 100
4 02 0.4 PArMAr 08 i.0
MSWD = 1.06 B s
—3 gvA;,fwAz o= 304.9:£9.4 —
& ge = 5.69:+0.43 Ma S
= 4 Z
gy 5 %
g 8
= <
g 1t 103
0 —— s
Age (Ma) 10 8 6
Figure 6. Age determination results by WAr-"Ar method of

sample 10K#56 R-002. Correction factors and J-value are as
follows;  {(AYADC, = (37400823 X 107, (WA ARG =
(3£ 4N X I and J = (3.412:£0.063) x 102, Caleulated
using deciy constants and potassivan isotope ratos from Seefger
atied Jager (1477).
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WNW

NE Japan
{Honshu Arc)

Japan

Hokkaido Rilse

Figure 7. A model of possible alkali-basalt eruption on the old oceanic crust toward the subduction zone. Fracturing of Pacific
Plate toward the outer swell may result in the formation of conduits for magma flow to the surface.

oceanic lithasphere, magma from the lowest part where fracture
reached may erupt to the seafloor. It can be also assumed that
melting was induced by decompression in the upper mantle. The
occurrence, mineralogical and chemical characteristics of the
basalt samples documented here show that the magma could have
ascended toward the surface in this way.

We suggest a possible scenario for the formation and eruption
of this new type of initra-plate alkali-basalt (Fig. 7). 1) The
oceanic crust undergoes lithosphere scale orthogonal flexure as it
begins to enter the cuter swell, 2) Extension on the inside of the
lithosphere folding on this largescale causes decompression
melting in the upper portions of the lower mantle. 3) Fracturing
during folding results in the formation of conduits for magma
flow to the surface, If these processes are intrinsic to the
subduction of cceanic erust, atkali-basalts should be common in
forebuldge regions worldwide.

Geophysical investigations may reveal more about this new
type of intra-plate voleanism, specifically about the relationship
between subduction and the formation and eruption of alkali-
basalis on the outer swell or forebuldge of a subducting slab, If
orthogonal flexure, decompression melting, and fracturing occur
in the downgoing slab as it enters the subduction zone, they
should impart specific physical characteristics (density, velocity,
faults and fractures) to the crust and lithospheric manile. Seismic
tomography, seismic reflection/refraction surveys, pravity, and
earthquake seismicity should all reflect these changes ta the
oceanic slab as it moves through the forebulge into the
subduction zone,
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PROGRESSIVE MICROFABRIC CHANGES
IN UNCONSOLIDATED PELAGIC

AND HEMIPELAGIC SEDIMENTS

DowN 1O 180 MBSF, NORTHWEST
PaAciFic, ODP LeG 185, Site 1149

Kiichiro Kawamura? and Yujiro Ogawa3

ABSTRACT

During Ocean Drilling Program Leg 185, we studied progressive
changes of microfabrics of unconsolidated pelagic and hemipelagic sed-
iments in Holes 11494 and 1149B in the northwest Pacific at 5818 m
water depth. We paid particular attention to the early consolidation
and diagenetic processes without tectonic deformation before the Pa-
cific plate subduction at the Izu-Bonin Trench. Shape, size, and arrange-
ment of pores were analyzed by scanning electron microscope (SEM)
and were compared to anisotropy of magnetic susceptibility (AMS)
data. The microfabric in Unit I is nondirectional fabric and is character-
ized by large peds of ~10-100 pm diameter, which are made up of clay
platelets (mainly illite) and siliceous biogenic fragments. They are ovoid
in shape and are mechanically packed by benthic animals. Porosity de-
creases from 0 to 60 meters below seafloor {mbsf) in Unit I (from 60%
to 5096} in association with macropore size decreases. The microfabric
of coarser grain particles other than clay in Unit II is characterized by
horizontal preferred orientation because of depositional processes in
Subunit 11A and burial compaction in Subunit [IB. On the other hand,
small peds, which are probably made of fragments of fecal pellets and
are composed of smectite and illite (3-30 pm diameter), are character-
ized by random orientation of clay platelets. The clay platelets in the
small peds in Subunit JA are in low-angie edge-to-face (EF) or face-to-
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face (FF) contact. These peds are electrostatically connected by long-
chained clay platelets, which are interconnected by high-angle EF con-
tact, Breaking of these long chains by overburden pressure diminishes
the macropores, and the clay platelets in the peds become FF in contact,
resulting in decreases in the volume of the micropores between clay
platelets. Thus, porosity in Subunits [TA and IIB decreases remarkably
downward. The AMS indicates random fabric and horizontal preferred
orientation fabric in Units I and II, respectively. This result corresponds
to that of SEM microfabric observations.

In Subunit IIB, pressure selutions around radiolarian tests and cli-
noptilolite veins with normal displacement sense are seen distinctively
below ~170 mbsf, probably in correspondence to the transition zone
from opai-A to opal-CT.

INTRODUCTION

Argillaceous sediments change their internal microfabrics drastically
at shallow burial depths by compaction resulting from particle reorien-
tation, This process is associated with pore volume decreases (Bennett
et al., 1981). The compaction maodel in previous studies is summarized
as follows, from shallow to deep. First, clay platelets are linked by edge-
to-edge (EE), edge-to-face (EF), or stepped face-to-face (FF) contact in a
random arrangement, forming a long flocculation chain. This structure
is called “cardhouse” fabric. Next, during further burial, such contacts
in flocculations change to FF contact, forming preferred horizontal ori-
entation (Bennett and Hulbert, 1986). These fabric changes in argilla-
ceous sediments have been detected by shallowing of inclination of
remanent magnetization, which is mostly a result of small magnetite
grains of single-domain size being reoriented in preferred horizontal
orientation because of compaction (Anson and Kodama, 1987; Deamer
and Kodama, 1990),

At the sediment/water interface, argillaceous sediments do not have
a homogeneous cardhouse fabric but have heterogeneous fabrics be-
cause of bioturbation, bottom-current disturbance, crystallization, dis-
solution of minerals, and so on (Reynolds and Gorsline, 1992; Bennett
et al., 1991). For example, fine-grained particles are aggregated into het-
erogeneous fabrics by various processes as follows. Benthic animals that
eat organic materials in mud make an aggregation of fine-grained
particles in their own gut (Reynolds and Gorsline, 1992). Agitation by
bioturbation and bottom currents at the sediment/water interface re-
aggregates the fine-grained particles as a result of organic matter’s ad-
sorption and electrostatic attraction (Bennett et al.,, 1991; Stolzenbach
et al., 1992). Then, the fine-grained particles are reoriented from EF and
EE contact to FF contact by shear stress caused by the internal flow that
occurs because of bioturbation and bottom-current disturbance even at
the sediment/water interface. This idea was already well developed by
O’Brien and Slatt (1990) and Bennett et al. (1991).

Through these complicated processes at the sediment/water interface
and at shallow burial depths, fine-grained particles are eventually aggre-
gated to what are called “peds” (Yong, 1972; Collins and McGown,
1974; Reynolds and Gorsline, 1992). Although the peds play an impor-
tant tole in the early compaction process of argillaceous sediments
(Yong, 1972; Velde, 1996}, real examples from the deep sea have not
been well studied except by Collins and McGown (1974), Reynolds and
Gorsline (1992), and Kawamura et al. (1999). In the present study, we
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will describe detailed microfabrics of the argillaceous sediments of 180-
m-long cored sediments recovered from the northwest Pacific in view of
peds and their interrelational development. Polarized microscope, scan-
ning electron microscope (SEM), and magnetic fabric analyses by mea-
suring anisotropy of magnetic susceptibility (AMS) were used for
microfabric observations, Grain-size distribution and X-ray diffraction
{XRD) were also conducted in this study. A new concept for the early
phase of the compaction process, which gives more importance to bio-
logic process that forms peds at various depths, is given here.

MATERIAL AND METHODS

During Ocean Drilling Program (ODP) Leg 185 at Site 1142 (Holes
1149A and 1149B), we recovered 180 m of sediments (lithologic Unit 1
and Subunits IIA and IIB) from the northwest Pacific, at 31°20.51%'N,
143°21.078’E (Hole 1149A; 5818 m water depth} and at 31°20.532'N,
143°21.060'F (Hole 1149B; 5818 m water depth) (Fig. F1). Unit 1 (0~
118.2 meters below seafloor jmbsf]) is composed of argillaceous hemi-
pelagic sediments (fate Miocene-late Pliocene in age), including many
volcanic glass fragments, feldspar grains, and siliceous biogenic tests.
Subunit IIA (118.2-149.5 mbsf) is characterized by brown pelagic clay,
including small amounts of volcanic glass fragments and siliceous bio-
genic tests. Subunit 11B (149.5-180 mbsf) is composed of dominantiy
brown pelagic clay. The lowermost part of Subunit {IB includes zeclitic
(clinoptilolite) pelagic clay below 175 mbsf. The age of Unit II is un-
known because of the lack of index fossils, but comparable lithology at
Deep Sea Drilling Project (DSDP) Leg 20, Hole 196 (30°1.162'N,
148°5.748'E; 6194 m water depth), ~500 km east of Site 1149, is consid-
ered to be Late Cretacecus in age (Shipboard Scientific Party, 2000). Be-
low Subunit IIB, Cretaceous chert and marlstone continue down to
~400 mbsf, above basaitic rocks.

Tube samples (each ~3 ¢cm diameter, 5 cm in length), two samples per
each core, were packed on board with certain orientation in cylindric
plastic cases to Keep themn wet until they were divided into SEM and
AMS samples on shore.

Physical Properties

Since the grain density, porosity, and void ratio of Subunit IIB from
Hole 1149A were not measured during Leg 185, we measured grain den-
sity (g/cm?) (pg) of four samples from Subunit 1IB (Samples 185-1149A-
18H-2, 65-67 c¢m; 18H-4, 75-77 cm; 19X-1, 40-42 cm; and 20X-1, 88—
90 cm) using a pycnometer. The porosity (m) and void ratio (¢) were cal-
culated from the above grain density, the water content by dry weight
(W), and the dry bulk density (g/cm3) (p,) reported by Shipboard Scien-
tific Party (2000) as follows:

Void ratio in Equation (1) (Lambe and Whiteman, 1969),

e={[(1 + WipdlipgpuJ} — 1, (1)

and porosity,

n=el(l +e) (2)

F1. Bathymetric map of Site 1149,
. 15.
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where p,, = density of seawater (typical average value) = 1.024 g/cm?.

AMS

The AMS samples were obtained from the tube samples through the
insertion of 7-cm3 plastic cubes in the right orientations. The remains
of the samples were used for smear slide observations, grain-size
analysis, and XRD analysis. AMS of the cube samples was measured us-
ing a AGICO KLY-3 magnetic susceptometer at a setting of 0.04 mT low
magnetic field.

The AMS is geometrically represented by a magnetic susceptibility el-
lipsoid with three principal axes: the maximum {K.,.), intermediate
(K, and minimum (K,,,,) magnetic susceptibility. In general, the ellip-
soid is controlled by arrangement of magnetic particles in the sedi-
ments {Tarling and Hrouda, 1993). The following parameters were used
in this study to represent the shape of the magnetic susceptibility ellip-
soid in Equations (3) (Jelinek, 1981), (4) (Stacey et al., 1960), and (5)
(Basley and Buddington, 1960):

P=exp(SQR{2{(n,-nm)*+m-nmP+{nz-nm)h, (3)
F= Klntermiw and (4)
L= Kmax/KIntr (5)
where
n = In{Ka);
Ny = In(K);
N3 = ln(Kmin)f

nm= (Mg + 1, +M3)/3;

P = corrected anisotropy degree;
F = foliation; and

L = lineation parameter.

The declinations of the K., K, and K, of the AMS were corrected to
magnetic north using the on board measured paleomagnetic data (Ship-
board Scientific Party, 2000).

Because all the minerals in marine sediments contribute to the AMS
in various degrees, it is irportant to define the kind of mineral most re-
sponsible for the measured magnetic fabric by the following two meth-
ods. Both vibrating sample magnetometer (VSM) measurements and
SEM energy-dispersive spectrometer (EDS) analyses were used for this
purpose, The VSM of Molspin Co. Ltd. measures susceptibility in high
magnetic fields (K.) of 5001000 mT. The K}, is generally a result of
magnetic minerals, mainly paramagnetic, not ferrimagnetic minerals
(Housen and Sato, 1995; Housen, 1997). On the other hand, low field
susceptibility (Ky) in the sediments measured at 0.04 mT by the KLY-3
can be subdivided into components that are contributed by both ferri-
magnetic and paramagnetic minerals (Housen and Sato, 1995; Housen,
1997). The ratio of Ku/Kj is inversely proportional to the relative contri-
bution extent of the ferrimagnetic minerals to the K, (Housen and Sato,
1995; Housen, 1997).

Additionally, ferrimagnetic minerals were separated by a hand mag-
net from the sediment samples dispersed into distilled water in order to
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observe their individual shape. The collected ferrimagnetic minerals
were attached to SEM stubs using carbon tape and then coated with car-
bon. Their chemical composition was analyzed using EDS.

Graln-Size Analysis

The grain-size distribution was obtained using a CIRAS1064 laser dif-
fraction grain-size analyzer. A wet sediment weight of ~0.1 g for each
sample was dispersed into boiled water in a glass beaker and then left
for 24 hr than was further dispersed by an ultrasonic vibrator for 30-60
s just before measurement.

XRD Analysls

The XRD analysis was conducted for samples finer than 3 pm diame-
ter on a polished glass slide. Three slides were analyzed for each sample
in this study; the first slide sample was untreated, the next one was
boiled in a dilute HCI (6 N) sclution for 1 hr, and the last one was
treated with ethylene glycol. CuK, was used under 40-kV and 15-mA
conditions by a RIGAKU RAC-A system.

Using HCI treatment, the kaolinite (001} (7 A) peak could be identi-
fied from the original doublet peaks of kaolinite (001) and chlorite
(002} because chlorite in the samples was dissolved by this treatment,
Through the ethylene glycol treatment, the smectite (001) (12 A) peak
was found shifted from the original doublet peaks of chlorite (001) and
smectite (001) to 15 A. From the relative extent of each peak area, the
comporient ratio of clay minerals was calculated in each sample quali-
tatively (Oinuma, 1968; Acki and Kohyama, 1998) as follows: smectite
(15 A) = 1.0, iltite (10 A) = 3.6, chlorite (7 A) = 3.6, and kaolinite (7 A) =
3.6.

Preparation of Samples
for SEM and Polarized Microscope

The SEM samples and thin section samples were prepared by the
freeze-drying method (Takizawa et al., 1995} in order to avoid microfab-
ric disturbance under the air-drying process that is due to the effect of
surface tension of pore water. The sediment from Unit I that was sub-
jected to the air-drying method suffered 25%-40% volume shrinkage,
whereas that from Unit Il suffered ~-60%. As a result, the microfabrics in

i :' A
B )

both units were completely distorted (Fig, F2). F2, Comparisen between freeze-
The freeze-drying method was conducted as follows. Tirst, the pore | drylng and air-drying, p. 16.
water in the sediment was replaced by ethanol and then by f-butyl o R Flih

alcohol for several months. Next, t-butyl alcohol in the pores was
quickly frozen by liquid nitrogen and sublimated in the vacuum desic-
cator. Thus, the freeze-dried samples retained the original microfabrics
without any texture disruption and were best for SEM chservation. The
samples were coated by Au-Pd to observe the microfabrics by SEM at a
setting of 15 kV and ~80 pA.

The embedded method for preparation of thin sections was con-
ducted as follows, First, the pore water in the sediment was replaced by
ethanol and then by propylene oxide for several months. Next, propy-
lene oxide was further replaced by resin Quetol 651 from Nisshin EM
Co. Ltd. Finally, the sediments were fixed under 6G°C for 24 tir for thin
sections.




K. KAWAMURA AND Y. OGAWA
PROGRESSIVE CHANGES OF MICROFABRIC

RESULTS

Physical Propertles

Grain density of four samples (185-1149A-18H-2, 65-67 cm; 18H-4,
75-77 cm; 19X-1, 40-42 c¢cm; and 20X-1, 88-90 cm) are mostly the
same, with values of 2.60, 2.60, 2.61, and 2.59 g/cm?, respectively. The
average grain density of the four samples is 2.60 g/cm3. The porosity
and void ratio calculated by this average grain density and the physical
properties (Shipboard Scientific Party, 2000) are shown in Figure F3 and
Table T1.

Magnetic Susceptibllity and AMS

Although the magnetic susceptibility of the samples from Hole
1149A is a constant ~0.001 SI throughout Units I and II, it changes
from 0.001 to 0.002 S! at three stratigraphic horizons: 120.76 mbsf
(Sample 185-1149A-14H-2, 106-108 cm) in Subunit 1A, ~135 mbsf
(Sample 15H-2, 116-118 cm; 130.36 mbsf, and Sample 15H-7, 36-38
cm; 137,06 mbsf) in Subunit IIB, and 170.68 mbsf (Sample 20X-1, 88—
90 cm) in Subunit [IB (Fig. F3; Table T2). This change of magnetic sus-
ceptibility at these three horizons reflects the variation in content,
kind, and amount of the magnetic minerals,

The magnetic minerals contributing to the magnetic susceptibility
and their anisotropy are assumed to be ferrimagnetic minerals of de-
tritic origin because of the following two reasons. The first is that the
ratio of K,/Ky, which reflects contribution percentage of paramagnetic
minerals at low magnetic field, is <10% (Fig. F4A), suggesting that the
AMS is >90% to the ferrimagnetic minerals. The second comes from a
result of SEM-EDS analyses where fetrimagnetic minerals were observed
as detritic shapes of ~10 um diameter by SEM (Fig. F4B, I4C) and the
chemical compositions of the minerals are predominantly O and Fe
with small amounts of Ti by EDS (Fig. F4B, T4C).

The P’ value <1.02 of Unit I indicates the low anisotropy degree of
the magnetic susceptibility ellipsoid (Fig. F3). Although the individual
ferrimagnetic mineral grains in the sediments have their own shape
and AMS, the results of the AMS measurements in Unit I show low de-
grees of anisotropy, This means that the fertimagnetic mineral grains
probably arrange in a low degree of preferred horizontal orientation,
which is mostly random in the sediment.

On the other hand, Unit II is characterized by higher P and F values
with steep K’ inclination, reflecting that the ferrimagnetic mineral
grains are arranged into preferred horizontal orientation (Fig. F3). The
degree of the horizontal arrangement becomes more distinct from ~118
mbsf, which is the boundary between Unit I and Subunit IIA. The P
and F values in Unit IT become maximum at 170.68 mbsf (Sample 185-
1149A-20X-1, 88-90 cm) (Fig. F3).

The AMS of samples from Hole 1149B are characterized by low P’ and
F values, high L value, and low angle of K, inclination (Fig. F3; Table
T2). These are quite different than those from the same depths in mbsf
from Hole 1149A. As the primary magnetic fabric is formed by sedimen-
tation processes usually yielding ellipsoids with F > L and K, inclina-
tion >70° (Tarling and Hrouda, 1993), the results from Hole 11498
suggest that these sediments have suffered some deformation through

F3. Magnetic susceptibility, AMS,
and K p. 17.

T1. Physical properties of Subunit
1B, p. 28.

T2. Magnetic susceptibility and
AMS data, p. 29.

F4. Percentage of low magnetic
susceptibility, p. 18.
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secondary effects such as bicturbation, tectonic deformation, or drilling
disturbance.

Grain Slze

The grain-size distribution of each sample is shown in Figure F5. The
patterns in Unit I are characterized by a peak at ~10 pm diameter and a
wider range in size from ~0.1 to 100 pm than that in Unit I1. Some of
the patterns are polymodal, having more than two peaks at ~10 ym and
25-50 pm diameter, owing to the fine particles of clay minerals and the
coarse particles of volcanic glass fragments and siliceous biogenic tests.

On the other hand, the size range of Unit 11 is finer than that of Unit
1. The grain-size distribution patterns of Subunit IIA are characterized
by better sorting, with the range in size being from 0.1 to 30 um diame-
ter and a sharp peak of ~10 ym. Those of Subunit 1IB are characterized
by further finer and acuter size range from 0.1 to 25 pm and a peak of
~5 pm diameter.

The above-mentioned tendency of fining and better sorting down-
ward may reflect a more pelagic environment in the older section.

XRD Analysis

Results of the XRD analysis and clay composition are shown in Fig-
ures F6 and F7, respectively. The samples in Unit | are predeminantly
composed of illite, whereas those in Unit II are mainly composed of
smectite and illite. Kaolinite decreases downward through Unit I to
Unit IT,

In the sample at 176.9 mbsf (Sample 185-1149B-3R-5, 6062 cm), cli-
noptilolite (9 A) was detected. The relative peak area of clinoptilolite (9
A) to illite peak increases with burial depth, suggesting better crystalli-
zation in the deeper section. Opal-CT (4.04 A} was detected in the sam-
ple at 179.51 mbsf (Sample 185-1149A-21X-1, 41-43 c¢m) close to the
bottom of Unit II. According to correlation with results from DSDP Leg
20, Site 196, this horizon may be Cretaceous in age and corresponds to
the transition zone from opal-A to opal-CT (Shipboard Scientific Party,
2000).

Microfabrics of Units ! and I}
Unit |

The microfabrics of Unit [ are characterized by random arrangement
of sedimentary particles (Fig. F8).

The coarse-grained particles, mainly volcanic glass fragments, are
concentrated in many pipes, which are ~100 pm diameter and are con-
sidered to be burrows (Fig. F8C, F8D). The coarse-grained particles show
preferred orientation along the extension direction of the pipe. As the
extension direction of pipes are random in the sediment, the total ori-
entation of the coarse-grained particles is also random.

Fine-grained particles, clay platelets, biogenic tests, and single grains
are mechanically aggregated in ovoid forms of ~10-100 ym diameter as
peds (Fig. F8A, ¥8B). Some of the biogenic tests and single grains are
pressed mechanically into the ped. In the ped, some of the clay plate-
lets are flocculated by low- to high-angle EF contact, although most of
them are aggregated by low-angle EF and FF contacts. The peds are in
contact with each other either directly or through bridges made of

F5. Graln-size distribution pat-
terns, p. 19.
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coarse-grained particles in low to high angles (Fig. F8A, F8B). The
macropores at ~10-50 pm diameter could be seen between peds (Fig.
F8A, [8B). The size of the macropores in the shallow depth (Sample
185-1149A-1H-2, 63-65 cm; 2.13 mbsf) is slightly larger than that in
the deeper depth (Sample 7H-1, 79-81 cm; 52.49 mbsf) (Fig. FBA, F8B).

Radiolarian tests are well preserved in all microfabrics throughout
Unit I, but there are different types between the inside and outside of
the burrow. Inside the burrow, many radiolarian tests are filled with
fine sediments (Figs. F2B, F8C), whereas those outside the burrows are
vacant (Fig. F8C). This suggests that the radiolarian tests filled their
own inside pore spaces with fine sediments as a result of activities of
benthic animals during burrowing,

Unit It

The microfabrics are characterized by dimensional preferred horizon-
tal orientation of coarse-grained particles of ~10-100 pm length (Figs.
F9C, F10B, F10C, F10D), although the compositions of coarse-grained
patticles are different in Subunits 1IA and T1B. In Subunit IIA, such
coarse-grained particles, mainly quartz and feldspar, form thin layers of
~0.5-1.0 mm thickness at sporadic depths (Fig. F9D). These laminations
may result from episodic pulses of low density, low-velocity turbidity
currents, and/or of volcanic ash falling, High P’ and F values in Subunit
IIA probably result from these laminations. On the other hand, the
coarse-grained particles in Subunit 11B are mainly composed of frag-
ments of biogenic tests and fecal pellets showing preferred horizontal
orientation (Fig. F10B, F10D) formed in association with mechanical
compaction by overburden pressure.

Although the grains of preferred horizontal orientation obtained
from AMS analysis in Subunits [IA and 1IB are consistent with the orien-
tation of the coarse-grained particles, the fine-grained particles show
random fabric under high-magnification SEM (Figs. F9A, F9B, T10A,
F10C). At 125.30 mbsf (Sample 185-1149A-14H-5, 110-112 cm) and
125.30 mbsf (Sample 14H-5, 110-112 cm) of Subunit 1A, clay platelets
(mainly smectite and illite) contact at low angle in EF and FF fashion.
Those clay platelets are aggregated to small spheres of ~3-30 pm diame-
ter as peds (Fig. F9A, T9B). The small peds are connected by long chains
of clay platelets at high-angle EF contact (Fig. FOC). Many macropores
of ~5-10 pm diameter are present between the small peds behind the
long connectors so that the microfabrics in Subunit [IA are porous.

On the other hand, the boundary of the small peds is unclear at
150.47 mbsf (Sample 185-1149A-17H-3, 77-79 cm), 164.8 mbsf (Sample
19X-1, 4042 cm), and 170.68 mbsf {Sample 20X-1, 88-90 cm) of Sub-
unit IIB (Fig, F10A). Elongated small peds of wedge shape are aligned
along the bedding plane. The microfabrics are in direct contact with
each other (Fig. F10A}, Therefore, some of the sediments in Subunit IIB
are not porous. In the small ped, several clay platelets contact in FF to
form small units as paper-stacking structure at a smaller scale (10 pm)
(Fig. F10A, I'10C). The orientation of small units is random in the ped a
mosaic fabric in larger scale (100 m) (Fig. F10B, F10C).

Palynomorphs are seen at 170.68 mbsf (Sample 185-1149A-20X-1,
88-90 cm) and 179.51 mbsf (Sample 21X-1, 41-43 cm), the bottom of
Subunit B (Fig. F11), There is a growth ring as an internal microstruc-
ture (Figs. F10B, F11A), and the surface microstructure is composed of
many micropores (Fig. F11D). Some of the palynomorphs are in a
closed ellipsoidal form with a long axis parallel to the bedding plane

F9. Microfabrics of Subunit I1A,

F10. Microfabrics of Subunit 11B,
p. 24.

F11. Palynomorphs, vertical views,
p. 25.
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(Fig. T11C). Because their original shapes are commenly spherical
{O’Brien and Slatt, 1990), these ellipsoidal forms indicate the minimum
amount of compaction that took place during brurial, This further sup-
ports the assumption that this initially flocculated sediment has suf-
fered vertical flattening and transformed to shale as explained by
O'Brien and Slatt (1990).

The radiolarian tests in Subunit IIB are quite different in the degree
of preservation from those in Unit I and Subunit 114, although the lat-
ter are not well preserved. Those in Subunit IIB are not only poorly pre-
served but are also recrystallized by diagenesis, as marked by opal-CT
fillings detected by XRD analysis (Fig. F10D). Furthermore, under the
polarized microscope, the bright area surrounding the radiolarian tests
can be recognized as pressure solution (Fig. F10D). The degree of bright-
ness and width of the pressure solution increase with burial depth.
Platy microcrystals are seen in the pressure solution under high magni-
fication (1000x). The shape, optical properties, and XRD analysis of the
platy grains indicate that they are clinoptilolite,

These platy microcrystals (clinoptilolite) of 10-50 pm in length are
also observed in veins at 164.85 mbsf (Sample 185-1149A-19X-1, 4042
cm), 170.68 mbsf (Sample 20X-1, 88-90 cm), and 179.51 mbsf (Sample
21X-1, 4143 cm), Subunit IIB (Fig. F12A, F12B, F12C). The veins are | Fi2. Microfabrics of Subunit I15,
recognized in two directions as a conjugate set that inclines ~45° | p. 26.
against the bedding plane (Fig. F12A). Most of the veins cut lamina-
tions with a normal sense of displacement (Fig, F12A), and they are fur-
ther cut by other larger normal faults (Fig. F12A).

Based on the above results, a2 schematic model of the microfabrics in
Units I and II is illustrated in Figure F13.

DISCUSSION

The peds in Unit I are relatively large in size (10-100 pm diameter), | F!3.5chematic model of microfab-
with porous fabric, and are composed of several kinds of particles. In | ™¢ - 27-
contrast, those in Unit IT are small-sized clay aggregations (3-30 pm di- = |
ameter). The different features and scales of peds at different depths _
provide different formation processes, as discussed below. -5

How fine sediment is aggregated into a flocculated domain to form a e 4
ped plays an important role in the pore distribution and framework of
the microfabric. Three characteristics, the mode of arrangement of par-
ticles, the shape and size of peds and pores, and the degree of recrystal-
lization of minerals, systematically change downward. Together with w\ —I=
these changes, many physical properties also change continuously o
downward. These relations are discussed below with the progressive = B
compaction process. =

Origin of Large Peds in Unit | N g

The formation processes of microfabric in argillaceous sediments
through deposition to burial are physical-chemical, bioorganic, and
burial diagenesis as discussed by Bennett et al. (1991). According to
them, the physical-chemical processes, including bonding mechanisms
by van der Waal’s attraction, electrostatic attraction, and heating ef-
fects, play a major role in microfabric development during the fluvial
and eolian transport stage of particulates and on their contact with a
depositional interface. The bioorganic process plays an important role
in marine and coastal environments during transport and sedimenta-
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tion of particulates, particularly in surficial sediments. It includes three
biotic mechanisms. First is a biomechanical mechanism, which is the
aggregation and disturbance of particulates by planktonic and benthic
animals. For example, burrow and fecal pellets are produced by this
mechanism. Second is the biophysical mechanism, in which each par-
ticulate is fiocculated by organic materials as marine snow. Third are
the biochemical mechanisms, in which authigenic minerals are formed
by bacterial activities in sediment as a formation process of framboidal
pyrite. The processes of burial diagenesis drives microfabric develop-
ment when ovetburden or tectonic stresses dominate physical-chemical
and bioorganic bonding energies (Bennett et al., 1991). In Unit I, be-
cause the original sedimentary fabrics (e.g., volcanic ash layer) are com-
pletely disturbed by bioturbation, the microfabric is affected by the
bioorganic mechanism, especially biomechanical processes but not by
physical-chemical mechanism.

Several studies of the microfabric of Holocene sediments have been
published on micrographs of features similar to the large peds described
in this study. For example, Collins and McGown (1974) described regu-
lar aggregations from several kinds of marine sediments similar to the
large peds. However, they used an air-drying technique that might have
changed the original texture of some artifacts; exact correlation of in-
ternal microfabrics between the regular aggregation of these studies and
large peds in this study is difficult. Reynolds and Gorsline (1992} ob-
served biofloc from hemipelagic clayey sediments (Santa Monica Basin
off the California coast} whose structure is similar to the large peds de-
scribed in this study. The bioflocs were observed only in the sediments
and rocks with bioturbation but were not observed in nonbioturbated
turbidite mud and mudstone deposited under anoxic conditions. They
concluded that the origin of bioflocs is due to dissolution of fecal pel-
lets and/or pellets of benthic animals because the bioflocs could not be
observed in sediments that are not affected by biomechanical processes.
Therefore, it is believed that the present peds and their aggregation are
the result of biomechanical processes working in pellet formation.

The large peds in Unit I are mechanically compressed in an ovoid
shape at a shallower depth than 2.13 mbsf (Sample 185-1149A-1H-2,
63-65 cm). The possible mechanism of mechanical compression in
such shallow burial depth is the aggregation process by benthic animals
as biofloc. The large peds are clearly distinguished from the fecal pellets
in texture and color by polarized microscope observations. Fecal pellets
are clearer in shape and darker than peds (Fig. F8D). This confirms our
conclusion that the origin of large peds is pellets of benthic animals.

Origin of Connector and Smali Peds in Unit 1

The connectors are long chains of clay platelets in EF contact. in the
Mississippi Delta, sediments are dominated by domains of low- to high-
angle EF contacts because of physical-chemical flocs (Bennett et al.,
1981}, The physical-chemical process in marine sediment is due to elec-
trostatic attraction between clay platelets. EF-particle contacts domi-
nate because the faces of clay minerals are negatively charged, whereas
the edges are positively charged (Bennett and Hulbert, 1986). In gen-
eral, the clay platelets at EF contacts form long chains at shallow burial
depths as cardhouse fabric (Bennett et al., 1981). Therefore, the connec-
tors in Subunit IIA are probably formed by electrostatic attraction in
shallow burial depths and are preserved at the present depths.
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The small peds of clay platelets at low-angle EF and FF contacts ob-
served in this study are similar to floc described in some pelagic clays at
143 mbsf in the eastern equatorial Pacific (Bennett et al,, 1981). The
outer houndaries of the flocs are well defined, and their structure in
transmission electron microscope images is not similar to physical-
chemical flocs (Reynolds and Gorsline, 1992). Throughout deposition
and burial, there are many possible processes that clay platelets are
formed from lew-angle EF and FF contact (Bennett et al., 1991). For ex-
ample, FF contacts are constructed either by the burial compaction pro-
cess of flocculated clay platelets of EF contacts (Bennett et al,, 1981,
1991) or by dispersion depositional process that lack strong bonding
(e.g., electrostatic attraction) at each contact point of the clay platelets
(Moon and Hurst, 1984; Bennett et al,, 1991),

Another mechanism of clay platelets at low-angle EF and FF contacts
is clay aggregation processes by zooplankton, which produces a fecal
pellet of ~100 pm diameter (Bennett et al., 1991). Small peds could
form through fragmentation of such fecal pellets. Pellets of zooplank-
ton play an important role in transporting clay plateiets from the sea
surface to the seabed under pelagic environments (Honjo, 1978). Dur-
ing sinking in seawater, they become porous and fragile because much
of the organic matter (5.6-18 wt%) (Honjo, 1978} in the pellet is de-
composed by bacterial activity (Honjo and Roman, 1978), In sediment-
trap studies, fragmental pellets of several tens of micronmeters diameter
have been described (Honjo, 1978, 1979). Some of the fragmental pel-
lets probably further become porous and fragile by decomposition of
calcareous and siliceous biogenic tests, whose contents are 10%-50%
and «<5%, respectively. Residue of pellets after such decomposition pre-
serves biomechanical aggregation of clay platelets, and it is further dis-
persed by shear stress because of the internal flow by bioturbation and
bottom-current disturbance. These fragmental fecal pellets are still con-
nected by long chains of clay platelets in EF contact as a result of elec-
trostatic attraction as small peds, which we saw in our samples in
Subunit IIA.

Compaction Process of Units 1 and H

The porosity decreases steadily down to ~60 mbsf but increases to
118 mbsf at the boundary between Units I and I{ and then decreases
steadily again down to 180 mbsf at the boundary between Units 11 and
IIL. The decrease in rate from O to 60 mbsf and that from 118 to 180
mbsf is different, indicating different compaction processes.

In Unit [, porosity decreases from ~70% to 60% down to 60 mbsf,
Magnetic fabric reflects random orientation of magnetic minerals in
Unit 1 (Fig. F3). The size and shape of the large peds do not change with
depth (Fig. FBA, F8B). In between the large peds, however, the contact
of each coarse-grained particie changes from a high-angle EF contact to
low-angle EF and FF contact compaction (Fig, I8). Coarse-grained parti-
¢les would slide and rotate perpendicular to the maximum effective
stress direction. Even through such particle rearrangement, the total di-
rection of the particle keeps random arrangement. The size and shape
of the large ped de not change during compaction. Thus, the
macropores would reduce their size during early compaction in Unit |,
resulting in porosity decreases in Unit I.

In Unit 1, the porosity decreases from ~60% to 509 by overburden
pressure are probably due to connector breakage and small ped defor-
mation. Subunit ITA still has distinctive connectors that interconnect
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the small peds, whereas they are unclear in Subunit IIB (Figs. F8, I'9).
‘The connector represents a concentration point of the effective stress in
the microfabrics. As the effective stress works at the connecting edge be-
tween the peds, compaction is expected to be present by deformation
and destruction of connectors, as shown by Griffiths and Joshi (1990).
As a result, the macropores between the small peds would close with
this connector breakage process. After the connectors are broken com-
pletely, the vertical effective stress induces the changes of shape of the
small peds (Fig. F13). The contact of clay platelets in the small ped also
changes from LF to FF (Fig. F9). Micropores between the clay platelets
in EF contact are reduced during ped deformation in accordance with
the porosity decrease. These processes would contribute to porosity de-
crease in Unit IL
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Figure F1. Bathymetric map of Site 1149 study area.
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Figure F2. Comparison between both microfabrics treated by the freeze-drying and air-drying methods.
Vertical views, secondary electron images at 2,13 mbsf (Sample 185-1149A-1H-2, 63-65 ¢m), Unit 1. A. Mi-
crofabric treated by freeze-drying method. Note that fine sediments fill in radiolarian test. B. Close-up im-
age of center of A. Clay platelets have EF contact. C. Microfabric treated by air-drying method, 60 oc, 24
hr. Volume shrinkage of sediment is 40.53%. Length shrinkage of sediment is 15.08% (vertical direction),
16.03% (lateral direction), and 16.609 (depth direction} in this micrograph. D. Close-up image of center
of C. Most of clay platelets are in low-angle EF and FF contact.




Figure F3. Profiles of magnetic susceptibility (MS), AMS parameters, and K, inclination with depth. Dots and solid lines show data from Hole
11494, and gray stars show data from Hole 1149B. From left side of figure, magnetic susceptibility profile, P’ value (anisotropy degree of MS) pro-
file, F value (foliation degree) profile, L value (lineation degree) profile, and K, (minimum direction of MS) inclination profile.
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Figure F4. A. Depth vs, percentage of low magnetic susceptibility (Ky) carried by paramagnetic minerals in
sediments from Hole 1174B, as determined by comparing high-field and low-field susceptibilities. The ma-
jority (>909%6) of K is carried by ferrimagnetic minerals. B. Individual shape of detrital ferrimagnetic mineral
grains (left) and its element composition (right) in Unit I. C. Individual shape of detrital ferrimagnetic min-
eral grains (left) and its element composition (right) in Unit ll. Ky = high magnetic fields, keV = kiloelectron
volt.
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Figure FS. Grain-size distribution patterns from Unit I and Subunits 11A and I[iB.
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Figure F6. Results of XRD. Peaks represent smectite (Sm), illite (1), chlorite (Ch), kaolinite (K), quartz {Q) 5
feldspar (F), zeolite (Z), and opal-CT (CT). EG = sample treated by ethylene glycol. HCl = sample treated by
HCI. Not = sample not treated. d = d-spacing.
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Pigure F7. Ratio of clay mineral composition (smectite:illite:chlotite:kaolinite) in Tnits I and IL
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Figure F8. Microfabrics of Unit 1. A. General view showing random and porous fabric from core at 2.13
mbsf (Sample 185-1149A-1H-2, 63-65 cm); vertical view, secondary electron image. B. Microfabrics from
core at 52,49 mbsf (Sample 185-1149A-7H-1, 79-81 cm) showing random and porous fabric; vertical view,
secondary electron image. C. Cross section from core at 2.13 mbsf (Sample 185-1149A-1H-2, 63-65 cm).
Radiolarian tests in burrow are filled by fine sediments; vertical view, opert nicols. D. Cross section from
core at 115.60 mbsf (Sample 185-1149A-13H-5, 90-92 cm). Peds and macropores are seen in microfabric;
vertical view, open nicols.
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Figure F9. Microfabrics of Subunit IIA. A. General view showing random and porous fabric from cote at
125.30 mbsf (Sample 185-1149A-14H-5, 110-112 cm); vertical view, secondary electron image. B. Close-up
image of center of A. Peds are linked by clay platelets in EF contacts; vertical view, secondary electron im-
age. C. Connectors, which are chain linked by each clay platelet in EF contact, at 125.30 mbsf (Sample 185-
1149A-14H-3, 110-112 cm); vertical view, secondary electron image. D. Fabric showing preferred orienta-

tion of clay platelets from core at 125.30 mbsf (Sample 185-1149A-14H-5, 110~112 ¢m); vertical view,
crossed nicols.
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Figure F10. Microfabrics of Subunit IIB. A. General view showing random fabric of clay platelets in FF con-
tact from core at 150.47 mbsf (Sample 185-1149A-17H-3, 77-79 cm); vertical view, secondary electron im-
age. B. Fabric showing strongly preferred orientation of coarse-grained particles from core at 170.68 mbsf
{Sample 185-1149A-20X-1, 88-90 cm); vertical view, secondary electron image, C. Close-up image of center
of B; vertical view, secondary electron image. D. Fabric showing strongly preferred orientation of coarse-
grained particles from core at 164.8 mbsf (Sample 185-1149A-19X-1, 4042 ¢m). Note pressure solution
around molding of radiclarian tests; vertical view, crossed nicols.
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Figure F11. Palynomorphs, vertical views. A, B, C. Back-scatter images at 179.51 mbsf (Sample 185-1149A-
21X-1, 41-43 cm). D. Secondary electron image at 170,68 mbsf (Sample 185-1149A-20X-1, 88-90 cm) that
allows the upper direction to be shown.




Figure F12. Microfabrics of Subunit IIB at 179.51 mbsf (Sample 185-1149A-21X-1, 4143 cm). A. General view showing zeolite veins and faults.
Zeolite veins are conjugated. B. Close-up view of zeolite vein. Microclinoptilolite grains in platy shape are seen in the vein. C. Detailed microfabric
in zeolite vein observed by secondary electron image. Platy clinoptilolite grains are seen.
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Figure F13. Schematic model of microfabrics in Unit T and Units 1A and 11B.
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Table T1. Physical properties in Subunit IIB, Site

1149A.

Water  Wet bulk

Care, section, Depth  content densit;f Porosity  Vold
Interval {cm) (mbsf) {dry36) (gfem”)  (36) ratlo
185-1149A-

17H-3, 73-75 15043  73.61 1.56 66,25 1,96
17H4, 104-106 152.04 7212 1.60 6508 1.86
17H-5, 21-23 152,71 66.11 1.66 62.47 1.66
17H-6,99-101 15424 8349 1.57 67.86 2.1
17H-7, 70-72 15545 78.89 1.59 66,62 2,00
18H-1, 69-71 156.89 8551 1.54 6882 2.2
18H.-2, 70-72 158.40 80.M 1.56 67.54 208
18H-3, 70-72 15990  70.36 1.59 64.94 1.83
18H-4, 70-72 16140  53.61 1.70 5841 141
18H-5, 70-72 162,90 56.74 1.70 59.26 145
18H-6, 3840 164.08  55.04 1.70 58.82 143
19X-1, 33-35 15473  656.11 1.51 6586 1.93
20%-1, 82-B4 170.62 6R.35 1.59 64.53 1.82
21X-1, 45-47 179.55 8416 1.42 71,04 245

Motes: Water cantent and wet bulk density are data from onbeard
MST measurement. Porosity and vold ratio are calculated by
grain density 2.6 = g/em?,
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Table T2. Magnetic susceptibility (MS) and anisotropy of MS data, Hole
1149A.

Core, sectlon, Depth M5 Kimas Kewin
interval {cm) {mbsh) (107 51 4 L F Dec (™ Inc(™ Dec{) iInc{™
185-1149A-
1H-2, 63-6% 233 1.4 101 1.002  1.007 3321 12.B 93.7 66.5
1H-3 37-39 3.37 0.81 1.006 1001  1.004 69.2% 14.6 28531 72.2
IH-4, 37-39 9.07  0.67 1014 1006 1008 298,05 1.8 142,45 B8
2H-6, 53-55 1223 055 1017 1002 1013 15366 131 357.96 75.6
1H-3, 88-90 1758 075 1006 1004 1002 163.62 8.7 £2.92  50.5
4H-4,131-133 2901 0.B1 1.008 1 1.007 188.64 1.5 288.34 81
5H-2,110-112 3530 095 1009 1005 1004 13655 158 24335 456
6H-4, 62-64 47.32 082 1011 1004 1,007 2878 13.2 18.99 4.8
6H-6, 30-32 5000 076 1.016 1.004 1012 6919  67.4 305.00 130
7H-1, 79-83 52.49 0.97 1.004  1.002 1.001 300 49 188.5 17.7
7H-4,15-17 56.35 0.74 1.01 1.004 1.007 44.6 29.1 3129 EN
8H-2, 108-110 6376 08% 1.00B 1005 1003 21894 143 330.34 551
8H-5, 42-44 67.62 Q.64 111 1,007 1.004 138.48 9.2 28658 79.2
9H-2, 51-53 72.711 1.15  1e13 1.004 1.008 41.77 21 13787 708
9H-5, 88-90 77.58 095  to11 1005 1,006 1.06 5.5 220.56 82.8
10H-3, 57-59 83.77 12 1,007 1.004 1003 22084 216 12094 235
10H-6, 85-67 838.35 0482 1007 1003 1004 72535 146 19365 632
11H-3, 73-75 93,43 0.2 1,015 1,007 1008 210,09 24.6 75.29 57
11H-5, 48-50 97.68 092 1,004 1.001 1003 17535 119 303.05 709
12H-2, 60-62 101.30 0.61 1.004 1002  1.002 327.78 53 222.68 70.3
12H-5, 76-78 10607 0.64 1,008 1004 1.003 98.34 7.2 25094 819
13H-2, 81-83 Mo a7 1.005 1 1.004 26,37 59 25047 81.8
13H-5, 90-92 11560 1.9 1,001 1001 1 142.56 31 3365 B03
14H-2,106-108 120.76 1.72  1.016 1.003 1.011 301.01 29 96.41  B86.8
14H-5,110-112 12530 086 1.028 1,001 1024 231,78 16.3 7608 722
15H-2,116-118 136.36 206 1.057 1.002 1048 303.52 8.3 164.62 79
15H-7, 36-38 137,06 202 1.065 1.005 1.053 7.46 0.9 21406 B89
16M-4, 88-90 142.58 1.4 1.058 1.003 1.048 239.69 0.2 145.69 86.8
17H-1, 85-87 147.55 0.86 1.052 1001 1.044 14113 1.8 40.03 80.7
18H-2, 65-67 158.35 1.01 1.033 1.001 1.029 250.75 3.3 138.55 8i.2
18HA4, 75-77 161.45 0.59 1.038 1,002 1.031 325.24 8.6 197.44  76.2
19%-1, 40-42 164.80 086 1,061 1,00t 1.052 338,38 6.2 23248 883
20%-1, 88-90 170,68 1.37 1.066 1.001 1.056 107.84 4 213.84 75.6
185-1149B-

2R, 25-27 160.85 0.64 1.028 1.097 1.01 43.1 39.9
3R-2, 65-67 172,45 1.52 1.017 1,001 1.014 5.9 69.9
3R-5, 60-62 176.90 1.4¢9 1.003 1.002 1.002 12.3 13.3

Nate: Dec = declination {*), Inc = indination (7).
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Abstract

An alkaline volcanic rock sample, peralkaline rhyolite pillow lava, in addition to some radiolarian-bearing
pelagic sedimentary rocks, were collected by the Japanese submersible Shinkai 6500 from Quesada Seamount on the
oceanward slope of the Mariana Trench. “Ar-?Ar dating resulted in a plateau age of 129.3%2.6 Ma, which is
approximately 10 Myr younger than the radiolarian age of the oldest intercalated tuffaceous radiolarian claystone of
early Berriasian age (approximately 140 Ma). Fragments of volcanic glass that are of alkali-basalt (hawaiite)
composition may indicate that this tuffaceous claystone was formed during the shield-building volcanic stage. Because
the peralkaline rhyolite is a very differentiated volcanic rock and commonly erupts in the post-shield stage, we
interpret that the activity lasted for a long period (approximately 10 Myr), This long-lived shield-building stage may

be due to the slow moving rate of the Pacific Plate during the Early Cretaceous. © 2002 Elsevier Science BV, All

tights reserved.

Keywords: seatnount; Ar-Ar age; alkali—basalt; rhyolite; post-shield volcanism; Cretaceons

1. Introduction

Most seamounts, islands and atolls on the
present Western Pacific Plate were formed by sub-
marine intra-plate volcanism mainly during the
Cretaceous period (e.g. Tokuyama, 1980; Rea
and Vallier, 1983; Cox, 1991; Fuller and Weeks,
1991; Larson, 1991; Haggerty and Silva, 1995),

* Corresponding author, Present address: Barth and Plan-
etary Science, Tokyo Institute of Technology, 2-12-1 Ookaya-
ma, Meguro, Tokyo 152-8531, Japan.

Tel.: +81 (3) 5734 2338; Fax: +81 (3) 5734 1528,
E-mail address: nhirano@geo titech.ac,jp (N, Hirano).

Koppers et al. {1998) named this area the Western
Pacific Seamount Province (WPSP). In the WPSP
region, the Magellan Seamount Chain, the Mar-
shall-Gilbert Seamount Chain and the Marcus-
Wake Seamount Chain show complicated age dis-
tributions. Although Late Cretaceous seamounts
are dominant in the WPSP, some Early Creta-
ceous seamounts are reported, such as Himu
and Hemler Seamounts (Smith et al., 1989), Ita
Mai Tai Seamount (Koppers et al, 1998) and
Look SBeamount (Lingoln et al., 1993) (Fig. 1).
Almost all intra-plate volcanoes display a char-
acteristic evolutionary sequence, from a volumi-
nous alkaline or tholeiitic shield-building phase,

0025-3227/02/% — see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Fig. {. The bathymetric map of the WPSP, Contour inferval is (000 m. The black areas show more than 7000 m at depth and is-
lands. Numbers show the sites of seamounts whose *°Ar-*Ar ages already reperted, These names, PAr-* Ar ages and rock types
used for the dating are as follows; 1: Himu, 120.2£0.4 Ma¥*, 2: Hemler, 99.4-105.0 Ma*, 3: Lamont, 87.2+0.3 Ma (basalt) and
8.5+ 0.6 Ma (basale)**, 4: Miammi, 96.8 0.8 Ma (basal)**, 5; Wilde, 90.640.3 Ma (mugearite)**, 6: Vlinder, 95.1+0.5 Ma
(hawaiitey***, 7: Pako, 91.340.3 Ma (hawaiite)***, 8: Loah, 87.120.3 Ma (hawaiite)***, 9: Ita Mai Tai, 118.120.5 Ma (hawai- _
ite)***, 10: North Woden, 85.3£0.4 Ma*++* 11: Lobbadede, 82.4:£2.4 Ma****, 12: Look, 138.2+0.8 Ma**** 13: Anewetak,
75.9£0.6 Ma*¥**, 14: Likelep, 82.1 £0.7 Ma and 75.5£0.8 Ma****, |5: Ratak (Woden-Kopakut), 82.2t 1.6 Ma ¢hawaiite, al-
kali olivine basal))*****, 16: Erikub (Lokkworkwor), 87.3£0.6 Ma (hawaiite)*****, These data refer to Smith et al. (198%)*, Da-
vis et al. (1989)***** Koppers et al. {(1998)***, Lincoln et al. (1993)****, Winterer et al. (1993/** This map features detailed
bathymetry derived from the predicted bathymetry database (Smith and Sandwell, 1997) and are produced using the Generic
Mapping Tools (GMT version 3.4) of Wessel and Smith {1991, 1998).

to post-shield stage alkaline and its differentiated
phase, ultimately culminating in a post-erosional
{rejuvenated) strongly alkaline stage (e.g. Batiza,
1989). A pattern of shield-building and post-shield
stages has been observed in many oceanic islands;
e.g. Hawail Islands (Macdonald and Katsura,
1564}, Canary Islands (Freundt and Schmincke,
1995) and Comores Islands (Strong, 1972).

Combined studies of radiometric ages, volcanic
sequences and petrology of a seamount are essen-
tial for understanding the complicated age distri-
butions of seamounts in the WPSP, In this paper
we analyze the Quesada Seamount on the east
side of the Mariana Trench and discuss the evolu-
tionary history of this Early Cretaceous sea-
moust,
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Fig. 2. Multi-narrowbeam map of the study area. The dive
Ogawa et al. (1994),

2, Geologic and tectonic setting

The seamount is located at 15°29'N and
147°50"E, and is at least 35 km in diameter and
approximately 3000 m in altitude above the abys-
sal plain. The voleanic edifice has been disrupted
by normal faulting related to horizontal exten-
sion, as the Pacific Plate subducts and bends
under the Philippine Sea Plate (Ogawa et al.,

site is shown by an arrow. Contour interval is 100 m. Referred to

1994; Smoot, 1997). The faulting produced
many steep scarps composed of volcanic rocks
and pelagic sedimentary rocks (Fig. 3). Two vol-
canic and four sedimentary rock samples were
collected from these cliffs during the 181st dive
of the JAMSTEC submersible Shinkai 6500 on
October 4th, 1993, at approximately 6000~
6400 m depth (Fig. 3).

The volcanic rocks collected consist of piilow
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Table |
Age data for rocks collected during the 181st dive
Sample Depth Rock Geologic age Age References

(m}) (stage) (Ma)
R-001 6424  radiolarian chert late Valanginian-Hauterivian  134.5-127.0  Ogawa et al. (1994,1996)
R-002 6361 peraikaline rhyolite Hauterivian (129.3%2.6)  This study
R-003 6316  tuffaceous radiolarian claystone  Berriasian Ca. 140.0 Ogawa and Kawata (1998)
R-004 6284  radiolarian chert Coniasian-Santonian 89.0-83.5 Ogawa et al. (1994,1996)
R-005 6192 radiolarian chert Cenomanian-Turonian 98.9-89.0 Ogawa and Kawalta (1998)
R-006 6035  alkali olivine basalt (altered) 1 7

Geologic ages of samples R-001, R-003, R-004 and R-005, depth and rock's name refer to Ogawa et al. (1994), and absolute

ages of stages refer to Gradstein et al. (1994),

lavas of peralkaline rhyolite (sample R-002) and
pillow breccia of altered alkali olivine basalt (sam-
ple R-006). Pelagic sedimentary rocks consist of
radiolarian chert (samples R-001, 004 and 003)
and tuffaceous radiolarian claystone (R-003) (Oga-
wa et al., 1994; 1996; Ogawa and Kawata, 1998),
which are obtained from the northern slope of
Quesada Seamount (Fig. 2). There are no other
edifices in the northern area of the dive site. The
range of biostratigraphic ages and the depths of
collected rocks are shown in Table 1. The oceanic
plate beneath these sediments and rocks is in mag-
netic anomaly Chron M25 (Smith et al., 1989; Na-
kanishi, 1993), which is correlated to 154-155 Ma
according to the scale of Gradstein et al. (1994).

3. Petrography and geochemistry

The rocks were collected from the top of the

dupth [~
{m}

5008

seamount down at the lower part of the scarps
(R-001, R-002 and so on). However, according
to the combination of ““Ar-**Ar ages and fossil
ages, the samples are not in time-stratigraphic or-
der (Table 1), Ogawa et al. (1994, 1996) intet-
preted that some normal faults may have dis-
turbed the stratigraphic disposition (Fig. 3).
R-002 was sampled at approximately 6170 m
depth from a continuous 43 m thick outcrop of
pillow lava with horizontal bedding (Ogawa et al,,
1994). The curvature of the trachytic structure
and the foliation of vesiculation in the sample
suggest that this sample is part of a pillow lava
whose long diameter may be approximately 1 m
or more, R-002 is a highly differentiated, high
Si0; alkaline rock. With more than 75 wi%
Si0; and more than 8 wt% Na,0+K,0 it is a
peralkaline rhyolite (Table 2, Fig. 4). This rock
is apparently fresh, gray-white in color, and is
composed of abundant sanidine (Orys_.43Abs5_57)

R—ODS! E

Y

e~ hlatus

1 ] 1.

1 1 13
1004 distance (m}

Fig. 3. W-E cross section of dive 181, Symbols of rock types are ellipses (lava), lines (chert) and dots {clay). Some normal faults

inferred on the bottom of the cliff are also shown.
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Table 2

Major element compositions of samples obtained by electron microprobe analysis for volcanic glasses in R-003 and by XRF

analysis for bulk rock of R-002

Glass O Glass J Glass C Glass F Glass G Glass H Glass A R-002
Methad: EPMA BEPMA EPMA EPMA EPMA EPMA EPMA Bulk XRF
Major element (wto)
Si0, 46.97 45,89 50,59 45.93 47.32 45.69 47.02 15.27
TiOs 4.55% 4,57 3.1% 346 4.46 4.66 332 017
AL, 13.67 13.07 17.48 14,41 13.61 12,59 14.34 10.78
FeQ 12.48 13.44 9.36 110 12.75 13,94 10.99
MnQ 0.24 0,19 0.17 0.22 0,12 0.25 0.17 3.44
MgO 413 4.%0 3.02 6.34 4.44 4.98 6.09 0.05
Ca0d 8.72 10.32 9.21 11.90 9.86 10.72 10.79 0.07
Na, O 419 3147 4,12 3.37 344 3.54 375 0.12
Ka.O 1.3 0.95 1.00 0.87 1.25 1.10 0.76 4,65
Cra04 0.00 0.02 0.00 0.02 0.03 0.07 0.00 -
Va0 £.32 0.38 0.25 0.23 0.26 0.19 0,20 -
Ni0o 0.00 0.01 0.00 0.00 0.00 0.07 .00 -
P.0s 0.88 0.60 8.65 D46 0.69 0.63 0.4} 0.03
LOI - - - - - - - 0.59
Total 97,71 97.80 99.03 08.29 08.21 58.38 97.84 9953

and common quartz phenocrysts with subordinate
amounts of hornblende (zoning of sodic to calcic-
sodic amphibole) within an aphanitic groundmass
including sanidine (Orag_spAbso-70) and opague
minerals, Some quariz phenocrysts are resorptive.
Small grains of the alteration mineral zoisite oc-
cur in the groundmass, but the alteration is not
pervasive,

R-003 was collected from an outcrop at ap-
proximately 6316 m depth (Ogawa et al., 1994)
and is a tuffaceous radiolarian claystone com-
posed of fresh volcanic glass, clay fragments, pla-
gioclase {0.1-0.3 mm; Angg_7eAbig_30) fragments,

-
r

=
T

total aikall
KZO*NE]:O {widh)

PO RN

10, (wt%)

Fig. 4. The total alkali-S5i0; diagram of non-potassic vol-
canic rocks (Cox et al, 1979). Volcanic fragments from
R-003 and the whole rock of R-002 are squares and a circls,
respectively. The dividing line between alkalic and sub-alkalic
magma series is from Miyashiro (1978).

extremely well preserved radiolaria (Ogawa et al.,
1996; Ogawa and Kawata, 1998) and foraminif-
era. These tuffaccous parts may be turbidites.
Ogawa and Kawata (1998) reported the fossil
age as early Berriasian (approximately 140 Ma).
Geochemical compositions of volcanic glasses in
R-003 show the Na,O-rich alkali-basalt (Fig, 4,
Table 2).

4. ®Ar-Y Ar dating

For sample R-002, alkali-feldspar phenocrysts
and groundmass were analyzed by the ““Ar—-%Ar
method, All samples were crushed into 50-100
mesh grains. These samples for dating were
wrapped in aluminum foil and sealed in quartz
vials under vacuum (70 mm in length, 10 mm in
diameter) with flux monitors biotite (HD-Bl;
Hess and Lippolt, 1994, BerndB; Flish, 1982),
K380, and CaFs. The samples were irradiated
for 24 h in an irradiation hole of the Japan Ma-
terial Testing Reactor (JMTR), Tohoku Univer-
sity. During the irradiation, the samples were
shielded by Cd foil in order to reduce thermal
neutron-induced “®Ar from YK (Saito, 1994).
The Ar extraction and Ar isotopic analyses were
done at Yamagata University. The samples were
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Table 3
Ar-Ar age results
Temperature BATHOAT TA AT YA Ar PAr Age?
°C) (X 1074 (X107 (%1073 ) (Ma)
K-feldspar phenocryst (R-002:peralkaline rhyolite) J=0.003466 £ 0.000072
800 6.941032 1.09x0.27 3.38940.064 41 1410240
900 3.00£0.29 105+ 0.41 4.026 £ 0.056 36 1363134
1000 344+0.30 0.39+0.31 4.00510.060 40 1351+%33
1100 1.21 £0.21 0.7210.15 4.610%0.061 58.1 1263130
1200 2.57+0.29 3.14£0.35 4.4540.059 223 1254131
1300 3.92+0.41 0.52+0.28 4.094 £0.029 47  1302%32
1400 347+0.38 0.53+£0.37 3.983 +0.051 32 1357435
1500° - - - - -
Total age 121.9%3.2
Groundmass (R-002; peralkaline rhyolite) J=0.003518 £0.000059
600 1.26%0.20 0.27%0.1! 4.522+0.058 19.2 130327
900 1.22:+0.41 2.1740.20 4.518£0.025 270 130.6+2.7
1000 2.38+0.39 0.13£0.16 4478 +0.035 139 127.2%27
1§00 2.64 £0.26 2.205+0.084 4.410£0.024 326 128.0%23
1200 292+0.48 0.19+0.34 4,257 +0.051 6.7 1313433
1300 15.1£23 19150 1.715£0.086 0.2 194424
1400 223+2.9 48+54 0.762+0.076 0.1 264té6
1500 24.3£2.2 23%2.1 0.98110.044 03  174£39
Total age 129.7 143
129.3+2.6°

All tabulated data were corrected for the mass discrimination effect and for isotopes produced from Ca and K.
2 (AT Al =(3T0£0.22) % (074, (AT AL = (12.06 £ 0.35) X 1074, (CAPAD = (3.24 20.89) X 1072

b Failure.
© A plataeu age using 600-1200°C steps only,

incrementally heated to 1500°C in a Mo crucible
by induction heating. Basically we extracted gases
in eight steps from 600°C to 1500°C. Analytical
methods are confirmed by Saito et al. (1991). The
results of Ar analysis are summarized in Table 3.
All errors are shown in 26,

The R-002 alkali-feldspar phenocryst probably
holds the excess Ar because a U-shaped release
pattern is observed when assuming a trapped at-
mospheric “®Ar/*SAr ratio (295.5) in the age spec-
trum (Fig. 5b). In this case, the central portions
between 1100 and 1300°C may approximate a
geologically meaningful age in the samples least
contaminated by excess Ar, However, in the ¥Ar/
WAr- Y Ar/Ar isochron diagram, the data indi-
cate a relatively high “Ar/®Ar intercept that
may only be explained by an excess Ar signature
with higher than atmospheric “*Ar/®Ar ratios
{Fig. 5a). In the case of R-002 groundmass, on
the other hand, almost all Ar gas is released in
the five lower temperature fractions (99.4% at

600-1200°C). The corresponding weighted age of
five fractions is 129,3:+2.6 Ma (Fig. 5d).

5. Discussion and interpretation

Using these volcanic ages and other sedimenta-
ry rock ages, we can illustrate the formation his-
tory of this seamount as follows. After the gener-
ation of the oceanic plate at 155-154 Ma, the
tulfaceous radiolarian claystones (R-003) were de-
posited at around 140 Ma (Ogawa and Kawata,
1998) during a hiatus in seamount eruption (the
first activity; R-003) of alkali-basalt. The last vol-
canic activity of this seamount is represented by
R-002 groundmass, 129.3+2.6 Ma, a highly dif-
ferentiated alkaline rock (peralkaline rhyolite)
which was erupted during the post-shield stage
concurrent with the sedimentation of R-001
(134.5-127,0 Ma), Then, the volcanic edifice was
covered with pelagic sediments (R-004 and R-005)
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Fig. 5. Isochron diagrams and age spectra for *Ar/”Ar incremental heating experiments on alkali-feldspar phenocrysts in the
R-002 peralkaline rhyolite (a,b), and on the R-002 groundmass (c,d). The mean squared weighted deviations, MSWD=
SUMS/(-2) (York, 1969), indicates how well data fit the least-squares calculated straight line.

during the Late Cretacecus (Ogawa et al., 1994)
(Table 2).

5.1, Long-lived volcanic activity of Early
Cretaceous inira-plate volcanism

The shield-building period calculated from the
ages between R-003 and R-002 is approximately
10 Myr, which is much longer than the Hawaiian
shield volcanic period (1-3 Myr; Macdonald and
Katsura, 1964; Nakamura, 1986). Such a long
period of main shield volcanism suggests that
this seamount remained above a hotspot for a
long time, This may be attributed to either of
the following two possibilities: (1} An abundant
heat supply as in the superplume episode in the
Early Cretaceous (Cox, 1991; Larson, 1991; Lar-
son and Kincaid, 1996). (2) The moving rate of
the Early Cretaceous Pacific Plate was slow to
medium, ranging between 3 and 6 cm/yr, in con-
trast to the present fast moving rate (Duncan and

Clague, 1985; Henderson et al., 1984), The latter
reason is similar to the present setting of the Ca-
narian hotspot in the central Atlantic Ocean,
where the volcanism from the shield-building
basaltic to the post-shield stage differentiated
lavas has continued for as long as approximately
20 Myr after the Miocene (Freundt and
Schmincke, 1995), being attributed to the slow
absolute motion of the African Plate (1-1.5 cm/
yr; Gripp and Gordon, 1990). The long-lived vol-
canism of the Quesada Seamount may reflect the
slow to medium absolute motion of Early Creta-
ceous Pacific Plate,

6. Conclusions

We obtained ‘“CAr—Ar ages from an Early
Cretaceous seamount at the Mariana Trench
oceanward slope. The peralkaline rhyolite, R-002
groundmass, has a plateau age of 129.3+2.6 Ma.
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Another sample, R-002 potassium feldspar pheno-
cryst, has excess Ar. These ages suggest that this
seamount has undergone a complicated volcanic
history in the Early Cretaceous. The lifetime of
volcanism was very long, at least 10 Myr, from
alkali-basalt activity during shield-building volca-
nism to highly differentiated alkaline activity in
the post-shield stage. In this case the long-lived
petrologic sequence is similar to that of the Ca-
nary hotspot on the slow moving ocean fioor. We
suggest that the slow rate of plate motion of the
Early Cretaceous Pacific Plate resulted in the vol-
canic edifice remaining above the source hotspot
for a long time. Careful interpretation of the vol-
cano-stratigraphic setting of dated samples is crit-
ical for correct interpretation of radiometric ages
along the Pacific seamount chains of the Early
Cretaceous.
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Abstract

Tectonically sheared coals are closely related with coalbed methane exploitation, and are classified into cataclastic coals and mylonitic
coals in view of their deformation mechanism, either brittle or ductile. Scanning electron microscopy and reflected light microscopy
observations showed that cataclastic coals possess a hierarchy of open, coutinnous and connecting fractures, whereas mylonitic coals always
digplay tightly compressed and collapsed fractures. Mercury porosimetry studies also indicated that cormapared with normal coals, cataclastic
coals possess greater porosity, more specific surface area and wider average fracture aperture; whereas mylonitic coals are characterized by
narrower average fracture aperture and a great deal of specific surface area. Based on experimental data and actual site experiences, a new
model of methane flow within coals was proposed. Gas flow through sheared coals, unlike normal coals—a simple dual porosity system
comprising a matrix of micropores that are surrounded by cleats, also contain additional steps because of overwhelming sheared fractures and
different deformation mechanisms. This model can explain why gas outbursts are always accompanied by small-scale compressively
geological structures where mylonitic coals often occur, and why in such area the rate of gas extraction is unexpectedly lower, despite the

presence of a great volume of methane,
@© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

A shear zone within a coal seam, which can contain a
large number of fractures and therefore much gas, has
long been considered as a major factor for a catastrophic
Failure or ‘outburst’ of gas and coal during coal extraction
all over the world coalfields [1-3]. In order to improve
the safety of production in coalmines, coalbed methane
(CBM) has customarily been extracted and released to the
atmosphere for a tong time. This situation must, to a great
extent, have aggravated global warming, because methane
gas has 22 times stronger greenhouse effect than carbon
dioxide gas [4].

On the other hand, a shear zone might play more positive
roles in CBM prospecting and production because of its

* Corresponding author. Tel/fax: +81-3-5841-8950,
E-mail address: hylee@k.u-tokyo.ac jp (H. Li).
' A research fellow of the Jnpan Society for the Promation of Science
(JSFS).
* Published first on the web via Fuelfirst.com—hup:/fwww.fueliirst.com

greater quantity of fractures and higher methane content.
From the experiences of gas drainage in underground mines,
although the rate of gas extraction within a shear zone is
commonly higher than that from normal coals, the most
noted local problem is that drill rods are often gripped and
unable to rotate. Such drilled holes contracts rapidly, like
quicksand, after drilling due to high methane pressure and
powdered coals. This situation suggests that there are
various deformation properties in various structural pos-
itions even within the same coal seam,

Shear zones, which are commonly named detachments,
bedding plane faults or soft-coal layers, occur within
compressively deformed coal basins in the world [3].
Shearad coals were classified into microstructural classes
based on their particle size and textures as cataclastic-
angular coal, cataclastic-granular coal, foliated coal and
mylonitic coal [6]. The former two are considered to be
developed in brittlely deformed parts and widely distribute
in a shear zone, whereas the latter two are developed
accompanying the ductile deformation and have been
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subjected to more intensive deformation, Strong shearing

also locally thickens the coal seam due to small-scale thrust

lap and coal duplex which arise from a detachment zone [5],
or as a result of mass transport flow of coal from areas of
high stress to low stress [7]. In such areas, compressive
structures, such as cleavage duplex, thrust ramp and small-
scale vergent fold often appears, representing an intensive
deformation environment [8].

The fact that many gas outbursts occur in shear zones has
proved that sheared coals may accumulate a large volume of
gas to form a high pressure gas pocket, and a higher amount
of gas emission shows that sheared coals possess higher
permeability by bedding-paralle!l migration, which can relax
the pocket of high pressure gas. To explain this paradox, it is
necessary to clarify the relationship between the textural
characteristics and related gas flow behavior in different
deformed parts within a shear zone.

This paper uses mercury porosimetry experiment and
SEM observation together with in situ gas data, trying to
develop a methane flow model through sheared coals with
different tectonic deformations. The model is desired to
offer basic materials for the project of CBM recovery in
future from a geelogical viewpoint.

2. Geological setting of experimental samples

Bituminous rank coal samples were taken from the
Lower Permian Wu coal seam, on average 4.6-5.8m
thickness, of the Pingdingshan coalfield, China. Within the
Wu seam, there appears to be a widespread bedding shear

Table |

zone, which has traditionally been called a ‘soft-coal layer’
by mining engineers because of the absence of bedding
planes and the occurrence of friable coals with a thickness of
0.9-2.5 m [8]. The shear zone along the coal seam might be
considered a potentialty significant CBM reservoir ora ‘gas
river', because of its more extensively developed fractures
compared with surrounding normal hard coal which is
hardly disturbed and thus plays a role for sealing gas [9).
Until 1997, more than 20 outbursts have been experienced
in the Wu coal seam and all have occurred within such shear
zones (Table 1). The largest one burst out 144.6 t of coal and
expelled 13,400 m® of methane. The initial gas content of
the outburst coal was estimated at 92.67 m*/t of coal,
whereas the in situ gas content of the normal coal was only
about 10 m*/t of coal.

Many researches on the gas outburst have indicated that
not all the areas of the shear zone possess the danger of
outburst, but rather the outburst-prone areas always
accompany small-scale compressively geological struc-
tures, such as cleavage duplex, thrust ramp and small-
scale folds, where the thickness of the shear zone increases
and foliated coal and/or mylonitic coals are always focused
[8]. This phenomenon implies that such areas must have
been subjected to structural or textural change into lower
permeability to form a ‘structural dam’ or ‘tectonic screen’,
which blocks gas migration along the bedding into the work
face and consequently results in a high pressure gas pocket
(Fig. 1). Reflected light microscopic observations have
shown that outburst-prone coals possess overwhelming
microfractures which display a more complex style and
poorer connectivity compared with non-outburst sheared

Structural state of the coals and the relationship between the amount of moved coal and emitted gas in outburst events at Wu coal seam, Pingdingsham

coalfield, China

Time Amount of moved coal {t) Amount of emitted gas (m™) Specific gas emission of cutburst {m#t) Structural state of the coal
84.10.13 19.7 : 1200 60.91 Soft sooty texture

88.4.22 50 1500 30 Cataclastic-granuiar

88.10.7 54 1178 21.81 Cataclastic-angular

89.3.18 8 650 81.25 Fine, foliated texture

89.3.21 56 1000 17.81 Noticeably weakened by fracture
89.44 8 655 81.88 Highly friable, mylonitic texture
89.4.14 28 2787 99.54 Highly friable, mylonitic texture
89.7.12 6 720 120 ‘ Fine, mylonitic texture

89.7.27 30 3000 100 Fine, mylonitic texture

80.5.12 13 600 46.15 Cataclastic-granular

90.9.12 40 2240 56 Cataclastic-granular

91.4.11 144.6 13,400 92.67 Fine, foliated texture

91.5.1 55 6000 109.09 Fine, foliated texture

91.5.23 54 3487 64.57 Highly friable, mylonitic texture
92.12.15 24 390 19.50 Disturbed and very dull

93.8.26 44 2500 56.82 Highly friable

92.12.17 10 37 37.10 Cataclastic-granular texture
95.3.21 44 1580 3591 Cataclastic-granular texture
23,1217 20 37t 33.55 Cataclastic-granular texture
§7.2.21 29 1833 63.21 Foliated texture

97.4.4 550 11,300 20,54 . Cataclastic-angular

97.;0.‘7 16 633 39.56 Cataclastic-granular texture
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Fig. 1. Tllustration of the mining stress inducing a violent cutburst as a
working face approaches the area of high methane pressure.

coals and normal coals. In addition, outburst-prone coals
often show ductile structures, such as S—C band structure
and o-structure, representing intensively deformed environ-
ment (Fig. 2).

Based on the studies of the relationship between
tectonics and gas deposit in French coalfields, Alpern (10]
has proposed that intense shearing may locally transform the
coal into mylonite or foliated fabric which, under ground
weight or abutment pressure, makes the coal impermeable

TR
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to gas, hence that part of coal is usually considered as
a ‘tectonic screen’ against methane migration. Although the
number of fissures may be very high, they are no fonger
connected, For this reason, gas extraction in such ductilely
deformed areas becomes very difficult and the rate of gas
extraction is much lower than in brittlely deformed areas
(Fig. 3), despite the greater volume of gas content.

3. Pore structures of sheared coals

In order to elucidate the influence of tectonic pressure on
coal properties that may be related to permeability or
texture, the mercury porosity measurement was first carried
out to analyze the characteristics of fractures of sheared
coals. Mercury porosimeiry studies on a series of coal
samples exhibit various degrees of textural features for
understanding: (1) porosity and specific surface areas of
fractures, which, to some exteni, reflect gas storage
capacity, and (2) average fracture aperture, which may be
related to the permeability of coals, '

Eleven samples were collected and measured, three from
normal coals without any visible deformation and eight

A “'ﬂ,;}. WL
w05 mm

Fig. 2. Pholomicrographs showing variously deformed coals under reflective microscope. (a) Normal coal exhibiting bedding plane structure and scarce cleats.
{b) Cataclastic coal displaying angular structure by fractures with wide aperture. {c} Foliated conl characterized by slightly elongate shape of most grains
similar to §—C structures. (d) Mylonitic coal which has been intensely sheared into o-structures (porphyroclast is inertinite-rich con! and matrix is vitrinite-rich

coal).
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Fig. 3. The relationship between the velocity of gas emitted from the
boreholes and the passage time on brittlely deformed coals (1-1,1-2) and
ductilely deformed coals (2-1,2-2).

from a shear zone comprising both brittle and ductile
deformation (Fig. 4). As shown in this figure, al, bl, cl are
normal coals, whereas others are all sheared coals. In the
latter, a2, a3, ad and b2, b3, b4 are brittlely deformed
cataclastic coals, and ¢2, 3 are ductilely deformed foliated
and mylonitic coals, respectively. The bulk porosity,
specific surface area, average fracture aperture and
compressibility of each sample are shown in Fig. 5. From
these results, following conclusions are obtained: (1) the
sheared coals possess three to eight times more porosity and
two to ten times more specific surface area than their normal
counterparts, suggesting that the sheared coals can preserve
many times more methane than their normal counterparts.

{2) Within sheared coals, cataclastic coals (a2, a3, ad, b2,
b3, bd) possess larger average fracture apertures represent-
ing a good condition for gas migration, whereas the foliated
coals and mylonitic coals (¢2, ¢3) show a fracture aperture
even smaller than the normal coals (al, bl, cl). This can
explain why the rate of gas extraction from the foliated and
mylonitic coals is always remarkably lower than that from
the cataclastic coal, and also explain why the outburst of gas
always occurs in the foliated and mylonitic coal areas
despite the pre-drainage of gas being undertaken. (3) The
compressibility analysis of various coals imply that the
intensely sheared coals also contain many more smaller
microfractures, which are not accessible by mercury even at
very high pressure, but are accessible by gas because of the
smaller molecule diameter of the latter. This tendency
further indicates that some tectonically sheared coals
possess a potentially significant capacity of gas storage,

4, Gas flow behavior in sheared coals: a textural
consideration

Coal is known to be formed from plant materials
deposited in a swamp environment through peat. The
gradual accumulation of inorganic sediment above the
buried peat causes the water to be driven out during
consequent consolidation process of the peat. The pressure
and temperature effects increase with the burial depths,
promoting geochemical reactions which result in a
reduction of the volatile components and a consequent
increase in the fixed carbon content of the coal. During this
process, a large number of gases (dominantly methane) are

al -1
.—-.-—a:—-_——.—-—-—-
a3e - H %
= shear zone b
_ a7 77 shearzone"bd

{a) Wu-14131
working face

(b) Wu-14130
working face

() Wu-20080
advance face

al: normal coal, undisturbe

bl: undisturbed bright hard

Structural properties

b4: soft sooty, cataclastic-g

c: bright and hard but easi

a2: lightly disturbed, cataclastic-angular texture,
&3: disturbed and excessively shiny,
ad: highly friable, cataclastic-granular texture.

b2: disturbed and very dull,
b3: excessively shiny, slikenside develop,

¢2: highly friable, foliated texture.,
c3: highly friable, flow foliated mylonitic coal,

d bright hard coal.

caal.
cataclastic-angular texture.

ranular texture,

ty split along tectonic fracture,

Fig. 4. Locality and structural propertics of samples with (a) and (b) brittle deformation, and {c) ductile deformation, from Wy seam of Pingdingshan coalfield,

China.
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also generated as increasing the effects of pressure and
temperature.

The high methane reservoir potential of all coals is due to
the inefficient packing of its organic structure during
coalification. The density of pure carbon is approximately
2.23x 107 kg/m®, whereas anthracite has around
1.35 x 10° kg/m® and bituminous coal 1.29 x 107 kg/m®
[11]. This density contrast is almost totally due to the
microporosity created by the poor packing structure of the
organic coal compounds. The bulk of the pores constituting
this porosity are <<0.50 nm in diameter. The small size pore
precludes occupation of this space by water due to the
hydrophobicity of coals, so that only other small diameter
molecules such as methane (and other alkenes) can occupy
this space; methane molecules have an effective diameter of
(.32 am in an uncompressed state [11). Methane is stored in
these coal reservoirs by two ways. Firstly, gas is held in a
free state in the interstitial space between the cleats.
Secondly, the methane is physically adsorbed onto the
surface of the pores of the coal. Harpalani and Schraufnagel
[12] reported that free methane stored in this fracture
accounts for less than 10% of the total gas contained in the
coal and remaining 90% plus of methane is physically
adsorbed onto the surface of the pores of the coal.

Present model of methane flow through a coal seam
indicates that the adsorbed methane after desorbing into
the gaseons phase must diffuse through the micropore

structure of the coal matrix until it reaches a cleat [13],
and then followed by Darcy flow through the cleat to the
well (Fig. 6). The relationship between coal scam
structure and gas flow behavior is usvally modeled as a
dual porosity system of macropores (cleat surrounding a
matrix of micropores (Fig. 7). According to this model of
gas flow through coals, gas migration is governed by two
main factors: (1) the distance that methane has to diffuse,
and (2) the amount of gas Aowing through the cleat, The
former is dependent upon the cleat spacing that
delineates the size of matrix blocks in the coal. The
latter is dependent upon the width, length, continuity and
permeability.

This dual porosity model of gas flow may well be
applied to normal coals which were not subjected to the
structural stress and thus display open and regular cleats.
Such regular cleats are known to be formed with
differential compaction and shrinkage during coalifica-
tion, defining the uniform microporous blocks. During
methane extraction in normal coals, methane migrates
along the sequence that gas desorbs from internal coal
surfaces to diffuse through the matrix and micropores to
cleats, and flows through cleats and bed-parallel fractures
to the well (Fig. 8a). It is evident that the growth of cleat
and the amount of bed-parallel fractures influence the
rate of gas migration, Previous microscapic investigations
[i1] have shown that on average of normal ceal, ‘dull
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Fig. 6. Present model of methane Aow through coal: (a) Desorption from the internat coal surfaces, (b} diffusion through the matrix and micropares, and {¢)

fluid flow in the cleats (modified fram Ref. [14]).

coals' have a mean crack spacing of about 3 mm,
whereas ‘bright coals’ are more brittle and record a mean
crack spacing of around 1 mm. Thus, coal seams with
higher proportion of bright macerals should have faster
desorption and emission rates than more dull coals.

However, for sheared coals, because of the crushed and
sized characteristics of the coal, the probable effects of
maceral changes on gas emission were minimized, whereas
the significance of increased fracture permeability has been
shown to be far more important.

4.1. Tectonically-induced fractures of sheared coals

The nature of gas Aow through sheared ceals is perhaps
more complex than the previous model. Mercury porosi-
melry studies on coals and examination of coal microstruc-
ture using SEM show that sheared ceals are not simply
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Fig, 7, Dual porosity system comprising a matrix of micropores that are
surrounded by cleats (after Ref. [13]).

a dual porosity system comprising a matrix of micropores
that are surrounded by cleats, but possess a hierarchy of
sheared fractures and microfractures at a level between the
micropores and the cleat system (Fig. 2b—d). Sheared
fractures firstly cut up the block of coals and are commonly
connected with original cleats. As shear stress increases, the
coal is further crushed into cataclastic-angular and/or
cataclastic-granular, and original cleats are completely
covered with sheared fractures (Figs. 2b and 9a). Locally
intensive shear deformation may wrench and tightly
compress the fractures, even grind coals intc powder,
which may plug sheared fractures, Small-scale structures,
such as vergent folds, cleavage duplexes, 5-C band
structures and ‘o-structures’ also commonly appear in
such area (Figs. 2c, d and 9b). These small-scale structures
are typically compressive and represent a sealing system to
gas migration. The presence of sheared fractures and
microstructures suggests that the flow behavior of gas
through sheared coals is unlikely to be solely dependent
upon the cleat system, but rather a combination of the
original cleats and tectonic-induced fractures with defor-
mation style, either brittle or ductile. The size, continuity
and connectivity of the sheared fractures contribute
significantly to the overall permeability, and are likely to
have a major role in the flow of methane through sheared
coal in both diffusion at the micropore level and laminar
flow at the cleat level [14].

A number of gas desorption experiments in laboratory
have proved that sheared coals commonly show faster gas
emission than their normal counterpart {11,15}. On the other
hand, dwring mining extraction, although the relative
amount of gas emission is directly proportional to the
thickness of shear zone in situ (Tahle 2), locally it does not
coincide with this pattern, where usually be faced with a
potential outburst risk. Moreover, the ratio of methane
extraction in such an area is commonly lower and outburst
coals always emit 2—- 10 times more gas than their normal
counterparts {Table 1). These phenomena suggest that
outburst-prone coals possess overwhelming microfractures,
but the permeability is very low.
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(b)

Fig. 8. A new model of methane flow through (4} a normal coal, (b) a brittlely deformed coal, and (c) a ductilely deformed coal.

4.2. Implications of tectonic deformation on gas flow models

In general, sheared coals formed through a brittle
deformation mechanism and are called cataclastic coals.
In such coals, which have a hierarchy of open, continuous
and connecting fractures and cleats, the effective block size
is not defined at present by the cleat spacing, but somewhere
between the cleats and microfractures. The smaller the
effective block size becomes, the shorter the mean diffusive
distance is. This is largely because methane must be free
before reaching a suitable fracture for laminar flow, and
further implies that laminar flow is likely to begin at
shallower levels than as identified at present by spacing of
cleats. Hence, the additional steps cccurring in the flow of
methane through sheared coals proceed through the
following steps (Fig. 8b).

Step 1. Diffusion from and through the micropores to
microfractures.

Step 2. Flow of methane through microfractures to cleats
or fractures.

Step 3. Gas movements through cleats and fractures to
the well base,

This model shows that tectonic deformation is likely to
play an important and probably significant rate-limiting
role at all over the process of methane transport. A large
number of brittle fractures in sheared coals will make
methane migration to become faster than in normal coals.
This tendency is extremely important for the development
of CBM projects. Large aerial extents of such sheared
coals, being widely present in a continuous matter, may
not only preserve significant gas reservoirs but also increase



H. Liet al. / Fuel 82 (2003) 12711279

Fig. 9. SEM photos of coal samples a4 and ¢3 in Fig. 3. (s} Brittlely
deformed coal showing a hicrarchy of open, continuous and connecting
feactures. (h) Ductilely deformed coal characterized by tightly compressed
fractures which shows worse connectivity.

the inherent permeability. Therefore, it can be geologically
considered as a ‘sweet spot’ for CBM exploitation.
Nevertheless, not all sheared coals are provided with the
properties of faster desorption. Instead, intensively sheared
coals in special structural positions, such as thrust ramp,
cleavage duplex and small-scale vergent folds, which often

Table 2
Relationship between the relative amount of gas emission and the thickness
of a shear zone in driving faces

Waorking Depth  Thickness of  Thickness of Relative amount

faces (m) coal seam shear zone of gas emission
(m) () (')

Wu I2130 487 i8 i.8 15.68

Wu 12130 484 35 1.9 16.56

Wu 14131 483 54 0.9 9.04

Wu 14131 485 33 LI 10.45

Wu 20080 51! 5.6 2.5 18.54

Wu 20080 508 5.7 23 17.34

Wu 20090 520 4.8 0.8 103t

Wu 20090 521 49 0.6 10.55

display ductilely deformed structural appearance and are
called foliated coals or mylonitic coals, are the special
candidates for gas reservoir due to their low permeability
with high specific surface area. Although there are over-
whelming mictofractures within this type of coals, almost
all fractures are tightly compressed and pushed into one
another to choke the conduit against methane flow. More-
over, a great quantity of windingly and tightly collapsed
surfaces not only sealed original cleats for methane flow but
also closed themselves (Fig. 8¢). Therefore, this type of coal
always shows poorer connectivity, thus results in a difficult
condition for gas migration and is liable to cause a high
pressure gas pocket (Fig. 1). Lower rate of methane
extraction and frequent gas outburst events occur in such
areas, and could be explained by this model, In such areas,
artificial methods such as water infusion is necessary for
relaxing stress, enlarging the aperture of fractures and
consequent increasing the rate of methane recovery,

5. Concluding remarks

Although the occurrence of a shear zone within a coal
seam has long been considered as a major factor for a
catastrophic failure or ‘outburst’ of coal and gas in a
coalfield during coal extraction, it should be regarded more
positively in CBM prospecting and production because of
the greater quantity of fractures with higher permeability
and higher methane content. Mercury porosimetry and
scanning electron microscopy showed that sheared coals
should not be viewed simply as a dual porosity system of
micropores which are surrounded by cleats, but instead,
should be viewed as having a third porosity system
comprising a hierarchy of sheared fractures and micro-
fractures, which plays a significant rate-controlling role at
all over the process of methane transport.

Experiences on gas outbursts and methane drainage have
proved that not all sheared coals show faster methane
emission than normal coal, but some have rather slower.
Sheared coals were classified into microstructural classes
based on their particular size and texture as cataclastic series
and mylonitic series, the former commonly occurs in a shear
zone, whereas the latter is developed in a locally
compressively deformed areas. Such a mode of occurrence
is extremely important for the development of a CBM
project, because we have to know what coals work as
significant gas reservoirs due to what mechanism. Cataclas-
tic coals, which are formed by a brittle mechanism, possess
a hierarchy of open, continuous and connecting micro-
[ractures, and thus methane migration in these coals would
be faster than normal coals. On the other hand, mylonitic
coals, which are locally and ductilely generated in an
intensively compressive environment, always display
tightly compressed and broken fractures to be pushed into
one another with worse connectivity for methane migration.
Only this type of coal makes the real mining disaster,
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because of becoming a methane reservoir due to low gas
permeability to occur the gas oulburst during coal
production,

However, a new model of methane flow through a coal
was proposed to take account into these differences between
the cataclastic and mylonitic coals for the project of CBM
recovery. The coal seams, previously considered econormi-
cally unsuitable for CBM production due to their lower
permeability, probably have a potential exploitation value if
they possess continuous, brittlely deformed shear zones
within them. Another important significance is that such
coal seams can be utilized to preserve a vast amount of
carbon dioxide with COy-enhanced CBM recovery project,
which has been considered one of the projects protecting the
earth from global warming.
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ABSTRACT

Pseudotachylyte is present in the Shimanto accretionary complex in Shikoku, Japan.
The psendotachylyte occurs as a vein in a fauxlt zone and displays flow structure, TiO,
microlites, and other melting-related textures. The mineral assemblage of the pseudota-
chylyte suggests that the temperature was raised at least 450 °C above the background
levels in the host rocks, This is the first direct evidence of seismogenie fault rock from an
accretionary complex. The pseudotachylyte-bearing fault is a roof throst above under-
thrusted mélange, which is overlain by an offseraped package of coherent units, The
geologic setting of the pseudotachylyte is consistent with melt generation during seismic
slip along the master décollement in the subduction zone.

Keywords: pseudotachylyte, accretionary complex, subduction, seismogenic zone, Shimanto.

INTRODUCTION

The understanding of the seismogenic pro-
cess in subduction zones is an important issue
of geodynamics and is one of the highest pri-
oritized targets of the Integrated Ocean Dril-
ling Program (Integrated Ocean Drilling Pro-
gram Planning Sub-Committee, Scientific
Planning Working Group, 2001). The depth
range of the seismogenic zone is from ~4 to
~40 km (Savage and Thatcher, 1992). Recent
hypotheses suggest that temperature controls
updip and downdip limits of the seismogenic
zone (e.g., Hyndman et al., 1993). Clay min-
eral transformation (Vrolijk, 1990) or other
diagenetic mineral transformations at ~150
°C (Moore and Saffer, 2001) may coincide
with the updip limit, and brittle-plastic tran-
sition of quartz and plagioclase may correlate
with the downdip limits at ~350-450 °C
{(Hyndman et al., 1993).

‘The thermal conditions of the seismogenic
zone encompass the range of metamorphism,
from zeolite, through prehnite-pummpelyite,
to blueschist or greenschist facies (Ernst et al.,
L970). Many accretionary complexes exposed
on land record such metamorphic range, Sev-
eral features that may be related to earth-
quakes, such as repeated episodic fluid flow
documented from crack-seal veins (Fisher,
1996) and development of uliracataclasite al-
ternating with pressure solution creep (Onishi
et al., 2001), have been found in ancient ac-
cretionary prisms. However, unequivocal geo-
logie evidence of seismogenic activity has not
been documented to date.

The clearest record of ancient seismicity in

the rock is the pseudotachylyte formed by
frictional melting along faults (Sibson, 1975).
Fault-related pseudotachylytes have been re-
ported from continental plutenic and meta-
morphic rocks (Masch et al., 1985), but never
from subduction-related metamorphic rocks or
accretionary complexes. Low-temperature,
low-pressure conditions and the presence of
abundant water within pore and intracrystal
space have made finding pseudotachylyte un-
likely in accretionary complexes. Instead of
fusion melting, thermal pressurization may be
a dominant process during seismic faulting
{Mase and Smith, 1983).

In this paper we report the discovery of
pseudotachylyte in an accretionary complex.
The fault rocks, including the pseudotachy-
lyte, and the geologic setting provide evidence
for fusion melting along the master décolle-
ment. This discovery raises the possibility that
melt generation may be move important during
seismic faulting in subduction zones than pre-
viously believed.

GEOLOGIC SETTING
The Shimanto accretionary complex in Shi-

koku, Japan, is divided into Cretaceous and

Tertiary units (Fig. 1A) (Taira et al,, 1980).
The Upper Cretaceous Okitsu mélange is
composed of scaly black shales enclosing dis-
rupted pillow basalts, pelagic to hemipetagic
red shales, and sandstone lenses (Fig, 1B).
The mélange displays a systematic fabric in-
dicating a top-to-the-south, sinistral-reverse
sense of shear, which may have been related
to underthrusting {Taira et al., 1988). A roof

thrust of the mélange bounds a coherent
sandstone-dominated wunit of the Nonokawa
Formation, and the pseudotachylyte occurs
within the roof thrust. Most of the bedding of
the Nonokawa Formation and the foliation of
the Okitsu mélange strike ENE-WSW and
steeply dip northward (Fig, [B). The age dif-
farence between the Coniacian to Maastrich-
tian black shale and Cenomanias-Turonian pe-
lagic red shale in the mélange (<30 m.y.)
indicates subduction of a young oceanic plate
in Late Cretaceous time (Taira et af., 1980;
Sakaguchi, 1999). Thermal analysis using vi-
trinite reflectance reveals that the maximum
past temperatures of the Nonokawa Formation
and the Okitsu mélange were 230 £ 30 and
270 * 30 °C, respectively (Fig. IA) (Saka-
guchi, 1996).

EVIDENCE OF PSEUDOTACHYLYTE
IN THE ROOF THRUST

The roof thrust strikes east-northeast, dips
steeply to the north, and may be traced for
several kilometers in the field (Figs, [A and
2). The thickness of the fault zone of high
shear strain ranges from ~2 to 5 m (Fig. 2).
The shear zone consists predominantly of ca-
taclasites, which overprint a pressure-solution
cleavage (Fig. 3A). A cataclastic S-C fabric is
well developed in the zone and slickenlines
are observed on the C surface. Psendotachy-
Iytes and ultracataclasites are observed along
the C surface as dark veins less than a few
millimeters in thickness (Fig. 3A). The struc-
ture of veins is consistent with repeated fric-
tion melting. The youngest fault vein is sharp
and straight, cutting older ones that are de-
formed and partially incorporated into the §-
C fabric (Figs. 3A and 3B). Veins have crack-
filling geometry and are interpreted to have
formed by melt injection into cracks (Figs. 3A
and 3B). The sense of shear implied by the
cataclastic S-C fabrics indicates top-to-the-
south thrusting with a slight sinistral strike-
slip component (Fig, 2). The kinematics are
simifar to those of the mélange fabrie, al-
though all the mélanges are clearly cut by the
fault. Crack-sealed wmineral vein networks
composed of quartz, calcite, ankerite, chlorite,
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and zeolite are also developed around the fault
and are incorporated into the deformation of
the Fault,

Several clear textures showing fusion melt-
ing are visible under the microscope.

Clasts in the fault veing. At the micro-
scopic scale, the fault veins contain nuimerous
clasts of quartz, feldspar, and calcite (~20%
area under the microscope) derived from host
rock containing several mineral veins, and
abundant idiomorphic TiO, mineral grains
within a transparent matrix (Figs. 3C and 3D).
Clay minerals, which are dominant compo-
nents in the host rock, are not observed as
clasts in the veins. The clasts within the vein
are rounded to subrounded (Figs. 3C and 3D),
similar in structure to the fault-related pseu-
dotachylytes (Lin, 1999). The rounded mar-
gins of the clasts suggest melting erosion.

Flow texture, A flow texture is visible in
some of the veins {Fig. 3C), The texture is
similar to that commonly obsecved in the
glassy groundmass of extrusive rocks and has
been reported from pseudotachylytes (e.g,
Lin, 1993; Tanaka et al., 2001).

Injection veins. The wall of the crack-
filling injection vein is sharp (Figs. 3A and
3B). The tip of the injection vein is rounded
(Fig. 3B) and appears to be an embayment in

the wall rocks due to melt caving resulting

from corrosion.

TiO, microlites. Idiomorphic TiO, rmineral
grains are ubigquitous in the veins. The grain
size of TiO; minerals varies from Q.1 to 2.8
o and their average diameter is 0.7 wm. The
size of TiQ, minerals in the marginal part of
the injection vein is smaller than that in the
central part (Fig. 3D). This grain-size grada-
tion suggests cooling from the margin to the
center. Taking the idiomorphic shape and
grading size distribution into account, it is
suggested that the TiO, mineral is a microlite
dropped from the melt, Previously reported
microlites have shown complex shapes such
as spherulitic, dentritic, and skeletal, all of
which are caused by rapid chilling (Ldin,
1994, but such textures are not visible in this
case, Rapid cooling textures are commonly
developed in the central part of the several-
centimeter-thick pseudotachylyte veins {e.g.,
Lin, 1994). The thickness of the pseudotachy-
Iyte in this study is <~3 mm.

Matrix, Two kinds of matrices, transparent
and translucent, are recognized in the veins.
Under crossed-polarized light, the transparent
matrix is heterogeneous, although optical ho-
mogeneity is common for glass matrix. The
transparent matrix is homogeneous at high mag-
nification under scanning electric microscope-
backscattered electron (SEM-BSE)} microscopy
(Fig. 3G, right area). Numerous vesicles with-
out amygdules occur in the transparent matrix
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(Fig. 3G, right area). Using SEM-BSE, the
translucent matrix appears to consist of fine
mineral fragments (Fig. 3G, left area). No
vesicle-like features are observed in this type
of matrix. On the basis of these features, we
infer that the transparent and translucent ma-
trices were originally glass and ultracataclas-
ite, respectively.

Melting temperature of the pseudotachy-
lyte. The temperature for fusion melting is es-
timated by comparing the surviving mineral
assemblage within the pseudotachylyte with
that of the host rocks. The grains within the
pseudatachylyte are dominantly plagioclase,
quartz, caleite, and TiO, microlites without
clay minerals. Preferential melting of clays
transforming to illite and muscovite indicates
that the temperature was higher than 650 °C

thin section,

(Spray, 1992). Calcite survival as a clast doc-
uments the equilibrated temperature as <740
°C (Deer et al., 1967), Taking this surviving
mineral assemblage, the temperature for fu-
sion melting is estimated to range between
650 and 740 °C, ~400-450 °C greater than
the maximum temperature (230-270 °C) of
the host rocks estimated from vitrinite
reflectance.

DISCUSSION

The pseudotachylyte likely formed in one
of three possible tectonic settings: (1) master
décollement of the plate boundary, (2) out-
of-sequence thrust, or (3} intracrustal seis-
mogenic fault. The first two are related to
subduction-zone seismicity, whereas the third

corresponds to an intraarc event long after the
lithification of the foreare.

An accretionary prism is composed mainly
of offscraped and tectenically underplated
units with minor slope cover sediments (Cow-
an, 1985, Maore and Silver, 1987). These
units are deformed in various ways, and the
definition of the units is partly based on dif-
ference in deformation mode. The offscraped
units are characterized by an initial stage of
horizontal shortening by folding and thrusting
at various scales. In contrast, the underthrust-
ed to underplated units are characterized ini-
tially by vertical Hattening with horizontal
shear (Fisher and Byrne, 1987, Byme and
Fisher, 1990; Kimura and Mukai, 1991}, In
on-land accretionary complexes, offscraped
units are recognized as folded and thrusted co-



hevent units, and the underthrusted to under-
plated units are often manifested by tectonic
mélange (Fisher and Byrne, 1987; Byrne and
Fisher, 1990; Kimura and Mukai, 199(; Hash-
imoto and Kimura, 1999, Ujiie, 1997; Onishi
et al,, 2001). A boundary Fault that juxtaposes
a hanging-wall coherent unit and a footwall
mélange unit is thought to be the ancient mas-
ter décollement (Byrne and Fisher, 1990).
The coherent Nonokawa Formation de-
formed by folding and theusting (Taira et al.,
1980) is consistent with the horizontal short-
ening expected for an offscraped unit. The
Okitsu mélange has been interpreted as an un-
derthrusted unit that was underplated beneath
the Nonokawa Formation by the roof thrust
containing the pseudotachylyte. Such a geo-
logic setting is cansistent with refationships
expected for a plate boundary décollement.
The sense of shear of the roof thrust is essen-
tially the same as that of mélange, which is
consistent with that of décollement in the sub-
duction zone. Because the roof thrust cuts and
overprints the fabric of mélange, the roof
thrust must have been active later than the de-
formation of mélange. The deformation mech-
anisms of mélange are initially independent
particulate flow and grain-scale cataclasis to
later stage pressure solution (Onishi and Ki-
mura, 1995; Hashimoto and Kimura, 1999),
These mechanisms of mélange deformation
represent a shallower and slower process of
underthrusting than cataclasis with pseudo-
tachylyte in the roof thrust. Therefore, the
crosscutting relationship between the roof
thrust and mélange indicates deformation at a
different time and condition in the subduction
zone; shallow and slow underthrusting is re-
corded by the mélange and cyclic deformation
in the roof thrust at the seismogenic depth,
If the reof thrust were formed as an out-of-
sequence thrust or later intracrustal fault, it
would be expected to offset the older mélange
fabrics more obliquely and record different ki-
nematics. In addition, an out-of-sequence
thrust would imply that the hanging-wall
block was situated much deeper than before
displacement. If displacement were large
along the fault, a thermal inversion, i.e., hotter
hanging-wall block than lower one, would be
expected (Ernst et al,, 1970; Peacock, 1987;
Chmori et al., 1997). The thermal difference
between the Nonokawa Formation (230 % 30
°C) and the Okitsu mélange (270 = 30 °C) is
inconsistent with such a thermal inversion. If
the roof thrust was a master décollement, then
it could have juxtaposed the hanging and foot-
wall blocks without the thermal inversion, A
primarily horizontal décollement would be al-
most parallel to the isotherm for several ki-
lometers (Underwood et al., 1993), although
an out-of-sequence thrust and intracontinental

reverse fault might be highly oblique to the
isotherm. Accordingly, the likely setting of the
roof thrust is a master seismogenic décolle-
ment in the subduction zone.

Discovery of the pseudotachylyte in an an-
cient master décollement suggests that friction
melt driving rupture propagation may occur in
subduction zones. Although the preferred hy-
pothesis to date has been coseismic weakening
of subduction thrusts by thermal pressuriza-
tion of pore fluids (Mase and Smith, [983),
our new observations suggest that melting is
also a significant mechanism of dynamic
weakening in subduction zoues.
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Abstract

The seismogenic fault in the Okitsu Melange, Shimanto accretionary complex, Shikoku is
characterized by repeated rapid slips with a pseudotachylyte formation and a concentration of
vein minerals, The Okitsu Melange is composed of duplex structure of imbricated oceanic
stratigraphic sequence, and the seismogenic fault is emplaced at the roof thrust of the duplex
structure, Comparable fault along the seismogenic roof thrust of the duplex structure was
found ak the present Nankai trough, and vein mineral precipitation is expected from the fluid
fiow along the fault,

Some of the clasts of cataclacite were supported by a vein mineral matrix of evhedral
ankerite and quartz crystals. This occurrence of vein minerals may indicate rapid
precipitation due to fluid flow of super saturation with vein minerals along the fault zone. The
shear strengthening with time and the stick slips were recognized by the block-slider analogue
experiments which consisted of the chilled slid with ice and hot water saturated with alum on
the shear surface. The result of the experiment indicates that the vein mineral precipitation
make stick slip the fault.
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Fig. 2 'The seismogenic fault oceurred between the hanging wall of the Nonokawa Formation and the foot
wall of the QOkitsu Mslanges.

The fault zene is characterized by the concentration of pseudotachylyte and vein minerals of quartz and

ankerites (a). Vein minerals and pseudotachylytes {ps) suffered interseismic deformation with 3~C fabrics (h).

Older pseundotachylytes are cut by newer ones, meaning faulting repeated (¢). Stylolite foliation and

amoeboidal shape of grains indicate the development of pressure solution creeping during interseismic period
to make the 8-C fabric (d}.
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Fig. 1 Geologic map of the Okitsu Melange composed of a duplex structure of a imbricated oceanic
stratigraphic sequances,

The seismogenic fault is placed along the roof thrust of the duplex structure. Asymmetric deformation Fabrie

analysis shows that the sense of shear of the fault zone is aimilar to the sense of the fabric within the melange

unit, Faulting was probably concurrent with the stage of duplexing of the Okitau Melange.
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Fig. 3 Route map along the fault zone.
The fault zone, 30 m in thickness, is composed of a lower unit of high shear bands and an upper unit of weak
deformation with some of breccia zones.
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Fig. & Some of the vein mineral preserves the fabric of hydrofracturing (a), and the pseudatachylyte of the
black layer has a jigsaw puzzle texture (h).

The fragments are supported by matrix vein minerals, which perhaps indicates rapid precipitation of the vein

mineral before fragments drop (b). Some of the ankerites are precipitated along the growth line of the quartz

grain {c) and some of the quartz is precipitated between the ankerite grains (d). The quartz and ankerites are

co-precipitated, although they differ in saturation ratio. This can be explained by the rapid fluid flow from

deep along the fault rupture, which maintaing the super saturation condition of the fluid.
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Fig. 8 The concept of the analogue experiment with a blockslider model with cementation mechanism.
The slider and the springs are placed into hot saturated water with alum, and the saturation ratio changes
with temperature. The alum is precipitated along the shear surface of the chilled slider. Cementation due to
alum precipitation causes stick slip and strengthening with time.
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Fig. T Photograph of the experiment.
The occurrence of precipitation along the shear surface can be cbserved with a mirror under a transparent
experiment box (a). Chilled slider has cementation of alum adheling, Arrow shows the critical slip (b} and rapid
slips (e}. The slick slips are repeated {d, e), and the striation are developed on the slip surface {(f}.

—104—



F0mm X 50 mm T, ED Lik& KAy 180g #*
ANTHY, NFIEH 20 gmm O/5R 2 nTHE
B LA

tROEHT-EOL - T2 MBS
DTGk, V) EEESETELD BRE
BMEEZ CHIGAONE 1T 2OHT
—~EO L — b TIRHE AT EESEEE T %
LA WHILAY )RR 3 vy REICE
FTEFTCREmMICEEL I a v ERakigL
(B7b), Vv IIAHET S VRO XD
METHEGIESERESTIEETERVWY, 2h
CEb2H, MBEMEBTADILELIEZIL
MTEL (FTe, d, e)o BRZEIMET D ORH
PP MR TN EHBTELILLHD
(B 70 D&M, EERCVIETMCEBETL L,
FaunNyORFSPIEHIC-TICHELT, A
Yy rdd FOBRENZ @0 Thk—-0
74 v FRBTIE, WEEAEELREIC LT
Mimdallry@Boen (|e), WEMm
G OWEIE o TRIERBELAZLERLT
Who FAMBMCEERTIREZFTANDED
TWADT, JORKVFHEERLEEETBEIL
bERT B, bl KB I a AL RBH
BARGVEEIIEEES D RIS 5
BMEMED ERELH S AwWD T, LE0BL
HIa N HEGORBRIZL s TELTWE LD
LEIOND, SHXH EHRILBRBRIZLLN
BTN ZWMBA IS TEDAL LI, SWIRD
i, MRS vy - AT v 2B
wasushabnw) o kick PES T, BRERON
BTFEREES, ThabbEET0 2kl
BoTRIEHFLTWSE I L 2T 5,

VI £ & &

MAE-FHEOBE 2 5 > V2 ORENEI,
TN ALDEMFL=y O — 7 LEE TR
L, ¥l a-FyE5 4 FRRHERYE
T, HHIRARET LI ETHYRITONS,
IRanpmiWrig oz A FLTED, —1F
OUWHERIEREOHEWIRIC L o THH— F Sh
TWaZ &, IREWIBEOLEL D b RH

B LS LA RL TS, ShATHEY A 7
ML THiEVEHTHBERE SO
LR ENA,

SRR LM, FLTERICHE S BRI
AR &R T A e S0, BEHEO R AL
DR BREEAZEHNTED, JTUIHCA
YH—HL Ry B EAERHLLEVAC
ETRL L, BRI E B AL F— o3 A
BOFARYF{DAH =X LB NDIEHEND
Ik BRI , WHTENC 3B A SR IRO LR,
BEREG [ OB HMETEE 2 8 LI T £5] 3
WIEs0pE, ML T o XHRTHPET
BIENTCED,

WO

JUBREE B SR £ 2008 & RIK &I BV TR O
Ldov—r@EoRdi it v a YiBmMS g
COFADLBRVAAFTERLE LW ifF
PERHERTE v & — DNl s AHI I BB R SR L
ThOANAFES THRBE A 24, SO &) Wi
BIZRBEETHCBARS A TRV LITIROHES
EV.

X M

Ashi, J. and Taira, A, (1993): Thermal structure of
the Nankai aceretionary prism as inferred from
the distribution of gas hydrate BSRs. Geol. Soc.
Amer. Spec. Pap., 273, 137-149.

Bopyer, E.L. and Elliott, 1. (1982): Thrust sys-
tems. AAPG Bull., 66, 1196-1230,

Borden, F.P. and Tabor, D, {1950): The Friction and
Lubrication of Solids. Clarenden Press Oxford.
Evans, J. and Chester, .M. (1995): Fluid-rock
iunteraction in fault of the San Andreas system :
Inferences from San Gabriek fauit rock geochemis-
try and microstructure. J. Genphys. Res., 100,

13007-13020.

A BR (2002): MBI AN BT D HAO ML IK.
HTHLER, %4t 36 (LA A A iF Mg 58 2 il — 2 ol
R LA, 53-60.

Hashimoto, Y. and Kimura, G.{1999): Underplating
process from melange formation to duplexing:
Example from the Cretaceous Shimanto Belt, Kii
Peninsula, southwest Japan. Tecéonies, 18, 92—
107.

Hasebe, N., Tagami, T. and Nisimura, N. (1993):
Evolution of the Shimanto accretionary complex,
A fission-track thermochronologic study. In
Underwood, M.B. ed.: Thermal Evolution of the

—106—



Tertiary Shimanio Belt, Southwest Japan:@ An
Example of Ridge-Trench Interaction. Geological
Society of America Special Paper, 273, 121-136.

Hyndman, R.D., Wang, K.J., Yuan, T. and Spence,
G.D. (1993): Tectonic sediment thickening, fluid
expulsion, and the thermal regime of subduction
zane aceretionary prisma the Cascadia margin off
Vancouverisland. J. Geophys. Res., 98, 21865-
218786.

Tkesawa, A., Sakaguchi, A. and Kimura, G. (2003):
Pseudotachylyte from an ancient accretionary
complex: Evidence for melt generation during
seismic slip along a master decollement? Geology,
31, 637-640.

I (1009); fAMICBH 5 RIFBWEES. A
T HLER, 21, 38-44,

- - FEVIE (1908): &K, WEaLE,

Bk - FRAFE - BFME (1992): REAM AR
B (UEES) PO in-situ REBHOERL Z0
B WML, 98, 867-883.

AF % (1097): 7L — PILAAARIIZE T S Mass
Flux & Seismogenic Zone—~0OD21 M+ 2 F£E
B— BTIhE S4 1921 i oiRiFERII~0R
2—0DF & 0D21 ~—), 227-232.

FrEVIE (1991): AMBE W, A/ AREOES
Fa—Tly s AMEEN/ AL ) oA, hPihil,
87, 39-52.

th#E% (2003): Vel. dependence of friction dus to
gol.-transfer healing of quartz gouge @200C and
its upper cutoff velocity as low as 1E-6 m/s. HiER
RE MM AT RERIHE, 1019-014,

Ohmori, K., Taira, A., Tokuyama, H., Sakaguchi, A.,
Okamura, M. and Aihara, A, {1997); Paleotermal
structure of the Shimanto accretionary prism,
Shikokn, Japan: Role of an out-of-sequence
thrust. Geology, 25, 327-330.

Park, J., Tsuru, T,, Takshashi, N., Takane, T,
Kodaira, 8., Nakanishi, A, Miura, 8. and
Kaneda, Y. (2002): A deep strong reflector in the
Nankai accretionary wedge from multichannel
seismic data: Implications for underplating and
interseismic shear stress release. J. Geophys.
Res., 107, B4,

Sakaguchi, A. (1996): High geothermal gradient
with ridge subduction beneath Cretaceous
Shimanto accretionary prism, southwest Japan.
Geology, 24, T95-798,

Sakaguchi, A. {1999}): Thermal maturity in the
Shimanto accretionary prism, southwest Japan
with the thermal change of the subducting slab:
Fluid inclugion and vitrinite reflectance study.
Earth Planet, Sci. Lett., 173, 61-74.

WOAN  RBFES - (DAL - MR - B &
(1992): MR B R SGFHE A & R 7= 10 107 4L 4 o 2t
A MRS T L T—. BAHIRSRE R s
#, 41, 29-47, )

Sakaguchi, A., Takami, R., Ikesawa, E. and
Kanaya, T. {submitted): Tectonic setting of
seismogenic fault in the ancient subduction zone,
Okitsu Melange, Shimanto aceretionary complex,
SW Japan. Tectonics.

Yaprwy, CHE, e R (1993 R LFED
HE HEHRE.

Sholtz, C.H. (1980) : The Mechanics of Earthquakes
and Faulting. Cambridge University Press.

Tagami, T., Hasebe, N. and Shimanda, C. (1995):
Episodic exhumation of accretionary complexes:
Fission-track thermochronologic evidence from
the Shimanto Belt and its vicinities, southwest
Japan. The Island Arc, 4, 209-230.

Taira, A., Katto, J., Tashiro, M., Okamura, M. and
Kodama, X, (1988): The Shimanto Belt in
Shikoku, Japan - Evolution of Cretaceous to
Miocene accretionary prism. Madern Geology, 12,
5-48,

Taira, A., Hill, I, Fisgh, J. and others (1991): Proc.
ODPF, Init. Repts., 181, 71-269.

Wintch, R.P, Christoffersen, R. and Kronenberg,
AKX, (1995): Fluid-rock reaction weakening of
faut gouge. J. Geophys. Res., 100, 13021-13032.

Yamano, M., Honda, S, and Uyeda, 8. (1984):
Nankai Trough: A hot trench? Marine Geophys.
Res., 8, 187-203.

{2003 4E 10 A 17 OS4{4, 20034 12 A 5 AZHD

—106—



AKIKO TAKAHASHI',

The nature of faulting and deformation in the Mineoka ophiolite,

NW Pacific Rim

HIRANO™

' Doctoral Program in Earth Evolution Sciences, Graduate School of Life and Environmenial

Sciences, Universify of Tsukuba, Tsukuba 305-8571, Japan

zl:z.smme of Geoscience, University of Tsukuba, Tsukuba 305-8571, Japan (e-mail:

yogawa@arsia,geo.tsukuba.ac jp}

3 Doctoral Program in Geoscience, University of Tsukuba, Tsukuba 305-8571, Japan

"Ocean Research Institute, University of Tokyo, Tokyo 164-8639, Japan

YUJIRO OGAWA®, YASUFUMI OHTA? & NAOTO

3 Present address: Department of Earth and Planetary Sciences, Tokyo Institute of

Technology, Ookayama, Meguro 152-8551, Tokyo, Japan

Absiract: A bell of disrupted ophiclitic rocks oceurs en the Boso Peninsula (Japan), currently
located north of the obliqgue subduction boundary between the Philippine Sen and MNorth
American Plates, under which the Pacific Plate has been subducting westwards. This ophiolitic
belt (Mineoka Belt) is compased of mafic-ultramafic rocks toperher with Tertiary ¢hert and
limestone and island-arc volcaniclustic rocks. Our detsiled structural studies in and around the
basaltic rock bodies within the ophiolite reveal three phases of deformation. The fifst phase is
further divided into three stages, ull related to obliqgue normal faulting associated with
extensional tectonics of or near a spreading axis. Fluid pressures appear to have fluctuated in
association with foulling and veining during this phose, The second phase of deformation is
characterized by thrust-reloted shear zones with o significant strike-slip component and is
probably related to the finul emplacement of the ophiolite by oblique subduction—obduction
procésses The third and final phase of deformation affected not only the ophiolite but also later
terrigenous and island-arc pyroclustic rocks, This deformation involved large-scale transpres-

sional dextral slip on foreare sliver foults, which are still active today,

The Boso Peninsula is localed north of the obligue
subduction boundary between the Philippine Sea
and North American Plates, where the Pacific
Plate is subducling westwards (Ogawa er al. 1989}
(Fig. 1). In the southern part of the peninsula, an
assemblage of mafic and ultramafic rocks and
accompanying Tertiary chert and limestone {orms
the Minecka ophiolite. This belt marks the bound-
ary between forearc basin deposits 1o the north
and the Miocene—Fliocene accrelionary prisms (o
the south (Ogawa & Taniguchi 1988; Saito 1992)
(Fig. 1), Although the lithologies in the Mincoka
Belt have been studied earlier (Kanchira 1976;
Ogawa & Taniguchi 1987, 1988), structural rela-
tionships and their tectonic implications for the
ophiolitic rocks are poorly constrained because ali
internal contacts are faulled. Geochemical dala
indicale that the basallic yocks in the Mincoka
Belt include mid-ocean ridge basalt (MORB),
back-arc basin basall (BABB), within-plate basall
{WPB) and island-arc tholeiite (IAT) {Ogawa &

Taniguchi 1987, 1988; Hirano e/ al. 2003).
Whole-rock Ar—Ar apes of the volcanic rocks
(Hirano e al. 2002) indicoie thal most tholeiitic
basalis in the ophiolite are Eocene in age, whercas
some alkaline varjelies are of Miocene age.

In the Mineoka Beit, all contacts between the
ophiolite and lhe adjacent Mioccene sedimentary
rocks are fauited, clthough the latter were origin-
ally deposited over the already deformed and
veined ophiolitic rocks. Ophiclilic rocks are com-
posed dominantly of serpentinized harzburgite
with minor dunite {Sato & Ogawa 2001), and of
mafic lavas of various nges and compoesitions
(Ogawn & Taniguchi 1987, 1988; Hirano et al.
2003). In some parls of the bell, the basaltic rocks
are in conlact with serpentinite along cataclastic
shear zomes, but in other parts they are in faull
contact with relatively uncompacted volcaniclastic
rocks andfor continent-derived sandstone and con-
glomerate of mid-Miocene age {Yoshida 1974; M.
M. Mohiuddin, pers. comm.) (Fig. 2). Some ol the

Fronr, DILEX, Y, & ROBINSON P T. (eds) 2003, Ophindites in Earth Historn Geolopical Society, Londan,
Special Publications, 218. 1-16. 0305-8719/03/815 i The Geological Sociery of London 2003,



A. TAKAHA

&

e,

Peninsulet

o

e

" Bedding plencs of pillew lava

G outh face

SHI ETAL.

autcrop of pillow lava

—-dfault
st daolerite dyhe
sirike and dip of piliow lava

100 m

Fig. 3. Location map of the outcrops at Shinyashiki, south of Kamogowa Harbour. The strike and dip of pillow lavas

are marked.

Fig. 4. Quicrop pholograph showing deformation of
inter-pillow caleite (Cal) and intre-pillow quartz {Qtz)
formed during the first stage of precipitation; ‘Bench' at
Shinyashiki.

‘South Yooka Beach’. Several stages of faulling,
mineral precipitation and veining were identified
in  these areas. Precipiintion of calcile and quariz
predates the first-stage faulting, and is common
chiefly at 'Bench’ and ‘*South Face’. Spherical
quartz aggregates, 3—5mm across, occur in the
centres of pillows. whereas caleile occurs mainly
in inter-pillow spaces, The inter-pillow calcile
has been deformed by shearing {Fig. 4). The
intra-pillow quartz and inter-pillow calcite occur
particularly around ‘Bench’, suggesting local hy-
drothermal activity before the first stage of fault-
ing. The first stage of fouMing is characterized by
a foliated calaclasite, exposed at ‘Peninsulet’,
‘South Yooka Beach® and ‘Sowith Face’. The
second stage of faulting is associated with con-
jugate sets of zeolite veins paralle]l to the faulis
and is developed at 'Bench’ and ‘Peninsulet’.
Faults of the third stage. vepresented by crushed
caleile veins along dextral-oblique normal faults,
are well exposed at ‘Bench’. (Sce Table 1 for
summary of the deformationa) evenis.)

First-stage foulis. Faulls of the firsl slage are
characterized by disereie zones of folisted catacla-
site, ¢. 5em wide, and rare calcite veins in
'Peninsulet’ and *South Yooka Beach' (Fig 5).
The faull planes penerlly strike cast—west and
dip steeply. Microscale crushed basalt fragments
are elongated as ‘fish’ on (he shear surfaces and
show a preferred orientation under the micro-
scope. Strong shear fabrics aré common, repre-
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Rocks in Mineoka Bell
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Fig. 1. Index map of the Mineokns Bel and jts surroundings {adapted from Opawa & Toniguchi 1988). The study

area is the casternmost part of the Mineoka Bell

sandstones comlain serpentinite fragments (Ogawa
1983). According to Kancoka er «f. (1980),
whole-rock Ar—Ar ages of basaltic rocks are 30~
40 Ma and 40-50 Ma. These ages are gencrally
supporled by new whole-rock Ar-Ar dating by
Hirano et al. (2003}, bul some alkaline basalls
were found 1o be younger, around 20Ma old
{Hirano & Okuzawa 2002).

Ophiclitic rocks in the Mineoka Bell are
accompanied by a number of other lithologies. For
example, hornblende schist is exposed in the
Kamogawan Harbour area and is estimated 1o have
formed at temperatures of 500-550 °C and pres-
sures of 500 MPa with high oxygen fugacity (Ogo
& Hiroi 1991). Another rock iype is weakly
deformed and allered andesitic pumice exposed on
Kojima Istand in Kamogawa Harbour and sporadi-
cally throughow the belt (Fig. 2). These pyroclas-
tic deposils, 12 Ma old as inferred from similar
rocks exposed on the Miura Peninsula (Kanic &
Asami 1995), originally were deposilted uncon-
formably on the deformed and altered ophiolitic
rocks and were subsequently laulied against other
lithologies (Figs } and 2).

In this paper, we document the different slages
of faulling and veining in the basallic rocks, and
the kinematics of faulting, The data were collected
from two well-expased, large bodies of basalls in

e southern part of Kamogawa Harbour, Boso
Peninsula (Figs | and 2). These volcanic bodies
contain MORB or BABB-ype pillow lavas at
Shinyashiki (Fig. 3) and on Benten Island (Fig. 4).
The pillow lavas and dolerite dykes on Beaien
Island probably also contain some [AT-type ba-
salts, Our study of the Jimited but well-exposed
basallic bodies in the Mincoka ophiolite offers a
good opportunity for understanding the nature of
shallow crusta] deformation in an ophiolite and
the related hydrothermal alteration during oceanic
crust generation.

Fault analysis
Shinvashiki outcrops

Basalt pillow lavas are widely distributed at
Shinyashiki, forming an owicrep 300m across
(Fig. 3). The pillow lavas, intruded by several
dolerite dykes, arc interlayered with massive flows
several metres thick in the middle ol the strali-
graphic sequence. Pillows are commonly several
tens of centimeltres fong, rarely up to 1m. The
sequence dips moderately lo steeply (o the SE, We
have divided the Shinyashiki pillow lava body into
four small areas (Fip. ), which we informally
name ‘*Bench®, 'Peninsulet’, *South Face’ and
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Fig. 6. (a) Polished surface of a hand sample showing firsi-stage faults; (b) photomicrograph of the sample in (a). r]—)(lA,E(U vy

shear zone of the ‘X-shaped vein® at ‘Bench’ (Fig.
7), and they are not crushed. In conlrast, a thick
analcime vein intrudes the sheared part, separating
the shear zone with a straight boundary. These
relationships suggesl the following sequence of
evenis: (1) shearing; (2) stilbite veining; (3) shear-
ing; (4) analcime veining (Fig. 8). Analcime veins
occur logether with caleite veins and the 1wo types
occur repeatedly with further shearing.

Another example of faulting and veining is
observed along a second-stage faull at ‘Peninsu-
let’. In thin section, an analcime vein is observed
to crosscut the shear zone without any offset, The
vein ilself is offset by the shear zone and is
pulverized. The analcime has wavy extinction,
indicating that shearing continued during its
growlh {Fig. 8). Euhedral natrolite was precipi-
tated perpendicular 1o the vein wall, followed by
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Fig. 7. (a) Mutual cross-cufting relationship of the second-stage faults in thin section; (b} close-up from *Peninsulet’,

Shinyashiki. {See texi for details.)

the precipitation of anhedral caleite in the centre
of the vein (Fig. 9).

A fault with a shear zone of several centimetres
widih is exposed within the pillow lava sequence
al '‘South Face'. This faull curves from north-
south 10 NW-SE and displays a norma] sense of
shear based on asymmetric folding of a stilbite
vein (Fig. 10), which has been rotated and cata-
clastically deformed. These relationships suggest

the following sequence of events associated with
the second stage of faulting at ‘Peninsulet’ and
*South Face’: (1) zeolite (analcime, stilbite and
natrolite} vein formation; {2) crushing; (3) calcite
vein formation.

Third-stage faulting. An easl—-west-striking fault
af *Beneh’ was formed in the last stage of faulting
because it cns and dislocates many other faulls
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Fig. 8. Photomicrograph (plane-polarized Tight) of o sample from o fault zone and nssociated veins, showing several
stapes of shearing and veining: (a) shearing with stilbite vein (Stb); (b) shearing with analcime vein (Anl) and calcite
wvein (Cal). The dislocation of the vein by later shenring should be noted.

Fig. 9. Photomicrograph showing analeime (Anl) vein crosscutting the sheared, pulverized fault zone rock.

formed in the previous stapes. 1t dips steeply south-
ward and is up 1o ] m wide, Displacement of pillow
lavas shows that this faull has both normal and
dextral componenls of movement (Fig. 11). A
calaclastic zone, several centimetres wide and filed
wilh microbreccia, occurs along the faull plane.

Microscopic observations suggest thal breceia-
tion of the host rock continued afler precipitation
of calcile between the breecia fragments. Some
breceias are composed of aggregales of rock and
mineral fragments of various sizes (Fig. 12). This
style of deformation is characleristic of cataclastic
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Table §. Phases and siuges qf favlting, veining and other evenss in basaltic rock badies of the Mineoka Belt

Stage Strike and dip

Mode of deformation and veining  Microscopic obscrvation

First phose

Strong shear zones of Riedel and P-shears

Calcite filling in pores of euhedral zeolites
Breccins composed of fragments of various

Microscopic and maesoscopic Riedel shears

First Easl—west, high Wide shear zones of foliated
angle cataclasite
Second NE-SW and Conjugate favlts with various
NW-SE, high  zeolites and calcile veins
angle
Third East-west, high Dragged pillow with brecciated
mngle fault zone of crushed calcile vein  size
Second phase
NW-8E, - Dexiral obligue thrust with strong
moderate dip shear zone without mineral veins
Third phase

East--west, NW- Large-scale dextral strike-slip
withoul mineral veins

SE, high angle

Shear zone with serpentinite-bearing fault

=== various zeollles and calclle vein along fault

, == fault wiihcut vein mineral (second and third stages)

{second and Ihird stages}

(@)

Fig. 5. (a) Plan view of ‘Peninsulet’ to the east of ‘Bench' at Shinyashiki, showing the first-stage shear zones, which
are cut by conjugate sets of second-stage faults seen in (b) and (&), (d) Photograph of area shown in (c).

sented by Riedel shears, P-shears and, particularly,
duplex-like structures (Fig. 6). In general, within
foliated cataclasite, caleite veins occur along the
Riede] and P-shears,

Second-stage foults. The first-stage faults vre cul
by the second-stage faults with attitudes of N30°E

or N50°W and steep dips. These NE and NW fault
systems, which contain zeolile veins, crosscut
each other, suggesting that they were conjugate
and conlemporanecus, Fauli-related vein minerals
are dominantly calcite and zeolites, such as ana-
lcime, stilbile and natrolite, and the veining is
very complex. Calcite and analcime veins cut the
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Fig, 14, Stereographic projections of* second-stage faults
a1 Shinyashiki. (a) Kamb conlour diapram of al] Taults.
(b} Three major directions of normal Taulls.

zeolite veins with a radia] habil perpendicular (o
the pillow bedding,

The dolerite dykes strike N60° 1o 80°W and dip
sieeply to the south. There are iwo types of
dolerite dykes, The first is coarse grained with
rare chilled margins, These are intruded by a lnter
group of fine-grained dykes, which occur as single
dykes with chilled margins on beth sides or as
multiple dykes with chilled margins enly on the
SW side. Some basallic dykes arc intruded paral-
lel or oblique to the dolerile dykes al various
locations (Fig. 15). The doferite dykes are strangly

sheared and display several stages of veining.
These rocks are aliered to & slightly higher degree
than those in the Shinyashiki body and the other
basalts at Benten Island, as shown by the abum-
dance of laumontite veins. Cataclastic textures are
common along iwo fault syslems, one paralle] lo
the dyke orientation (N60°"W) and the other
perpendicular to it. This is similar to the second-
stage conjugate faulls a1 Shinyashiki, except that
al Shinyashiki laumontite veins are rarely asso-
ciated with this generation of favlting,

A Kamb contour diagram (Fig. 16) represenling
poles of the faull planes in the dolesite dykes
shows thal steeply dipping faults are dominant,
Thus, the fault system in the Benten Island
dolerite and the conjugate faults al Shinyashiki are
both steeply dipping and have the same inferred
direction of g).

Faulls in the N-MORB pillows in the NW part
of Benten Island strike N5S0°E and dip steeply.
These faulls are characlerized by euhedral ana-
lIcime on both sides of the faults, followed by
laumontite as the second-stage vein fill, then
natrolite veining, and finally anhedral calcite (Fig.
17). Stilbite veins with calcite are parallel Lo the
favlts. These five minerals, including four zeolite
types, all formed along the fanlis and within the
pillows, suggesting changes in fluid compositions
willy time,

A large-scale boundary fault, called the “Aruna-
mi Fault', occurs between the main dolerile dyke
block and the black pillow lavas. This fault strikes
N60"W ond dips 50°SW (Fig. 18). A remarkable
shear zone occurs along this fault, characterized
by a lenlicular (phacoidal) fabric and Riedel
shears on both large and small scales (Figs 19 and
20). The (aulting produced a layered mixture of
red and green basalt or dolerite. R, -shear, P-shear
and Y-shear, and particularly duplex structiures,
indicale that progressive shearing and dislocation
occurred as @ result of dextral-reverse fauling.
Alonp each shear zone, small lenticular ‘fish' also
indicaie oblique thrusting, In thin seclion each
‘fish' 15 composed of calcite lenses, crushed
together with basall and dolerite fragments. Jn the
Aranami fault zone, early calcite was deformed by
the primary R; and secondary shears, showing
apparent dextral movement (N60°W). The small,
crushed calcite fragments are concentrated along
the primary R, shear (Fig. 20).

Discussion

In the Shinyashiki body, three main stages of
faulting and associpted deflormation features are
recopnized: (1) foliated calaclastic shear zones
with rere calcite veins; {2) a set of conjugate shear
zones with various zeolile minerals and calcile
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Fig. 10, Sample of a second-stape fanit zone (strike
N20°W, dip 30°E) at ‘South Face', Shinyashiki,
Deformation of the zeolite (analcime and stilbite) vein
with o transposed structure should be noted, The
vergence of folding suggests a normat fault.

(a)

7/

drags of pillow

fiow without reerystallization and suggests brittle
faulting.

Veins along these faults may post-date the third
stape of faulting, Euhedral crystals of analcime,
orienled perpendicular to the vein walls, form
thick veins, which are crosscut by thin analcime
veing parallel to the vein axis. The veining al
‘Bench’ records the following progression of
evenls: (1) precipitalion of analcime; (2} deposi-
tion of thin veins of analcime; (3) calcite precipi-
tation, because calcite fills cavities in the euhedral
analcime (Fig. 13).

The majority of the faults are subvertical with
NE strikes (Fig. 14a). 1n the case of second-stage
faulls the inferred o) (maximum principal stress
axis) is vertical (Fig. 14b), suggesting that the
conjugate fault systems at Shinyashiki were asso-
ciated mainly with extensional normal faulting,

2 o

2m

Fig. 11, (a) Schematic sketch, and (b) and {c) oulcrop photographs of the castern part of ‘Bench’ and Shinyashiki
{view 10 the east). It should be noted that deformation of the pillows indicates an oblique normal fault with a dextral
strike-slip component, (¢} Close-up of calcite brecciation along this foult.
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Fig. 15. Lithological map of Benten lsland, Kamopuwa Harbour, showing three basaltic bodies w fault contact with
each other. The dolerite dykes and IAT pillow Javas occur along the *Aranami Fault’. The strike and dip of the nitlow
lavas and dolerite dykes are shown, White bars in the dolerite indicate basaltic dykes,

mation withoutl significant veining. This interpre-
1ation suggests that they formed st preaier depth
than the other zones and at low pore-lluid pres-
sures because ol strong friciional sliding. Micro-
scale Riedel shears and duplex structures with a
dextral sense of movemen! are common in he
shear zones in ‘Peninsulet’, whereas those ot
“Yooka Beach' show sinistra) movement. These
shear zones formed under semi-brittle or brittle--
ductile transitional conditions. The sccond-siape
faulting occurred under high pore-fluid pressures,
because secondary minerals are commen in fauli~
parallel veins. In somie coses, mineral precipitation
and faulting or shesring oceurred repeatediy.

In the Mineoka ophiolite, the firsl phase of
deformation consists of thrce sloges and is repre-
sented by repeated faulling in various direclions.
Many of the first-stage Taulls are associated with
shear zones and are characierized either by cata-
clastic deformation or by vein formation. Such a
sequence of Taulting may be awributed to escilla-
tion between states of differential siress, one of
frictional siiding with semi-britile condilions un-
along the faults; (3) variable scales of breceintion  der low pore-{luid pressures and the other under
and deformation of pillows along the fauits. The  considerubly higher pore-fhuid pressures. Multiple
first-stage shear zones indicate strain hardening,  stages of zeolite veining subparallel to the laulis
which produced the widespread catuclastic defor-  within the shear zones strongly suggest thal fluids

Fig, 16. Stereographic projection of faulis in doterite
dyke swarms, Benten Istand,
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Fig. 17. Photomicrograph of N-MORB pillow lava, Benten lsland, showing several stages of veining: analcime (Anl)
on both sides of the fault, laumontite {Lmi), natrolite (Nir) and calcite (Cal).

Elvigy L

FZ7] Greebasalt m

Ffl‘gi 8. OQuicrop skeich of the *Aranami Fauli®, Benten Island, showing Riede) shears and P-shears, with photopraph
of this orea.
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Aronami Faull

Dolerite

—

Black pillow

Fig. 19. Schematic diagram of deformation of the *Aranami Fault’, Benten Island,

of differing compositions percolated along the
shear zones during and after their formation,

The faulls in the Mineoka basalts appear to be
normal faults. However, the present attitude of the
normal faulls may not represent their original
orienlation. By rolating the basalt bedding to
horizontal we can restore the faults to their
presumed onginal attitude, because the vein for-
mation and related [aulling is believed to have
oceurred at an early stage, just after formation of
the oceanic crust formation. This interpretation is
supported by the following observations. (1) Most
of the pillow lavas are layered and sometimes
intercalated with massive sheetl flows. They strike
N40° to 60°E and dip moderately to steeply. All of
the lobes are more steeply inclined to the south
and SE than the sheet flows, indicating that the
lavas flowed in this direction. The ropy surface of
one sheel lava indicates its flow in the same
direction. Steeply dipping, NW-striking dolerite
and basall dykes are cut by faults with the same
orientalion, (2) Several stages of veining and
faulting are observed and the dyking, veining and
faulting occurred nearly simultaneously, indicating
that they were controlled by the same icctonic
processes. Clearly, the laler faults of the second
and third phases, with thrust or strike-slip compo-

nents, are not assecialed with mineral veining. In
addition, the pyroclastic recks and termigenous
sediments seldom show significant veining and
shearing. These features indicale that the veining
and faulting was coeval with the volcanic activity
and dyke intrusion, long before emplacement of
the ophiclite on land. Because mest of the pillow
Javas and dolerite dykes at Shinyashiki and on
Benten Island have MORE and BABB aifinities,
the deformation and veining probably occurred at
a spreading axis, supporting the assumplion thal
the deformation ook place when the lava flows
were still nearly horizontal.

After rotating the deformed basalls 10 horizon-
1al, the normal fault systems in Shinyashiki be-
come strike-slip faults with an inferred oy
trending NW—S8E. The dolerile dykes on Benten
Island are presumed 1o be in their original orjenta-
tion and thus no rotation is necessary for lhese
rocks. The sccond phase of deformation, repre-
senied by the Aranami Fault on Benten lsland,
becomes an oblique thrust that separates the 1AT
pillow basalt from MORB or BABB dolerite
dykes. The thrust componentl may reflect regional
convergenl lectonics, related lo the emplacement
ol the ophiolite. Rocks of the Kojima Formation,
which is composed of andesitic pumice fall
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Fig. 20. Riedel shenrs on various scales from (a) oulcrop size to (b} thin-section size along the ‘Aranami Fault’,

Benten Island.

deposits, are neither altered nor deformed. Glassy
pumice is preserved and there is no strong shear
fabric {Ogawa & Taniguchi 1988). These rocks,
which are widely distributed in and around the
Mineoka Belt, are thought to be mid-Miocene in
age (Kanie & Asami 1995), Therefore, the fauli-
ing and veining of the basaltic rocks must have
occurred before the mid-Miocene, The presence
of middle Miocene serpentine-bearing sandstones
also supports this inferred emplacement age of the
ophiolile {(Ogawa 1983).

The Boso triple junction may have been situated
off Bose since the Miocene (Seno & Maruyama
1984; Cgawa e al. 1989), The Mineocka plate,
composed mainly of ophiolitic lithologies now
exposcd in the Minecka Belt (Opawa & Taniguchi

1988; Sato et al. 1999; Sato & Ogawa 2000,
Hirano et al. 2003), may have been close to the
triple junction; it was then emplaced onto the
Honshu island arc. Following its emplacement,
the ophiolitic bodies and the overlying Kojima
Formation were cut by local shear zones (Fig. 2).
These faults represent the third phase of deforma-
fion, beginning afier the ophiolite emplacement
and possibly continuing 1o the present. At least
some of the faults thal border the Mineoka Belt
are thus thought te be still active,

We are grateful for discussions with Y, Dilek, G. Moore,
D. Curewitz, T. Ishii, H. Sato, H. Toniguchi, A. L.
Abdeldayem and N, Takahashi. Comments and revisions

by three reviewers, Y. Dilek, J. Wakabayashi and E Huat,
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Fig, 12, Photomicrograph of a third-stage fuult, showing various scales of brecciation.

Zeolile veins were simultaneously deveioped along
the faults of the second stage. In contrast, the
faulling of the third stage deformed pre-existing
calcite veins of the earlier stages. This indicates
that the second-stage laulting was penecontem-
poraneous with veining, but that third-stage fault-
ing occurred afier veining.

Benten fsland outerops

Three blocks of basall, each with different chem-
istry representing potentially different tectonic

g I
RN

seltings, are presen! on Benlen Island (Fig. 13):
{1) dolerite dykes with minor basaltic dykes of
MORB or BABB composition crop out on the
main island; {2) black pillow lavas of 1AT compo-
sition occur in the NE section; (3) red-grey piliow
lavas of N-MORB composition are present in the
wesl section (Hirano er al. 2003). Each segment is
characterized by a specific style of faulting and
veining, The dolerite has shearcd laumontite veins,
whereas the AT lavas are characterized by inter-
pillow silica and celadonile with worm-like fos-
sils. The N-MORB pillow lavas have calcite and

Fig. 13. Photomicrograph of a third-stage fault, showing first analcime {Anl1), sccond wnaleime {An12) and calcile

{Cnl) veins,
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Abstract; The Mincoka ophiolite in the southemn Boso Peninsula is sitwated in a wnique
teclonic setting in the collisionn] zone between (he lzu and Honshu arcs in Japan. The ophiclitic
rocks arc composed mainly of thoteiitic pillow basalis and dolerites, alknli-basaliic sheet flows,
and calc-nlkaline dieritic 1o gabbroic rocks. The tholeiitic basalis show variable trace ctement
compositions ranging from mid-ocesn ridge basall to island-arc basalt, whereas the alkali-
basalts have a within-plate affinity. High-Fe apd -Fi_tholeiitic basali-and-withir-plate-alkaH-
basult have Ap/Ar npes of 49 4 13 Ma and 19.62 & 0,90 Ma, respectively. Three plutonic rocks
have K-Ar ages of ¢, 25, 35 and 40 Ma. These nges are inconsistent with the known ages from
the Pacific or Phll:npme Sea Plate. We infer, that the Mineoka ophiolitic assemblage was part of
another Tertiary oceanic plate, the *Mineoka Plate’, which. underwent island-arc volcanism in
the Miocene as a result of sibduction initiation at 2 fracture zone or a transform fault system
owing 1g a change in the posilion of the Euler rotation pole of the Pacific Plate a1 c. 43 Ma.
Eruption of within-plate twpe olkali basalts an the Mineoka Plate took place near tlie palaeo-
Japan continental ure just before the emplacement of the Mineoka ophiolite into the Japanese

continental margin.

The Mineoka ophiolite and related rocks in central
Japan include mainly Tertiary mafic and uhramafic
rocks with pelagic and terrigenous maicrials and
occur in the area sandwiched beiween lwo [ore-
arcs of the Japan_and lzu arcs (Ogawa 1983,
O;,awa ef al. 1985, Ormwa & Tanig:nchi 1987,

c_ﬂed_lhe
irench—trench~t trench (TTT) r iple.
Boso TRpIE juriction (1 _dimfamLQM S_mo at

comp]rculed fah]non mgclher wnh al].ah lmsall,
diorile, calcareous and siliceaus pelagic sedimen-
tary rocks. and tulTaceous rocks within_the Mine-
Joka Beli. Al he igneous rocks in the Mincoka
Beltgeeur as tecionic hlocks in Tertiary terrige-

nous clastic sedimemts or in serpentinite bodies

(Fig, 2). Various hypotheses on the origin of these
igneous rocks in the Mincoka Belt have been
advanced. Ogawa & Taniguchi (|988) proposed
The ©hstence of a Tertiary occanic plate, ‘the
Mineoka Plate’, based on peochemical data and
preliminary radiometric ages of basalts {Kaneoka
ef al. 1980), and gravity data {or the southem
Boso Peninsula (Tonouchi 1981). This hypothesis
was supported by a recem peophysical sindy by
Fuyiwara er al. (1999}, who reporied the magnetic
structures in the southern Boso Peninsula and
demonstrated thut the Mincoks Beli consists of
Tragments of on oceanic phfe.

Arai and cowarkers (c.p. Uchida & Arai 1978,
Arai & Takahashi 1988; Awi 1991} reported
petrological and mineralogical characieristics of
ultramaiic rocks i the Mincoka Beli and con-
cluded that they are analogaes of abyssal peride-
tites,  Arai (1991)  proposed  that peridelifes

From: D ERC Y, & Resapesos YT geds) 2003, Ophinfites in Eorth Histery, Geologien) Sociens:, London,
Speciad Publications. 218, F 20 030487100355 0 The Geological Society of Londos U
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"l' © Fig. 1. Bathymetric map (500 m contour interval) of Ihe
NW Pacific and eastem Philippine Sea Plate,

beneath the Shikoku Basin inlruded inlo the sea
floer and were then acercted o the Honshu arc.
Fujioka ef al. (1995) inferred that serpentinite in
senmounts of the [zu-Cgasawara—Mariana forearc
arend had been accreted to the Honshu are, based
on he similar mode of occurrence of serpenti-
nized peridotites in both areas. However, Salo &
Opawa (2000) disputed the forearc serpentinite
seamount origin for peridotiles in the Mineoka
Belt, based on petrological and mineralogical
characteristics, and concluded that the Mineoka
Plate hypothesis proposed by Ogawa & Taniguchi
(1988) is a plausible explanation for the origin of
1he Mineoka ophlohle However, ﬂle {eclonic

_still un still unresobved. N o \;-‘_; Leee e o senteent

To discuss the origin of the ophiolitic rock A
assemblage in the Minecka Belt and its implica-
tions for the tectonics of the Paleogene NW
Pacific ‘area, we Teed precise geochem:ca] and
geochronolog,)cal data from the igneous rocks.
Thus, in this paper, we describe and discuss the
major and irace element geochemistry and ages of
the igneous rocks in the Mineoka ophiolite. We
allempt 10 use these data to unravel the evolution
of these complicated ophiolilic assemblapes.
Qcean-floor deformation of the Mincoka_ophiolile

has been, doc_ymt:mchn 4._companion paper by

—

Geology of the Mineoka Belt

The Minecka Belt, defined as a 5 km wide, east—.
west-trending fault zone, occupies the southern

140°00'E

2] Quaternary
[ Miura Group
Sakuma Group
Hota Group
= {auli

Mrneoka Group :
=3 Kamilsuha & Alagoyama Formations

D Arakawa Formation (alkali-basall & shale elc.)
HEH Shiralaki Formation (cher & pelagic limestone)

Kamagawa
Harbar

5 km

B8 igneous rocks (basaltic rocks & plutonic racks elc.)

A uliramafic rocks (serpentinile}

Pl 2. Index map of the Mineolea Beht afier Mirano & Okozava (20023,
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part of the Boso Peninsula in central
extending from Kamogawa Harbouwr in the east 1o

“TRGE Beach in the west (Fig. 2). Sedimentary

rocks jn the lzu foreare have accreted (o the Japan
forearc along the Sagami Trough, and several
accretionary prisms have formed on the sowhem
edge of the Minccka Belt belween the esrly
Miocene and the present {Ogawa er al. 1985; Saito
1992}, The forearc basin sedimenis cover the
eorlier accretionary prisms unconformably. Be-
cause the middie Miocene Sakuma Group in the
western Mineoka Belt is the oldest geological unit,
and because it includes clasts of the Mmeoka
om, we _jnfer that these rocks
underwent the same processes of accretion and
emplacement. The pelagic sedimentary rocks,
such as limestone and chent, fortn an almost
continuous sequence ranging in age from late
Paleccene 1o mid=Miocene, or from 55 1o 17 Ma
(Mohijuddin & Ogawa 1998),

In map view, most of the igneous rocks are
rounded 10 lozenge-shaped and range ﬁ_gm_mel:e
to kilometre scale. They are surfounded by, or in
faull contact with, the Mineoka Group (parl of the
Shimanto Supergroup, probably Paleogene in age:
Nakajima ef af. 198t; Qpawa er al. 1985; Wata-
nabe & lijima_1989), Hota Group (latest Oligo-
cene lo mid-Miocene: Saito 1992; Suzuki er al,
1996), Sakuma Group {mid-Miocene: Sailo 1992)

Jlapan,_

and serpentinized ulramafic bodies (Fig. 2). Ba-
saltic rocks consist mostly of tholeiitic and rarely
alkati-olivine pillow Javas (Tazaki & Inomata
1980; Ogawa & Taniguchi 198800 the Mineoka
Sengen area (Fig. 2), Cyprus-typie timber deposits
locally occur above the pillow basalts (Tazaki ef
al. 1980; Jijima ef al, 1990).

Pelagic 1o hemipelagic and lerrigenous sedi-
ments were deposited from Eocene to mid-Mio-
cene lime, and are now incorporaled inlo the
Mineoka Bell. In the Hegurinaka and Toge areas
(Fig. 2), a sequence of basaltic clastic sandstone
and conglomerate, micritic limesione, glaucanitic
shale and siliceous shale overlie alkali-basall sheet
flows (Arakawa Formation in Fig. 2) (Ogawa
1983; Takahashi 1994, Hirano & Okuzawa 2002).

Basallic clastic sedlmcms mainly include frag-

ments of alkali-basalts, with some fossils of
““benihic foraminifers, oysters and corals (Takahashi
1994; Mohiuddin & Ogawa 1996, Hirano &
QOkuzawa 2002), Mochiuddin & Ogawa (1996)
reported mid-Eocene to early Oligocene and early
to mid-Miocene foraminifers ffom these micritic
limestones in the Hegurinaka area, Ogawa (1981)
and Sailo (1992) reported early Miocene radio-
raliaus from the siliceous shale,

Tholetitic pillow lavas are the dominant basaltic
rock type in theopliolite. They are concentraied
in the eastem parl of the belt as large blocks

Table |. Geochemical compositions af bulk-rack sumples

Sample: BM391  BMIYBT] BM2IBT? BM25BY3 BMIDSY BMO75G)  BMOKSG2? BM2ISGI BM245G4  BMI2SGG  BM29SGS
Rock type:  thodeipe  1heleiite thelciite tholeiite thelviile tholeiite tholeiite elkali-basaly tholciine tholetite thaleiite
wdl

5i0s 41.BR 41,92 47.RR 49.48 19.8) 5075 4R 45 48.61 48.03 AR08 47,59
TiD, X ] 1.64 1.63 1.5 2.26 LI 1.7 2.3) 1.0 1.8 4R
Al Oy 1% 14.09 14.50 14.93 14.38 131.32 13.41 11.73 13.67 14.2% 14.39
Feath 110 k%11 .00 599 5.69 508 .46 773 0.53 5658 d.4d
FeQ (93] 744 1.8 J.98 423 5.04 4.63 820 n 184 150
MnO 0.2} 01K 017 U585 LA .19 .22 .24 .21 0.3% 214
MgO 519 mm 7.7 0.55 B .50 (L] 6.49 010 5.4y 63|
Cad 1.95 944 1n.n? 9.5 10,53 9,63 1146 Ha2 503 .2y 11.74
Na.0 1.0k 187 an +.27 33K 3Bl 134 4.44 3.08 127 167
K:0 0.20 0.26 Al .29 38 n.54 058 0.54 1.25 19 0k
P10 0.26 015 .14 0.2 2 on 0.16 .24 0,24 (313 0.2
H,0" 27 13 L5h 1.55 .15 .51 267 242 .19 1.A7 4.51
H.0" 077 0.56 1.30 1.2 112 .72 06.20 1.57 2.60 X .62
Tond k0.0 108,00 108140 R0 1001 1040 tog.00 10000 100.00 100.00 19040
Bpm

Ba 2.7 23 EL| 2126 .5 3.0 #0.6 1.9 Q4 12.5 22
Ce 181 Mib o3 7.4 19.7 15.7 11,2 1.0 0.5 nd 14.3
Co 41.3 504 51 555 415 50 R XN | Sy 374 49.R
Cr 4.7 336 254 3RS 136 HH 290 154 M7 228 274
Cia 194 159 17.7 176 101 17.3 16,0 21.2 20.2 170 16.7
Nb 73 54 4.3 4.9 a9 .7 a0 1.2 &2 ] 30
Wi 2.2 1 uhg 16l [ ug.2 113 6.2 St BRI (L8]
] 0.4 1o i.h 0.2 1y v " e 12 0y 17
Rh LIRY 1.7 r 04 a7 63 13.0 4 17.9 1 fid
&r LM 18X 145 175 133 in? HE il H1 180 204
Th 2l Ir n Ir W 1r v Ir 1 " Ir

v EEH 1 hLY 320 b 01 s M i A8¥ M

3 LR 3.7 ERR 24 482 2.2 4 wa EEN| Jikh s
Zr st R4 W R 132 (kU] o3 LUN 150 122 104
. mee.

—126—

e TE 135 0 ey piflon:



MINEOKA OPHIOLITE, JAPAN

{severa] hundred metres 1w 1000 m scale) in fault  phiions or dykes (Nakajima er af. 1981 Salo ¢f al.
contact with serpentinite and terrigenous or wilac-  1599).

eous clastic rocks. In the Mincoka Sengen area in
particular {Fig, 2). Jarge basah blocks, some
100 m across. are abundunl. The pillow lavas are
close-packed and only rarcly intruded by doleritic  The basaltic and aiher intrusive rocks fiom the.
dykes (Fig, 3a and b). In the Benten-jima, Kamo-  Mineoks opliolite were analysed By- XZray Nluores-
gawa Harbour, al the castern tip of the Mincoka  cence (XRF) for major and trace clements. Afier
Belt, three blocks of pillow basalt and dolerite  excluding the altered parls and some secondary
dykes are in faull contact (Takahashi ef af. 2003).  veins, all sumples were splil and pulverized. HoO™
Alkali-basalts are distributed in the central Mine-  and Joss on ignition (LOI) were determined a1 110
oka Bell and occur as sheet flows (Fig. 3¢} or and 900°C_ (4 h). Specimens for analysis were
vesicular pillow basall. Locally, some sheet flows  prepared by mixing 3.6g of flux (anhydrous
gre_made of picrilic lavas {Fig. 3c). Hirano &  lithium tetraborate) and 1.8 g of powdered sample
Olkuzawa (2002) analysed sandsione xenoliths in-  and fusing the mixture into glass beads following
cluded in the alkali-basalt sheet flows in the Toge the methed of Kimura & Yamada (1996). A
arca (Fig. 3d), and concluded that they were Rigaku RIX 2000 X-ray fiuorescence spectromeler
picked up during, eruption because the basalt is  was used at the Department of Geology, Faculty
chilled against the xenoliths. The sandsione is  of Education, Fukushima University, Analytical
terrigenous, mainly composed of quartz, plagio- methods and statistical data have been given by
clase, datolite (2 low-temperature secondary repla-  Kimura & Yamada (1996), The résulls are recal-
cement mineral, borasilicate, CaBSiO4(0H)) and  culated 1o total 100% 1o insert the H,O~ and LO.
silicic voleanic fragments, and is similar in com-  FeO was delermined by potassium permanganate

Petrography and geochemistry

position to the sandstone in the Mineoka Group liteation, All geochemical dala are listed in r
(Hirano & Okuzawa 2002), Table 1. PR—
Although the lavas occur with massive ultrama- Based an Harker diagrams, the igneous rocks of

fic rocks or Tertiary sedimentary rocks, the rela-  the Mineoka ophiclite are divided into sub-alkali
tive ages are unknown because they occur as  and alkali varieties (Mivashiro 1978) (Fip. 4a).
lectonic blocks. Diorites and gabbros in the However, Na and X may be prone 10 modification
serpentinite are interprelcd as originally intrusive by alleration. To_determine the original magma

BMOGHS  BMIINSGM  BMUANG]  BMO4HG2  BMODSHG3  BM26SK BMIAFG BMISSNJ BMMIYD  BMMIRS  BMIXGSCH

thaleiire picrite basah  atkah-basah  alkeli-basah  tholefile thnleiite gabbro diprite dirrite pabbro pr.schist
49.35 41.11 4102 47.23 47.94 a7 47.00 549.89 SB.AH 19,33 4% H
1.72 1.54 250 320 2.09 1.24 1,32 0.54 0.38 12 119
13.75 1.26 1183 13.50 13.87 14.51 25.51 17.04 1874 14.25 14.dh
402 6.90 (Y] 4.5y 486 597 1.70 0 20K L6 490
6.19 447 560 (R 0.08 333 227 3.28 11 526 RX D]
0.28 0.5 a7 016 0.20 ©rs 00T 0.a9 .68 ik 017
7.9 24.28 1.hl R4 724 1.60 186 378 351 K72 %29
9.4) 5.68 v.43 5.0 906 10.21 9.1 641 7.38 LA 1140
4,10 0.34 234 3,50 117 17 406 4,83 kY 440 210
008 0.10 027 .93 [} 0.59 0.50 0.A7 .48 125 044
0.14 [ 032 .37 0.23 u.l6 0.0l 046 .04 102 0.0
232 7.3} 553 285 297 2.47 Alh 137 123 A0s 216
0.70 0.69 116 n.s2 1.04 0.79 u40 013 022 [T (]
10441 100.00 VL0 JO0. 100.00 100.00 100.00 100,40 10004 1060118 190,00
a2 a3.2 a4 35 anR 7.2 164 9.3 A2 Yt 28
10.4 7.5 35N 418 1541 1.5 Ir 7.00 1.00 ) 22
49.7 106 (A 382 6 £22 b 204 232 104 5y
[E11] IR48 £32 146 w7 4l w7 473 L] A% 3
17.3 110 anh 19.4 17.9 173 150 159 172 12 152
. 1.4 25 kX 04 L 08 10 0 1 2l
06,3 i 3K 109 137 103 7.2 K15 0.2 [AD] oh0
ir [[X) [ i u N " u 02 11 ni
I 3 KR | wY ur by T 14 LI " bl
130 w4 238 g 262 132 (& 211 it 13 ny
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Fig. 4. (n) 8i0;—total alkali diagram, Nomenclature of
valcanic rocks is after Cox er al. (197%). Continuous Jine
dividing alkalic and sub-alkalic mapma series is from
Miwashiro {1978). Picrite basall (BM32NSGM) is not
plotied. (1) PO« -Zr dingram, (c) FeO* - FeQ* /Mp0
diggram (Miyashiro 1973). Continuous line and doned
tines show e abyssal tholeiite und valeanic rocks in
several ares (Mivashiro 1973). TH, thaleiite; AL. alkuli-
basalts; CA, eale-alkaline series, Squares and circles,
tholciitic basalts; winngles, sikali-basshs; sars and
crasses, pilbbra and diorite. respectively; open riangles,
datiz from Hirane & Olzawg (2002),

compositions. we used the PaOs~Zr diagram (Fig.
4b) (Winchester & Floyd 1976). Many samples,
shown by squares and one circle, are ‘high-alkali
thaleiite”, which occurs as close-packed pillow
Javas and aphyric basalts in the Mineoka Beh.
Also present are alkali-basalts {BMO3HGI,
BMO4HG2, BM215G3), shown by two ihangles
and one circle, which conlain olivine and clino-
pyraxene phenoerysis and occur as sheeted lava
flows with some picrite baselts or vesicular pillow
Javas mainly in the western Mineoka Belt (Hirano
& Okuzawa 2002}, However, s_non-veSicular,
aphyric alkali-basalt sample (BM213G3), shown
by a circle, is from_ Minecoka Sengen, where
tholelitic  basalts dominale. Another sample,
BM32NSGM, not plotted in Figure 4, shows the
composition of groundmass separated from the
picrite basalt, Many tholeiitic samples are charac-
terized by high FeO* (FeO + 0.9Fez0:) and
high TiO; (FeO*/MgD >1.4wi% and TiO;
>2.0 wi%), Tholejitic basalis lie along the trend
of abyssal tholeiite in Figure 4c. _

Diorites are composed of euhedral plagioclase, |
subhedral 1o anhedral hormblende and anhedral
quartz. Other minor minerals include orthopyrox-
ene in sample BM31-YDD2 and secondary chlorite
replacing amphibole in BM28-§N). Gabbros are
mainly composed of euhedral homblende and
anhedral plagioclase, The sample BM3ORS in-
cludes rare orthopyroxene in hornblende crysials,
Semple BMI4FG has very high ALO; (27 wi%;
Tabie 1), sugpesiing that it is a plagioclase-rich
cumuiate; however, it is difficult 10 identify the
original magma type of the gabbros.

All the basaltic rocks were plotled on the
discrimination diagrams of Pearce & Norry (1979)
and Pearce & Cann (1973) (Fig. 5a—c) and pormal
mid-ocean ridge basall (N-MQRB} normalized
spidergrams of Pearce (1983) (Fig. 5d-p). The
basaltic rocks fall inle the fields of acean-floor
basalts (OFB or MORB), island arc basalts (1AB

LKT) samples BM25BT3 and BM21SG3) and

or(L ) 'T3_and BM
oc‘g’.iri‘ isfland 53835 TO1B or within-plate bagalis lh_\m K ‘i’(-l.rfﬁ(.'f-g-

(WPB), samples BMO3HGI, BMO4HG2 and
BM3I2ZNSGM) (Fig. 5a and b). Alkali-basalts from
the central Mincoka Belt reported by Hirano &
Okuzawa (2002), are shown by open triangles in
some plots and a fine Hne in Fig, Se, and are the
same 1ype of rocks as OB of this study.

Geochronology
K-Ar dating

Hornblende and piagiaclase separaies from dior-
fes (sample BM28SNI from the Kawnaguehi re-
gion and BMAIYD2 from the Yamada region) and
gablro {(BMIAFG from the Futnge region) were
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Fig. 5, Discrimination disgrams for incompatible trace
elements. Symbols are as in Figure 4. In this figure,
tholeiitic basalts can be divided into ocean floor basalts
{OFB and MORB) and island are related basalts (LKT
and 1AB), (a) Zs/Y -Zr plot (Peurce & Norry 1979,
Pearce 1983). (b) Ternary plot of Zr-Ti/100-3Y {Pearce
& Cann 1973). (¢) Ternary ploy of Zr~Tif100-S1/2 for
samples plotted in OFB & LKT & CAR area of ()
(Pearce & Cann 1973). (d-g) N-MOCRB normalized
spider dingrams for each of the type basalls (OFB, QIB
and 1AB) and gabbros, respectively. Fine lines in (e) are
after Hirano & Okuzawa (2002). o

analysed by the K—Ar method. The samples were
crushed to 30-50 mesh and minerals were sepa-
rated into mafic and felsic groups using an
ispdynamic separator. Homblende was separated
from the other mafic minerals by heavy liquids.
Potassium anpalyses were carried out by XRF using
a Phillips PW1404 svstem at the Universily of
Tsukuba. Based on Nakano er al. (1997), we
estimated 5% error in the potassium conlent,

Table 2. K-~ Ar age results
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(E)DDSr K Rb Ba Th Nb Ce P Zr

T

Argon isotopic analyses with "$Ar spike were
carried owt al Yamagata Universily. The anabylical
metheds have beeri described by Saite ef of.

(1991},

The K~Ar ages are summarized in Table 2.
Experimental errors are shown as jo, Some of
these K-Ar dates will need w be confirmed by
other methods, such as ArAr. From sample
BM285NJ, we obtained ages of 27.9 £ 1.8 Ma for

Sample Rock Mineral Kiwi %)  “AarfAr Radiogenic *"Ar  Air Ape (Ma)
) {10~7 STP content
enit p~h (%)
BM2ESNT Diarite Hombiende il 52+ 0.0 1.87 4 008 73 279418
Phaginchse 0.312 IT3IL 20 2951 0,09 Y 241 %14
{An3y
BM3IYD Diovite  NHomblende (1LY 567.7 £ 6.0 1.59 4: 0.03 82 4092 2.
BMI4rG Gublro  Homblende 0121 4553 % 4.3 LON £ (L3 i RN
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hornblende and 24.1 = 1.4 Ma for plagioctase,
Hara er al. (1989) reporied a fission-trock age of
349 £ 1.5Ma on zircon from diorle in the
Yamada area, which is from the same site a5
sample BM31-YD2, from which we obtained a
K-Ar age of 40.9 & 2.] Ma en homblende. Clo-
sure lemperatures of plagioclase in he K-Ar
system and zircon in the fission-track system are
lower than the closure temperature of homblende,
Therefore, in plutonic rocks hornblende ages are
older than plagioclase and zircon ages, The
homblende in gabbro sample BM14FG has an age
of 353 & 1.9 Ma.

Ar/Ar dating

Samples of tholeiitic basalt (BM591) and alkali-
basalt (BM04HG2) were also analysed by the
WarAr method. All samples were crushed to
50-100 mesh grains, were wrapped in aluminium
foil and sealed in quariz vials (70 mm in length,
10mm in diameter) under vacuum, with flux
moniters biotite (HD-B1), K;50, and CaFa The
samples were irradiated for 24 h in the Japan
Material Tesling Reactor {(JMTRY), Tohoku Univer-
sity. During the, irradiation, the samples were
shielded by Cd foil 10 reduce thermal neutron-
induced *®Ar production from *K (Sailo 1994).
The Ar extraclion and Ar isotopic analyses were
carried out at Yamagata University. The samples
were incrementally heated 1o 1500°C in a Ma
crucible by induclion heating. Gases were ex-
tracted in eight or nine steps belween 600 and

Table 3. Ar/Ar age results

1500 *C. The analylical methods have been de-
scribed by Saita er af. (1991). The resulis of the
ArfAr dating are summarized in Table 3. Al
errors are shown as 20,

Sample BM3%), a tholeiite from Kamogawa
Harbour, has an age of 494 13 Ma (Fig. 6a).
Because of the very low K in tholeiitic basalt, the
ertor is large al the 95% confidence level. The
two Jower temperature fractions and the highést
temperature fraction may conlain excess argon
and are omitted from the age determination.
Sample BMO4HG2, an alkali-basalt from the
Megurinaka region, yielded a good age of
19.62 4 0.90 Ma based on three lower temperature
fractions, which contain more than 88% 3%Ar in
the gas conlents (Fig. 6b).

Discussion

We discuss here the relation between the mode of
occurrence, geochemistry and radiometric ages of
the basaltic and other igneous rocks from the
Mineoka ophiolite 10 verify the origin and tectonic
implications of these rock assemblages. As de-
scribed above, the ophiolitic rocks are composed
mainly of tholeiitic pillow basalts and doleritic
sheeted dykes, alkali-basallic sheet flows, and
dioritic 1o gabbroic rocks. Some tholeiitic basalts
are Fe—Ti-basalt, and are considered to be fractio-
nation products of oceanic tholeiite magmas (Mel-
son & O'Hearn 1979). Such rocks are rare in
island-are tholejites. Moreover, most of tholeiitic
basalts have trace element compositions typical of

Temperature (°C) A Ar 3 ArftAr ¥ At ar B ar (%) Age (Ma)
(%107 (% 107H (X 10°%)
8MI91, tholeiite (3= 0.00457 £ 0.00014)
600 2594 1.8 02445 0.24 £0.14 24 {65+ 33) X 10
900 2607£1.6 7.5%22 [.9] £ 0,13 10.4 39+ 21
1000 2603 1.6 19.1 £ 1.6 4.01 £ ¢.12 14.2 455+ 9.7
1100 262+ 1.6 193:£ 1.3 3.65+0.19 25,7 5011
1200 304%1.1 164149 2321012 13.1 641
1300 289:+1.6 14546 1.73+£ 01 9.3 68 £ 22
1400 77%10 210 2,778 £ 0.096 6.5 534192
1500 31.09 + 0.86 26.1 £ 4.5 1.364 = 0.022 7.0 48 % 14
1550 172.7+£ 1.6 63:£12 2,789 & 0.054 11.4 1364 14
BMOHG2, alkali-busalt (1= 0.002890 + 0.000065)
600 176:£2.9 5324079 11.24 £ 0.25 18.7 2115
S00 J6£209 4,07 4 0.36 24.82 £ 0.26 482 18.70 & 0.59
1000 64 %20 B.21 £ 0.66 21,56 £ 0.20 214 1953 £ 0.70
110 13.24£3.8 208435 7.92 4+ (.24 2.7 3984 6.7
1200 274+ 2.9 50424 469 %016 1.8 2.1+ 725
1300 B0L23 524 1.2 2994+ 0.6 2.4 26904 7.3
1400 03£1.9 7.10 £ 0.67 1.93 £ 1,12 28 2810
1500 34 +2.] 4.00 £ 0.9 LS712 0.0 1.9 44 57

Tor BMSH, (AP A = (8,57 £ 0220 X 107 (MAr/TA, = (2233 0.67)X S (0Ar/PARg = (143 3 0.90) X 1077,
For BMIMUGL (AT Are, = (L0222 Q080 X% 107 1Y AT A, e 1804 3 0.48) X 1050 (A AR s neglected,
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Fig. 6. Ar/Ar ape resulis, AP Ar-"* AP Ar isochrons and age spectra of sampte BM591 (a) and sample

BMUO4HG2 {b), respectively.

ocean-floor basall. Two alkali-basalls and one
picrite basalt (samples BMO3HG!, BM04HG2 and
BM32NSGM) have & within-plate affinity. In the
ceniral Mineoka Belt, Hirano & Okuzawa (2002)
reported & sequence of sheeted lavas of alkali-
basalt and picrite basalt, suggesting that these
types are related. Anoiher alkali-basalt (sample
BM215G3), one tholeiite (sumple BM25BT3) and
the diorites are from island arc type magmas. The
original magma type of the gabbros is unknown
because they are mineralogicaly heferogeneous.
At/Ar and K—Ar dates vield ages of 49 £ 13 Ma
for the tholeiite (Fe~Ti-basalls; BM591), 19.62 &
0.90 Ma for alkali-basalts (BM04HG2), and c. 25,
35 and 40 Ma for the pluionic rocks (two dioriles
and pabbra). A prefiminary Ar/Ar age by Kancoka
et al. (1980) (40-50 Mu) approximsicly aprees
with our age for sample BM591.

The pelagic sedimentary rocks, such as lime-
stone and chert of the Kamogaws Group, range in
age from Jale Paleocene 1o mid-Migeene, e,
roughly from 17 10 55 Ma (Mohinddin & Ogawa

1998). Some stratigraphic gaps, possible hiatuses,
are included within these successions, but the
group may correspond to.pclapic deposits on
an oceanic plate. The mid-Eocene to early Oligo-
cene micritic limestone {Hegurinaka Limesione;
Mohiuddin & Ogawa 1998} is associsted wilh
conformable sequences of wlkali-basall, basaliic
sandstone, glauconitic shale, micritic limestone
and siliceous shale in the Hepurinaka area. The
Heguringka Limestone differs in ape from the
Early Miocene alkali-basalt, micritic limestone
(Heguri Formation; Mohiuddin & Ogawa 1998)
and siliceous shale (Arokawn Formation; Saito
1692, Molviuddin & Ogawa 1998), suggesting that
it consists of tectonic blocks in fault contaet with
the Early Miocene sequencces.

Where was the Mincoka ophiolite formed?

Previous studies sugpesied thiee maodels Tor she
tectonic evalution of the Paleogene Philippine Sen
Plate and the Pacilic Plae. In maodel 1L the
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Philippine Sea Plate separated from the Kula Plate
and was juxiaposed with the Pacific Plate by a

north-south-trending transform fault before initia-

tion of subduction of the Pacific Plate. The TTT
triple junction has remained near ils present
position (Matsuda 1978), Model 2 sugpests that
the Philippine Sea Plaic and the TTT uiple
junction drifled eastward along the SE Jopan
margin (Seno & Maruyama 1984; Hall ef ol
1995), whereas model 3 calls for southwestward
drift of the Philippine Sea Plate and the TTT triple
junction along the NE margin of Japan (Olsuki
1950). Koyama ef af, (1992) presented palacomag-
netic evidence for a clockwise rotation of the lzu—
Ogasawara forearc region and northeastward drift
of the Philippine Sea Plaic afier the earty Oligo-
cene, which supports model 2. In mode} 2, the
Paleogene island arcs, such as the Ogasawara and
Manana Arcs and Kyushu-Palau Ridge, were
originally distributed along the northern margin of
the Philippine Sea Plate. This requires a south-
ward subduction of the adjacent platc in the nerth
{Fig. 7). However, the inferred southward subduc-
tion of the Pacific Plate under these island arcs is

protlemalic, because THE Pacilic PTale was moving

NNW before 43 Ma (see Wesse] & Kroenke 1998)
{Fig. 7). To infill the area nonh of the Paleopene
Plnllppme Sea Plate, there  might have been
another oceanic plate, the Mineoka Plate (Opawa
& Taniguchi 1988), ‘a5 the counterpart of the
ﬁ"ﬂ’f\’ew Giitnea Plafe (seno 1984).

In the Phlhppme Sea Platc at present, there are
some extinct back-arc basins and active and
extinet island arcs (Fig. B). Paleogene basalls are
disiributed in the Ogasawara and Mariana Arcs
and West Philippine Basin (e.g. Senoe & Maruya-
ma 1984}, The Ogasawara and Mariana Arcs,
however, did not produce Fe-Ti-basalts bul rather
boninitg and low-Ti bafalt or calg-alkaline rocks
(Kuroda ef al. 1978; Reagan & Maijer_1984). If
the 49 & 13 Ma tholeiitic basalt in the Mineoka
ophiolite were part of the Philippine Sea Plate, il
might have originated in the 35-60 Ma West
Philippine Basin (Hilde & Lee 1984), However,
the Cretaceous Amami Plateau isclated the Mine-
oka ophiolite from the West Philippine Basin cven
before the opening of the Shikoku and Parece Vela
Basins (12~25 and 17-30 Ma, respectively; Okino
ef al. 1994, 1999). In addition, the Mincoka
ophiolite cannof have come from the Pacific Plate,
because it comtains only Jurassic and Crelaceous
ocean-floor basalis and seamounts (Takigami er af,
1989; Pringle & Duncan 1995, Hirano er al.
2002),

Hecuuse the apes of the igneocus rocks in the
Mineokn Bell are inconsistent with all known apes
from the Pacific Plolc and the Philippine Sea
Plate, we infer that the Mineoka ophiolitic assem-

Paleo-Japan
conlinental arc

Another
oceanic plale
? 7 7

ﬂﬂ

Phn'jg A
Sea Plate  1shnd sre voleanism
(Opasawarn & Maniana Islands & Kyushu-Palau Ridge}

Pacific Plate

Fig. 7. Plate tectonic reconstruction of the Philippine
Sea Plate before 43 Ma (Seno & Maruyama 1984;
Koyama er al, 1992; Hall er al. 1995). Another oceanic
plate that subducted from the north under the Philippine

+ Sea Plale is required because the Pacific Plate had NNW

absolute motion (Seno & Maruyama 1984},

blage was part of another oceanic plale, desig-
najed the ‘Mineoka Plate’ by Ogawa & Ta}nguchi
(1988) and Sato & Opawa (2000).

Eruption envirormment of the QIB in the
Mineoka ophiolite

Hirano & OQkuzawa (2002) reported sandsione
xenoliths in QIB-type alkali-basalt sheet flows in
the Mineoka Belt. The sandsione is composed of
terrigenous fragments such as plagioclase, guariz,
acidic voleanic fragments and datolite, and is not
similar {o the basallic sedimentary rocks and shale
conformably deposited on the alkali-basalts (Hir-
ano & Okuzawa 2002). The sandstone xenoliths
and the Ar/Ar age of sample BM0O4HG2 provide
important information about the geological setling
of this volcanism, indicating that the Mineoka
Belt alkali-basalts erapted near the palaeo-Japan
arc, which was a continental arc before the Japan
Sea opened around 15 Ma (Ctofuji & Matsuda
1983). O1B-like alkali-basalts are reparted from
ihe Kinan Seamounts in the centra] Shikoku Basin
(Ishii er &/, 2000; Salo ef al. 2003). Although the
Kinan Searmounts appear lo be a linear seamount
chain along the palaco-spreading cenire of the
Shikoku Basin, they are not of hotspotl origin
because they show noe age progression (Ishii ef al,
2000), These seamounts were probably formed
afler cessation of sprending in the Shikoku Basin.
The setting of the Kinan Seamounts nemr the
Nunkai Trawgh may be an analogue for the alkali-
basalt with sandstone  xenodiths, However, the
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alkali-basalts in the Mineoka Belt are around
20 Ma old, distinctly older than the OI1B-like
basaits of the Kinan Seamounts. The alkali-basalt
volcanism presumably accurred after the cessation
of back-arc rifting in the Mineoka Are, In that
case, the Mineoka Plaie might have been a back-
arc basin belore the alkali-basalt eruption a
20 Ma.

Conclusions

Sometime in the LFocene, probably about
49 4 13 Ma. tholeiitic basalls were generated as
ocean floor of the NMincoka Plale (Fig. 9a). How-
ever, the trace element data do not discriminate
betweenr a MORB or back-are basin _basalt
(BABB) setting for the Mineoka TholgiTiic basals.
The Pacific Plate had NNW absoluie motion
before 43 Ma (Wessel & Kroenke 1998}, and at
that time the very young Mineoka Plate and old
Pacific Plaie may have been juxtaposed either by a
transform faull or by a subducltion 2one. The
NNW-moving Pacific Plale may have subducted
under the Mineoka Plate before 43 Ma (Fig, 9a),

The Mineoka Plaie experienced island-arc vol-
canism at 25 and 40 Ma as a resull of subduction
initiated at a fracture zone or a transform fault
system, owing o a change in sbsalute mation of
the Pacific Plate from NNW 10 WNW at 43 Ma
{Wessel & Kroenke 1998) (Fig. 9b). The diorites
and island-arc basslis represent the products of
this intra-oceanic arc magmalisin (called 1he
‘Mineoka Arc’), which may have been small, with
only intermitient volcanism. Additional age dating
is needed for 2 more detailed discussion of the
Mineoka Arc. The two samples identified as island
arc basalt in this study are not dated, but may also
be from the Mineoka Arc. Rift volcanism asso-
ciated with back-arc basin opening might have
oceurred within the Mincoka Plate afier establish-
ment of this island arc. Eruption of the within-
plate-type alkali-basaits probably took place al
around 20 Ma on_the_Mineoka Group. pear-ihg
palaeo-Japan continental arc (Fig. 9¢).

These new iblerpretaijony are based on the
recognition of ¢.*25 and 40 Ma island arc magma-
lism associated with previous ophiolitic roeks, and
continent-proximal alkali-basalt formed at 20 Ma
(Fig. 9). Qur data and interpretations suppart the
idea of the existenct of a Mincoka Plale as
previously proposed by Opawa & Taniguchi
(1988) and Saio & Oyawa {2000). We conclude
that the ophialitic rocks in the Mineokn arca were
derived from the Mineoka Plate, nol fram the

.., Philippine Sea Plate or Pacifie Plate.

We apprecise the mformanive and helpfiad diseussions
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thank the stafi of the Institme for Material Researchy,
Tohoku University, for irradizting samples for AFAT
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ABSTRACT

Siliceous/calcareous sedimentary rocks from below pelagic sediments in the Pacific
plate section collected at Ocean Drilling Program (ODP) Leg 185, Site 1149, were studied for
silica mineral crystallization index, and the downhole increase of the index was confirmed.
The increase was shown in relation to the textural and mineralogical change of the rocks, and
the data set was presented.

INTRODUCTION

Siliceous pelagic sediments have been known to be crystallographically altered
during burial diagenesis (e.g. Hesse, 1990; Behl and Smith, 1992). In order to know the
gystematic downhole change of silicification, the Pacific plate section obtained from Qcean
Drilling Program (ODP) Leg 185, Site 1149, was checked, For collected samples of Early
Cretaceous age below the pelagic sediments (which are not so highly silicified), silica mineral
crystallization in the siliceous sedimentary rocks was determined by X-ray diffraction (XRD)
data, and the related textural change was shown by using scanning electron microscope
(SEM) photos. The methodology and results are shown below.

METHODOLOGY

All the works were held in University of Tsukuba, Japan, in 2000. We first made a
thin section from each sample, mostly perpendicular to the bedding, which is demarcated by
thin lamination. The rest of the samples, because some samples were separated into two or
more thin laminae, they are independently numbored and checked as individual specimen
(Table 1). The were partly powdered for XRD analysis, and the rest of the fragments were
etched by diluted HF for several hours for the surface observation by SEM. XRD analysis was
done by CuK e target with 200=1 min, voltage = 40 kV, current = 20 mA, from 50° to
3° 200. The detailed range from 69° +to 67° D00 was used for identification of silica
crystallinity index after Murata and Norman (1976}, as 10 X I X a/b, where F = 1.4
(tentatively), a = peak length at (212), and b = a - background height from the quintuplets for
opal-CT and quartz rocks. A standard sample of Brazilian quartz was used as the index = 10,
The d(101) spacing of cristobalite for eachpart of sample was also obtained. Representative
SEM photos are shown in Figures 1 to 5, and the silica crystallinity data and other sample
data reported omboard after Shipboard Scientific Party (2001) are shown in Table 1.
Diagrams of crystallinity index and porosity (adopted to the equivalent depth of the sample
from Initial Report; Shipboard Scientific Party (2001) versus depth are shown in Figure 6.

RESULTS

Samples cored below 180 meters below seafloor (mbsf), Units 11T and IV are already
known to be composed of almost biogenic siliceous, partly calcareous, pelagic sedimentary
rocks of Early Cretaceous age (Plank, Ludden, Escutia, et al., 2000; Shipboard Scientific
Party, 2001). In general it has been known that the Mesozoic pelagic siliceous sediments are
altered or recrystallized from porcelanite to chert descending to the cored depth, in
assoiciation with a silica phase change from opal-CT to quartz (e.g. Hesse, 1990; Behl and
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Smith, 1992), and as a result this tendency was generally adapted to our samples. Silica
crystallinity index and opal-CT d(101) spacing from XRD data (Table 1 and Figure 6) indicate
that, although locally the silica phase is higher than that below, the general trend is a
downhole increase of the index and spacing. Particularly the trace of the high value are
generally constant between 180 and 368.89 mbsf for Hole 1149B, until where the maximum
value of index attains only 2.31, averagely only 1.48, but suddenly increases at 387,74 mbsf to
3.91, averagely 3.06. Although there are rather valuable values of index to the depth, and
different in places between Holes 1149B, C, and D (Table 1), the general increase of
crystalinity index is recognized, at least the enveloping trace of high value for each zone of
depth (Figure 6).

Such tendency was confirmed also in the textural change seen by SEM photos in
accordance with the silica crystallinity increase. As for the relation between such
crystallinity increase to the textural and mineralogical change in Hole 1149B is as follows.
Between 180 and 245.40 mbsf, samples have both opal-CT and quartz (chalcedony) in the
cavity of sediments (including in the cavity of the radiolarian test), the latter becomes
dominant downward (as shown in Figures 1 to 3), but below 387.74 mbsf, almost cavitics are
filled with quartz (chalcedony) (Figures 4, 5).

Porosity and other logging data can also be correlated with those tendencies of silica
crystallization, but sporadic increases in porosity, in opposition to crystallinity increases, are
attributed to dehydration and associated cavity increases as opal-CT converts to quartz, as
well as within the quartz zone.

The obtained X-ray data are listed in Table 1 together with porosity data obtained
during the cruise, This may be attributed to the higher crystallinity mineral (opal-CT and
quartz) in the cavity of the sedimentary rocks. Such increase of index and crystal growth may
be due to the burial diagnesis.

SUMMARY AND CONCLUSIONS

The silica index is generally increases downhole with some sporadic high and low
values. The trace of the large index number (better crystallized line) increase to support the
sporadic increase of the crystallinity of silica minerals.
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Table 1 List of samples with d(101) spacing of crystobalite (obtained in this study), porosity
(obtained onhoard; Shipboard Scientific Party, 2001), and silica crystallinity index
(obtained in this study).

sumple No. lnterval Sub-Bottom d(101) 28 Poresity C.L

HolyCore-Beol__{cm) __ Depth{m) (%)
Branl Quarkr 10 113
A-21~co-1  (41-43) 179.51 21,75
A=21-cc-2 179,61 1.7
A-21-00~3 179.51 217
A=2|~co~4 170.51 216 2.31
A-21-ge~5 178,51 27 222
A-23-1-1 (2-5} 100.82 21.8 18.00
A-23-1-2 190.52 214
B-4-1-1 (22-24) 180,22 21.7 20.70
B-4-1-2 180,22 21,85
B-4-1-3 180.22 21,8
Br4-1-4 180,22 21,85
B-5-1 (4-8) 180.44 1.80 148
Bg-1~1 {(30-33) 189.00 21.8 18.20
B~8-1-2 199,00 21.8
B~1-1~1 (8-31 203.78 21,80 20.90
B-7-1-2 203.18 21,75
B~71-1-3 203.78 21.75
B-g-1-1 (10~13)  208.20 1.80
B8-g~1-1 (19-25) 21750 280 113
8~p-1-(34) (3437 211.74 1.32
B~10~1-1  (12~14)  220.52 410
B~10~1-2 220.92
B~1-1-1  (23-28)  234.53 21.85 2600
B~12-co~1  {0-3) 245.40 21.8 1.37
B~13-1-1 (6-10) 254.68 2198 1700 181
B~14-1=1 {0-4) 263.00 21.8 31.650
g-10~i-1  (65~57) 28285 22 43.90
B-17-1-1 (6-8) 282,05 218 2570
B~18~1-1  (83-68) 301,78 36.10
B-18-1-2 301.76
B-19-1-1  (29-3)  311.60 29.40
B-20-1-1  (94-100)  321.84
B~21-co (11~13) 33081 2.30
B-z2-i-1  (32-35} 34042 32.60
B-22-1-2 340.42 0,68
B-22-1-3 340,42
B-23-1-1 (37 340.13 2.50
B~23-1-2 390,73
B~23=1~3 340.73
B~24-1-1  (31~33)  358.51 370 148
B-24~1-2 358.61
8-25-1-1 {19~23} 368.89 1,80
B~26~1-2 368.89 0.09
B-26-1-1  (39-44)  378.40 410
B-27-1~1  (14~18) 38714 A70 M
B-27-1-2 387,74 18
B-28-1~1 G-11) 397,18 1010 279
0-28-1-2 397.89 4.21
B-28-1-3 397.19 4.28
B-28-2-1  {127-130) 398,78 3220 132
B-28-2-2 398,78 277
B-28-1~1  (B1-84)  407.41 23.10
O-1-1-1 (88-104) 237.00
O-1-1~2 237.00 21,15
C-1-2-1 (1-10) 237,00 122
C-1-2-2 237,00 221 1.48
C-2-1~1 (24-31) 23124 221
0-2-1-2 237.24 21,88 278
C-2-1-3 237,24 21.8
G-3-1-1 (54-68)  204.14 22 44,10
G411 (21-24) 2034 L7057
C-4-1-2 293.4 1.50
C-§-1-1 (7~18) 30287 240 282
G-g-1-{ (34-42) 32N 630 380
C-g~1~2 HLM 68,48
G~71-1-1 {0-5) 322,00
0-7-1-2 322.00
C-7-1-3 322.00
C-8=~1=1  (107-110) 38000 4,67
0-8-1-2 380,00 248
C-g-1-3 (27-20) 39817
G-9-1-2 398,17
6-9-1-3 398,17
D-2-1-1 (23-28) 27243 510
D-2-1~2 27243 6.01
B-3-1-1 (5-1 281,68 .23
D-3-1-2 281.85 1.70
D-4-1-1 (49-51) 201.34 2.20

291,34
D-5-1-1 (14-16) __300.44 8.00
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Figure 1 SEM photo of Sample 185-1149B-11R-1, 23-26 cm, (236.53 mbsf), showing opal-CT
lepisphere in the center with quartz (chalcedony) on the left in a radiclarian test..

Figure 2 SEM photo of éample 185-1149B-12R-CC, 0-3 cm (245.40 mbsf), showing quartz
(chalcedony) occupying the cavities between radiolarian tests.
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Figure 3 SEM photo of Sample 185-1149B-12R-CC, 0-3 cm (245.40 mbsf), showing opal-CT
lepisphere also occupying the cavity.

Figure 4 SEM photo of Sample 185-1149B-14R-CC, 0-4 m (263.90 mbsf), showing quartz
{chalcedony) occupying a radiolarian test,
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Figure 5 SEM photo of Sample 185-1149B-28R-1, 9-11 cm (397.19 mbsD), showing
micro-crystalline quartz and chalecedony in the calcareous laminae,
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Figures 6 Diagram of porosity (after Shipboard Scientific Party (2001) to the equivalent level),
and silica index of data only from IHole 185-1149B (obtained in this study) versus depth
mbsf. Refer to Table 1 as well.
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Fluid flow patterns through impermeable rocks where flow is controlled by
faults and fractures can be complex. In accretionary prisms the principal driving
mechanism for flow is rapid burial and exists in the opposite direction from the
convergence vector. Dileonardo et al. (2002) explore the potential for flow oblique to
convergence along the decollement zone in the toe area of the northern Barbados ridge
accretionary prism. Using various seismic reflection data volumes to investigate
basement-controlled strike-slip faults below the decollement, they infer an ENE-grain
defined by faults that have propagated upward from the ocean crust but then largely
become detached at the decollement. Although earlier studies identified these faults in
the ocean crust (Shipley et al., 1994; Bangs et al., 1996, 1999), the combined use of
amplitude (both polarity and intensity) and coherency volumes by Dileonardo et al.
(2002) further elucidated these faults and their inmpact on the subducting sedimentary
column and the decollement zone. Dileonardo et al. (2002) further suggested that this
ENE-fault pattern created a component of margin-oblique fluid flow. The focus of our
discussion is to further develop the question of how these faults influence flow along the
decollement and whether other processes may have a comparable or perhaps greater
control on flow.

Our first point is that there exists both in the amplitude map of and the
coherence map sculpted from the decollement zone a secondary, N-S fabric overlooked in
the Dileonardo et al. paper (their Fig. 3). Although Dileonardo et al. interpret a
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series of NNE-trending normal faults (Fig. 10), the more regional amplitude map (Fig.
3) suggests a more northerly strike. The sense of offest is ambiguous on the inlines
shown in Fig. 5, but the presence of faults appears certain from the juxtaposition of
contrasting reflection dip domains (e.g., strong reflection mid-way between the
basement and decollement
We suggest that there is another mechanism for deflecting flow from the
overall, main fluid potential gradient opposite the plate convergence vector - high
permeability in the decollement in the direction of the intermediate principle stress
(sigma 2). We suggest that the phacoidal geometry of the scaly fabric in the
decollement is a texture that promotes flow parallel to the deformation front, perhaps
forming the dominant component of the permeability tensor. In addition, texture and
geometry may exist at a broad range of scales. For example, a large-scale phacoidal
fabric is suggested by repeated and thinned radiolarian stratigraphic zones in the
decollement. If the interpretation of large-scale phacoidal elements is correct, then
faint changes in amplitude intensity and low coherence running N-§ may reflect
margins of large phacoidal elements. We recognize that this interpretation is at (or
perhapa beyond) the limit of the seismic reflection data, but testing of this idea could be
undertaken with the existing seismic data volumes,
Further observations for the importance of this N-S structural fabric include:
e SEM pictures from the decollement zone of ODP samples, are N-S-oriented
(Takizawa and Ogawa, 1999).

o A large-scale thrust duplex is also known to exist along the decollement
(Shipley et al., 1997).

¢ Abrupt changes in amplitude polarity (e.g., Figure 2 of DiLeonardo et al.,
2002),

An independent piece of information leads us to consider the relevance of N-S
structural features. In a recent, important set of true triaxial compression tests using
orthogonal pillar-shape (rather than cylindrical pillar-shape) rock specimens under
water-pressure control (Takahashi et al., 2002), preliminary results suggest a 2x
permeability increase in the direction of the intermediate versus the maximum
principle stress directions (M. Takahashi's personal communication, 2003), Is the
Barbados accrefionary prism the first natural example of this strike-parallel flow
phenomenon? Is it no longer viable to think of fluid flow through accretionary prisms
in cross-sections, or is the fluid flux emanating from any point along the deformation
front influenced by processes occurring somewhere along strike?

We appreciate the contribution of Dileonardo et al. (2002) for broadening the
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discussion of fluid flow streamlines in the Barbados accretionary prism. Fluid flow
vectors are determined by the fluid potential field, which in turn is influenced by the
distribution of overpressure processes and the heterogeneous permeability structure of
the flow conduits. We draw on analog laboratory experiments to suggest another
mechanism for creating strike-parallel fluid flow. Interestingly, along-strike flow does
nothing to alleviate fluid pressure generated in a down-dip direction. Is there a
further time-transient element to permeability in this environment that allows
down-dip permeability to be greatest (e.g., Sibson et al., 1975; Moore, 1989)? Oristhe
2:1 ratio of horizontal permeabilities still sufficient to alleviate the overpressure
developed during subduction? Temperature and geochemical data place constraints on
down-dip fluid transport (Moore et al., 1992; Kastner et al., 1998; Fisher and Hounslow,
1995). Strikeparallel flow is more difficult or impossible to detect by similar means,
thus rendering any estimation of flow in this direction more challenging.

We suggest a future topic of study should be to determine the real anisotropy of
permeability tensor through field (natural analogue) and laboratory tests. Particularly
important is the simultaneous measurement of three-dimensional permeability, if
possible, It is also important to evaluate whether the relative magnitudes of the
permeability tensor change with time during deformation. Could seismically defined
events result in different permeability tensors than during inter-seismic times (or
alternatively aseismic high-strain versus low-strain periods). We suggest that the
Barbados accretionary prism may be an excellent laboratory for testing such
phenomena,
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