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Abstract

Microstructural and petrological analyses of gabbroic rocks sampled from the
Godzilla Mullion, located along the Parece Vela Basin spreading ridge (Parece Vela
Rift), Philippine Sea, reveal the development of a ductile shear zone in the lower crust.
The shear zone is interpreted to represent a detachment fault within an oceanic core
complex. Microstructures indicative of intense deformation, characterized by
porphyroclastic textures consisting dominantly of coarse plagioclase porphyroclasts and
lesser clinopyroxene porphyroclasts in a fine-grained matrix, are observed within
samples of gabbroic rocks dredged near the breakaway area of the Godzilla Mullion
(dredge site D6). Samples are classified into three types based upon the grain size of
fine-grained plagioclase in the matrix: coarse (80—130um), medium (25pum), and fine
(~10pm). Although the chemical composition of plagioclase porphyroclasts is
consistently An 40-50 among all sample types, the compositions of fine grains in the
matrix vary with decreasing grain size, being An 4050 for the coarse-type, An 30—40
for the medium-type, and An 5-30 for the fine-type. This finding implies that the
composition of fine-grained plagioclase in the matrix is related to the following
retrograde reaction that occurred during deformation: clinopyroxene + plagioclase +

Fe-Ti oxide + fluid — hornblende + plagioclase. Plagioclase crystal-preferred

orientations also show a gradual change with grain size, varying from a (010)[100]
pattern for the coarse-type, (010)[100] and (001)[100] patterns for the medium-type,
and a weak (001)[100] pattern or random orientations for the fine-type. These patterns
are interpreted to result from a change in the deformation mechanism of plagioclase
from dislocation creep to grain-size-sensitive creep with decreasing temperature,
thereby leading to strain softening and localization during cooling. Although secondary
amphibole occurs ubiquitously within all samples, the chemical composition of
amphibole varies from pargasitic hornblende (i.e. brown hornblende) to actinolite (i.e.
green hornblende) within each of the sample types. However, amphibole in the
coarse-type shows no evidence of deformation, whereas brown hornblende in the
medium- and fine-types is plastically deformed. As a consequence, we argue that the
microstructural development of the gabbroic rocks occurred during uplift-related
cooling of the gabbro body and that a primary shear zone developed near the breakaway
area at depth under anhydrous conditions at high temperatures above 850 °C; the shear
zone subsequently evolved during progressive retrogression in association with
hydration of the shear zone, possibly resulting in the development of the detachment
fault that gave rise to the Godzilla Mullion.

Key words: Godzilla Mullion, Detachment fault, Oceanic Core Complex, Philippine Sea,
Gabbro, Shear zone
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1. Introduction

Oceanic core complexes (OCCs) are bathymetric features that were first identified
along the Mid-Atlantic Ridge (e.g., Karson, 1990; Tucholke and Lin, 1994; Cann et al.,
1997; Blackman et al., 1998; Tucholke et al., 1998). Based on morphological
characteristics, OCCs usually occur close to the intersection of transform faults and the
axis of a spreading ridge (i.e., a ridge-transform intersection), and are characterized by a
domal surface, corrugations oriented parallel to the spreading direction, a high mantle
Bouguer anomaly, and exposed lower crust and mantle material (e.g., Blackman et al.,
1998; Tucholke et al., 1998). By analogy to continental metamorphic core complexes, it
has been suggested that OCCs along a spreading axis represent the exhumed footwalls
of oceanic detachment faults (e.g., Karson, 1990; Cann et al., 1997; Blackman et al.,
1998; Tucholke et al., 1998; Karson, 1999; Dick et al., 1991, 2000; MacLeod et al.,
2002; Escartin et al., 2003; Ildefonse et al., 2007; Smith et al., 2008).

Ohara et al. (2001) reported an extremely large OCC in the Parece Vela backarc
basin within the Philippine Sea (Fig. 1). As this structure is approximately 10 times
larger than those commonly found along the Mid-Atlantic Ridge, Ohara et al. (2003a)
termed this complex the Godzilla Mullion. Although OCCs generally develop at
ultraslow- (full rate: ~1.2-2 cm/y; Dick et al., 2003) or slow-spreading ridges (full rate:
1-4 cm/y) such as the Southwest Indian Ridge and the Mid-Atlantic Ridge, the Godzilla
Mullion developed at a spreading ridge that records intermediate spreading rates (full
rate: 7.0 cm/y; Ohara et al., 2001), similar to those of the Chile Ridge (e.g., Martinez et
al., 1998), the Australian-Antarctic Discordance (e.g., Christie et al., 1998; Okino et al.,
2004), and the 25°S OCC upon the Central Indian Ridge (e.g., Kumagai et al., 2006).
The Godzilla Mullion is also unique in that it extends along the full length of the
spreading segment (Ohara et al., 2001).

Fault rocks derived from lithospheric mantle and lower oceanic crust occur on the
surface of the Godzilla Mullion, indicating the occurrence of a detachment fault at the
seafloor surface: the mechanism of the development of these fault rocks remains
unknown. In this study, we investigate deformed gabbroic rocks dredged from the
surface of the Godzilla Mullion (Ohara et al., 2003a). We describe a systematic
temporal change in both deformation microstructures and the chemical composition of
plagioclase and amphibole in gabbroic rocks, possibly associated with the development
of a detachment fault within the Godzilla Mullion at depth.

2. Geological setting
2.1. Parece Vela Basin

The Philippine Sea contains a number of active and inactive arcs and backarc
basins. The Parece Vela Basin is an extinct backarc basin located between two remnant
arcs: the Kyushu-Palau Ridge and the West Mariana Ridge (Fig. 1). The center of the
Parece Vela Basin is characterized by a N-S-trending chain of diamond-shaped
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depressions termed the Parece Vela Rift (Kasuga and Ohara, 1997). The spreading
history of the Parece Vela Basin involved two stages: an E-W rifting/spreading event
from 26 to 19-20 Ma, followed by NE-SW spreading until 12 Ma (Okino et al., 1998,
1999; Ohara et al., 2001). The ridge axis (the Parece Vela Rift) became highly
segmented during the second stage of the spreading history, resulting in the
development of prominent fracture zones (Ohara et al., 2001). Magnetic anomaly data
indicate a spreading rate of 8.8 cm/y (full rate) in the western Parece Vela Basin during
the first stage of spreading (Okino et al., 1998) and a rate of 7.0 cm/y (full rate) during
the second stage (Ohara et al., 2001).

2.2. Bathymetry of the Godzilla Mullion

Bathymetry and gravity-anomaly data for the Godzilla Mullion have been
reported by Ohara et al. (2001). The Godzilla Mullion is located on the southwest flank
of the inactive S1 spreading segment. Topographic corrugations oriented perpendicular
to the Parece Vela Rift are clearly visible across the surface of the Godzilla Mullion (Fig.
1). These corrugations extend 55 km along the axis and 125 km perpendicular to the
axis (Fig. 1), defining an area that is more than 10 times larger than the OCCs described
at the Mid-Atlantic Ridge (Ohara et al., 2001). Further away from the spreading axis,
distinct low-relief, linear abyssal hills are oriented parallel to the strike of the axis (Fig.

1.

3. Dredge samples from the breakaway area

Dredge site D6 is located at the southwestern, distal end of the Godzilla Mullion
(Fig. 1), ~15 km from the breakaway area where the fault initially nucleated (Tucholke
et al., 1998). This zone is characterized by a lack of the parallel spreading corrugations
that are observed further to the SW (Fig. 1; Ohara et al., 2003a). A total of 139 samples
were obtained from this site during cruise KR03-01 aboard R/V Kairei, including 9
basaltic rock samples, 59 gabbroic samples, and 71 ultramafic samples.

The retrieved gabbro samples are generally altered and hydrated. We selected 9 of
the 59 gabbroic samples, ranging in size from cobble-sized samples to granules for
detailed microstructural and petrological analyses; the selected samples display visible
structures such as mylonitic foliation (Table 1). Microstructures were analyzed in thin
sections oriented perpendicular to the foliation and parallel to the lineation (XZ
sections).

4. Microstructure

Microstructures were studied by both optical microscopy and scanning electron
microscopy (JEOL JSM6300 SEM) at Shizuoka University, Japan. The studied samples
are characterized by porphyroclastic textures consisting dominantly of plagioclase
porphyroclasts and lesser clinopyroxene porphyroclasts in a fine-grained matrix of
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plagioclase and amphibole. The samples can be classified into three types based on the
sizes of fine-grained plagioclase in the matrix: coarse, medium, and fine (Figs. 2a, c, e,
3; Table 1). As described below, each of the three sample types has distinctive
microstructural and chemical characteristics.

The four coarse-type samples (Figs. 2a, b, 4a, b; Table 1) are Fe-Ti oxide gabbro,
consisting of plagioclase, clinopyroxene, amphibole (brown and green hornblende),
ilmenite, magnetite and apatite (apatite was only observed in sample D6-1003). The
mean grain sizes of fine-grained plagioclase in the matrix vary between 80 and 130um
(Fig. 3; Table 1). These samples contain moderately developed foliations defined by
alternating layers of plagioclase and clinopyroxene/amphibole. Plagioclase
porphyroclasts (~3mm) show features of intracrystalline deformation such as undulose
extinction, deformation twinning, and the formation of subgrains (Fig. 2b); no
compositional zoning is observed within these plagioclase porphyroclasts. Fine
plagioclase grains in the matrix are polygonal and occur dominantly around the
plagioclase porphyroclasts. These grains show features of intracrystalline deformation
such as undulose extinction and deformation twinning (Fig. 2b). Clinopyroxene grains
show undulose extinction and grain-size reduction, and secondary amphibole occurs as
both brown and green hornblende. It is important to note that although amphibole grains
commonly occur at the rims of clinopyroxene grains (Fig. 4a), they show no evidence of
deformation (Fig. 4b). This point is discussed further below.

The two medium-type samples are Fe-Ti oxide gabbro, consisting of plagioclase,
clinopyroxene, amphibole (brown and green hornblende), ilmenite, magnetite, and
apatite (Figs. 2c, d, 4c, d; Table 1). The mean grain sizes of plagioclase grains in the
matrix are approximately 25pum (Fig. 3; Table 1). These samples contain foliations
defined by alternating layers of plagioclase and clinopyroxene/amphibole. Plagioclase
porphyroclasts (~2mm) show features of intracrystalline deformation such as undulose
extinction and subgrains (Fig. 2d) with no evidence of compositional zoning. Fine
plagioclase grains in the matrix are polygonal and occur dominantly around plagioclase
porphyroclasts. Brown hornblende occurs as both porphyroclasts and fine grains (Fig.
4c): the porphyroclasts show features of intracrystalline deformation such as undulose
extinction, whereas the fine grains are equigranular and polygonal in shape (Fig. 4d).
The green hornblende mainly occurs at the rims of clinopyroxene and brown hornblende,
and, in contrast to the microstructures in brown hornblende, shows little evidence of
deformation. Locally, thin chlorite veinlets within the medium-type samples cut across
all other microstructures.

The three fine-type samples consist of plagioclase, amphibole (brown and green
hornblende), ilmenite, magnetite, and apatite (Figs. 2e, f, 4e, f; Table 1), making them
amphibolites. They contain only minor plagioclase and brown hornblende
porphyroclasts, and display a well-developed foliation defined by thin monomineralic
layers of either fine-grained plagioclase (gray layer in Fig. 2e) or brown hornblende
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(brown layer in Fig. 2e) and mixed layers of these minerals. The plagioclase
porphyroclasts (~2mm) show features of intracrystalline deformation such as undulose
extinction and dynamic recrystallization (Fig. 2f). Compositional zoning is evident in
several plagioclase porphyroclasts. The fine plagioclase grains are as small as 8um (Fig.
3; Table 1) and are approximately polygonal in shape. The brown hornblende
porphyroclasts show o-type asymmetries (Fig. 4e; e.g., Passchier and Trouw, 2005).
Some fine-grained (~20um) brown hornblende porphyroclasts show evidence of
compositional zoning, which may indicate anisotropic grain growth (Fig. 4e). The
brown hornblende porphyroclasts also show features of intracrystalline plasticity such
as undulose extinction and subgrain boundaries (Figs. 4e, f).

5. Mineral chemistry

Analyses of the chemistry of plagioclase, clinopyroxene, and amphibole grains in
polished XZ thin sections were undertaken using a JEOL JCXA-733 electron
microprobe at Shizuoka University, Japan, and a JEOL JXA-8200 electron microprobe
at the University of Tokyo, Japan. Operating conditions were as follows: probe current
of 12 nA, accelerating voltage of 15 kV, and correction procedure after Bence and Albee
(1968). Mineral compositions of peridotite and gabbro samples from the Godzilla
Mullion have been described previously in Ohara et al. (2003b). In the present study, we
present the mineral chemistry of the deformed gabbroic samples, as described above.

Plagioclase porphyroclasts have similar anorthite contents (An) in all samples,
ranging from An 40 to An 50. In the coarse-type samples, plagioclase porphyroclasts
and fine grains share the same range in composition (An 40-50; Fig. 5; Table 2). In the
medium-type samples, however, the compositions of fine-grained plagioclases are
different from those in coarse-type samples (An 30—40; Fig. 5; Table 2). The fine-type
samples show contrasting compositions between porphyroclasts and fine grains (An
20-30; Fig. 5; Table 2).

Coarse-type and medium-type samples have similar clinopyroxene compositions
(Table 3). The Mg/(Mg+Fe) number of clinopyroxene is 0.64-0.67 (Table 3); the
fine-type samples contain no clinopyroxene. The composition of amphibole in all three
sample types varies from pargasitic hornblende (i.e., brown hornblende) to actinolite
(i.e., green hornblende; Fig. 6a; Table 4); a plot of Al vs. Al" + Ti + Fe’* + A-site
occupancy shows an approximately linear correlation (Fig. 6b).

6. Crystal-preferred orientation

Crystal-preferred orientation (CPO) data for plagioclase and brown hornblende
were measured from highly polished XZ thin sections using a JEOL JSM6300 SEM
equipped with electron back-scattered diffraction (EBSD) at Shizuoka University, Japan.
Operating conditions were as follows: accelerating voltage of 20 kV, probe current of
10 nA, working distance of 24 mm, and specimens titled at 70°. We measured the
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crystal orientations of 201-281 plagioclase grains and 99-253 hornblende grains per
sample, visually checking the computerized indexation of each diffraction pattern. All
index data represent points with a mean angular deviation (MAD) of <1°. The measured
plagioclase and hornblende CPOs (Fig. 7) are presented on equal area, lower
hemisphere stereographic projections in the structural (X, Y, Z) reference frame.
Foliation (XY plane) is vertical, striking E-W, and the lineation (X direction) is
horizontal, trending E-W.

For plagioclase CPO data, the coarse-type samples show an alignment of [100]
subparallel to the lineation and a dominant alignment of (010) subparallel to the
foliation (Fig. 7a). One sample (D6-1009) shows an alignment of [100] parallel to the
lineation and a girdle distribution of (010) poles perpendicular to the lineation. The
medium-type samples show an alignment of [100] subparallel to the lineation and a
girdle distribution of poles to (010) planes perpendicular to the lineation (Fig. 7a). For
one coarse-type and one medium-type sample, we separately analyzed the CPOs of both
plagioclase porphyroclasts and fine grains to test for differences in deformation
mechanisms between them (e.g., Kruse et al., 2001): the two sets of grains show similar
CPO patterns (Fig. 8).

Plagioclase CPO patterns for two fine-type samples (D6-501 and D6-505) show
weak girdle distributions of [100] subparallel to the foliation and a weak alignment of
(001) within the plane of the foliation, whereas one fine-type sample (D6-502) shows a
random pattern (Fig. 7a). Within that sample (D6-502), we separately analyzed the
plagioclase CPO in both the monomineralic layer and the mixed layer in order to
investigate if there is any difference of deformation mechanism between them: both
layers show random orientations (Fig. 8).

CPO data for undeformed hornblende in a coarse-type sample reveal a weak
pattern, with (100) subparallel to the foliation and [001] lying within the plane of the
foliation (Fig. 7b). The two medium-type samples show alignments of [001] parallel to
the lineation and weak girdle distributions of poles to (100) perpendicular to the
lineation (Fig. 7b). Hornblende CPO patterns are most strongly developed in the
fine-type samples, being characterized by an intense alignment of [001] parallel to the
lineation and a distribution of (100) planes parallel to the foliation (Fig. 7b). For one
fine-type sample (D6-502), we separately analyzed the hornblende CPO in a
monomineralic hornblende layer and a mixed layer: the two sets of grains show the
similar (100)[001] CPO patterns (Fig. 9).

7. Interpretation and discussion
7.1. Petrogenesis and retrograde metamorphism

Both the coarse- and medium-type samples are amphibole-bearing Fe-Ti oxide
gabbros with amphibole, as described above. In comparing mineral compositions
between the coarse- and medium-types, clinopyroxene grains have similar Mg/(Mg+Fe)
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values (Table 3), and plagioclase porphyroclasts have similar compositions (An 40-50;
Fig. 5). Because the plagioclase porphyroclasts rather than the fine-grained plagioclase
are likely to represent primary compositions (see Fig. 5), the similar compositions of
both clinopyroxene and plagioclase porphyroclasts in the two sample types suggest that
they were originally derived from the one gabbroic body. Since amphiboles in both the
coarse and medium types are of secondary rather than igneous origin (based on their
microstructural occurrence), we argue that hydrothermal alteration resulted in retrograde
metamorphism associated with deformation of the Fe-Ti oxide gabbroic body.

The fine-type samples are amphibolites; however, the mineral assemblages are
identical to those in both the coarse- and medium-types, except for clinopyroxene. It is
important to note that the compositions of plagioclase porphyroclasts and amphibole in
the fine-type samples are also comparable with those in the coarse and medium types
(Figs. 5, 6). This finding suggests that the amphibole grains in the fine-type samples are
the product of retrograde metamorphism that resulted from hydrothermal alteration of
the gabbroic body, as proposed for the coarse- and medium-types.

Plagioclase compositions are similar for porphyroclasts in the three sample types
(i.e., An 40-50), but the compositions of fine grains in the matrix are An 40-50 in the
coarse-type, An 30—40 in the medium-type, and An 5-30 in the fine-type (Fig. 5). In the
present study, the mineral assemblages in all three sample types contain plagioclase
(transformed from calcic plagioclase to sodic plagioclase), clinopyroxene (except for
the fine-type samples), amphibole (transformed from pargasitic hornblende to actinolite),
ilmenite, magnetite and apatite. During retrograde metamorphism, magmatic
plagioclase is generally recrystallized into more sodic plagioclase according to the
following reaction (Spear, 1981): clinopyroxene + plagioclase (calcic plagioclase) +
Fe-Ti oxide + fluid — magnesio-hornblende + plagioclase (sodic plagioclase). Indeed,
the modal composition of amphibole increased from the coarse-type samples, the
medium-type samples to the fine-type samples, whereas clinopyroxene disappeared in
the fine-type samples (Table. 1). Therefore, this reaction could be responsible for the
transformation of this gabbroic body into amphibolite (e.g., Berger et al., 2005).

The chemical compositions of amphibole grains depend on the pressure and/or
temperature at the time of retrograde reaction (Fig. 6; Spear, 1981). The temperature
sensitivity of amphibole can be estimated from a plot of AlY vs. Al + Ti + Fe®" + A-site
occupancy (Brown, 1977; Spear, 1981; Diaz Asprioz et al., 2007). Indeed, our results
show that the composition of amphibole grains analyzed in the present study was
sensitive to temperature (Fig. 6b) and a decrease in Tschermakite components observed
in Fig. 6b. This suggests decreasing temperature, with the compositions of early and
later-stage amphibole corresponding to pargasitic hornblende and actinolite,
respectively.

We applied the hornblende—plagioclase geothermometer of Holland and Blundy
(1994) to brown hornblende and plagioclase within the three sample types, as shown in
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Fig. 10. We assumed pressure conditions from lkbar to 3kbar that corresponding to
5-10 km of depth within typical common oceanic crust. We chose pairs of matrix
plagioclase (An 40-50) and undeformed brown hornblende (pargasitic hornblende) in
coarse-type samples. The calculations yield a temperature range between 650 and
850 °C, with an average of approximately 750 °C (Fig. 10a). This suggests that the
hydrothermal alteration recorded in the coarse-type samples occurred at temperatures of
up to 800 °C. For the medium-type samples, we chose pairs of matrix plagioclase (An
3040) and fine-grained brown hornblende (magnesio-hornblende), yielding
temperature estimates in the range of 700-800 °C (Fig. 10b). Applying the
hornblende—plagioclase  geothermometer to a mixed layer of amphibole
(magnesio-hornblende) and plagioclase (An 20-30) within a fine-type sample, we
obtained distinctly lower temperature estimates, in the range of 560—775 °C (Fig. 10c).
Consequently, we propose that the deformed rocks of all three sample types at site D6
were originally derived from a single gabbroic body, and have suffered retrograde
metamorphism induced by hydrothermal activity at temperatures of 850-560 °C.

7.2. Timing of deformation with respect to retrograde metamorphism

All three sample types are characterized by porphyroclastic textures consisting
dominantly of plagioclase porphyroclasts in a fine-grained matrix. Such deformation
microstructures are typical of mylonite and ultramylonite within ductile shear zones. In
contrast, microstructures within amphibole vary markedly among the three sample
types.

In the coarse-type samples, secondary brown and green hornblende that replaced
clinopyroxene show no evidence of deformation, in contrast to intensely deformed
plagioclase and clinopyroxene grains (Figs. 2, 4). Furthermore, the compositions of
fine-grained plagioclase in the matrix (An40-50) are similar to that of the plagioclase
porphyroclasts (An 40-50). This trend indicates that deformation of the coarse-type
samples occurred before hydration alteration, as hydration reactions would have
changed the plagioclase composition. These observations provide clear evidences that
hydrothermal alteration postdated the deformation event recorded in the coarse-type
samples; therefore, the primary deformation would have occurred within the gabbroic
body under anhydrous conditions at temperatures above 850°C (Fig. 10a), before the
growth of amphibole during hydrothermal activity.

In the medium-type samples, secondary brown hornblende shows deformation
features such as undulose extinction and subgrain boundaries (Fig. 4), whereas the
secondary green hornblende 1is undeformed. This observation indicates that
high-temperature hydrothermal alteration was synchronous with the deformation, with
the low-temperature hydrothermal alteration postdating the deformation recorded in the
medium-type samples. We therefore argue that subsequent to the first anhydrous stage
under anhydrous conditions, the medium-type samples was deformed under hydrous
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conditions at temperatures as high as 800 °C (Fig. 10b).

In the fine-type samples, secondary brown hornblende occurs as relatively small
porphyroclasts and within the fine-grained matrix. Secondary green hornblende occurs
at the grain boundaries of brown hornblende (Figs. 2, 4). These observations suggest
that although the fine-type samples appear to have been deformed at temperatures as
high as 775 °C (Fig. 10c), they continued to be deformed until the rock encountered
conditions at which green hornblende was able to grow, possibly at temperatures as low
as 560 °C (Fig. 10c).

We classified our deformed samples into three types based on the grain sizes of
fine-grained matrix plagioclase (Fig. 3). It is generally accepted that the size of
dynamically recrystallized grains is a function of flow stress during deformation (e.g.,
Michibayashi, 1993; Passchier and Trouw, 2005), with fine grain-sizes forming under
higher flow stresses at relatively low temperatures. Plagioclase porphyroclasts in all
three sample types show features of intracrystalline deformation such as undulose
extinction and subgrain boundaries (Fig. 2). Furthermore, the observed decrease in the
grain size of matrix plagioclase is consistent with the observed reduction in anorthite
composition (Fig. 11). Therefore, we argue that the fine-grained matrix plagioclase
dominantly resulted from the dynamic recrystallization of coarser plagioclase grains
during cooling of the gabbroic body. Consequently, we interpret the three sample types
to represent the progressive deformation of a single gabbroic body under decreasing
temperature (i.e., progressive retrogression).

7.3. Deformation mechanism of plagioclase

CPO patterns have traditionally been used to assess which slip systems were
active during dislocation creep in plastically deformed rock materials (e.g., Nicolas and
Poirier 1976; Wenk, 1985; Passchier and Trouw, 2005). In the coarse-type samples of
the present study, the observed plagioclase CPO pattern for both porphyroclasts and
matrix grains is consistent with the well described (010)[100] slip system (Figs. 7, 8a;
e.g., Montardi and Mainprice, 1987; Kruhl, 1987; Ji and Mainprice, 1988; Kruse et al.,
2001; Rosenberg and Stiinitz, 2003), suggesting that dislocation creep was the dominant
deformation mechanism for plagioclase.

Similarly, because the microstructures in medium-type samples are also
dominated by intracrystalline deformation and comparable plagioclase CPO patterns
were obtained for porphyroclasts and matrix grains, dislocation creep might have been
the dominant deformation mechanism in these samples (Figs. 7, 8b). However, the CPO
patterns of the medium-type samples are slightly different from those of the coarse-type
samples, comprising an intense alignment of [100] subparallel to the lineation and a
weak girdle of both (010) and (001) poles subperpendicular to the lineation. These
patterns are consistent with the activation of (010)[100] and (001)[100] slip systems in
these samples.
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The fine-type samples are dominated by a fine-grained matrix and plagioclase
porphyroclasts; the matrix consists of mixed layers and monomineralic layers. Because
the fine-type samples resulted from intense amphibolitization, it is unclear whether
plagioclase grains in the fine-grained matrix formed via the dynamic recrystallization of
originally coarse plagioclase grains; however, as some plagioclase porphyroclasts
contain dynamically recrystallized grains (Fig. 2f), in these cases there is no difference
in grain size between the fine-grained matrix and the dynamically recrystallized grains
around porphyroclasts. Therefore, we argue that at least some of the plagioclase grains
in the matrix were derived from dynamic recrystallization, indicating that dislocation
creep remained active at lower temperatures in these samples. In fact, the plagioclase
CPO patterns obtained for two samples (D6-501 and D6-505 in Fig. 7) suggest the
dominance of weak dominant (001)[100] slip. It must also be emphasized that a
decrease in grain size enhances the activity of grain-size-dependent deformation
mechanisms such as diffusion creep and grain boundary sliding (e.g., Jiang et al., 2000;
Passchier and Trouw, 2005; Warren and Hirth, 2006). Therefore, the strong grain-size
reduction (8um) observed in the matrix within the fine-type samples may have enabled
grain-size-sensitive creep at the time when dislocation creep remained active. In fact,
the plagioclase CPO pattern for one of the fine-type samples (D6-502 in Fig. 7a) shows
a very weak or random pattern, with both the mixed and monomineralic layers showing
a highly scattered CPO (D6-502 in Fig. 8); these observations indicate that
grain-size-sensitive creep (e.g. Warren and Hirth, 2006) could have been the dominant
deformation mechanism in this sample.

7.4. Deformation mechanism of amphibole

Various deformation mechanisms have been reported for amphibole, including
(=101) mechanical twinning (e.g., Rooney et al., 1975), dynamic recrystallization with
dislocation creep and fracturing (e.g., Hacker and Christie, 1990), and brittle behavior
with minor solution mass transfer and dissolution-precipitation creep (e.g., Imon et al.,
2004). Rigid body rotation is also considered to play an important role in CPO
development in clinoamphibole (e.g., Diaz Aspiroz et al., 2007).

In the coarse-type samples of the present study, brown and green hornblende
shows no evidence of plastic deformation (Fig. 4b); therefore, the measured CPO
pattern is considered to have formed during hydrothermal alteration (Fig. 7b). Brown
hornblende grains in the medium-type samples show intracrystalline deformation,
without anisotropic grain growth or compositional zoning (Fig. 4e, f); these features are
indicative of plastic deformation. The CPO patterns of brown hornblende show
alignments of [001] parallel to the lineation and a weak distribution of (100) planes
within the plane of the foliation (Fig. 7b), consistent with activation of the (100)[001]
slip system (e.g., Diaz Asprioz et al., 2007). Therefore, the deformation mechanism of
brown hornblende is likely to have been dominated by dislocation creep.
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In contrast to the weak CPO patterns in plagioclase, the fine-type samples tend to
record intense amphibole CPO patterns (Fig. 7). We found a few evidences of
anisotropic grain growth and compositional zoning in brown hornblende (Fig. 4e), but
also undulose extinction and subgrain boundaries (Figs. 4e, f). However, the possibility
of dissolution-precipitation creep is probably very low, as this generally occurs at
relatively low temperatures such as those of the greenschist facies to lower amphibolite
facies (e.g., Imon et al., 2004). In contrast, the samples studied here were deformed
within the upper amphibolite facies or at higher grades (e.g., Fig. 10), as discussed
above. Therefore, it may be likely that the dominant deformation mechanism was
dislocation creep via (100)[001] slip, although we cannot exclude the other deformation
mechanisms such as dissolution-precipitation creep. A more detailed study on the
deformation mechanisms of amphibole is required in the future.

7.5. Significance of a gabbroic shear zone within the Godzilla Mullion

Given that the three sample types were probably derived from the same gabbroic
body, each type is interpreted to represent a different stage of deformation during
progressive retrogression. Plagioclase appears to exhibit a change in deformation
mechanism from dislocation creep in the coarse- and medium-types to
grain-size-sensitive creep in the fine-type, as grain size decreases with decreasing
temperature. Thus, the fine-type samples are inferred to represent the final stage of
ductile deformation along a shear plane that possibly extended upward to a detachment
fault at shallow levels in the crust. Furthermore, since hydrothermal alteration within
the fine-type samples is more than that within the coarse- and medium-type samples, we
argue that the hydration was preferentially localized within the shear zone.

The fault rocks exposed at the surface of the Godzilla Mullion are mainly material
derived from the deep oceanic lithosphere, such as gabbro and peridotite (Ohara et al.,
2003b; Harigane et al., 2005). Because these fault rocks also include talc schist,
indicative of low-temperature deformation, they are thought to represent a detachment
fault within the Parece Vela Rift (Harigane et al., 2005) such as that within the
Mid-Atlantic Ridge 15°45°N in discussed MacLeod et al. (2002) and Escartin et al.
(2003). In this paper, we propose that samples of Fe-Ti oxide gabbro dredged from site
D6 were deformed during progressive retrogression, probably related to uplift of the
gabbroic body.

The dredged site, D6, is located ~15 km from the breakaway area, the distal end
of the Godzilla Mullion (Fig. 1). Tucholke et al. (1998) proposed that the breakaway
fault is likely to cut through the entire crust and extend into the upper mantle. Indeed,
the nature of the deformed gabbroic rocks from site D6 suggests that they are possibly
mylonitic gabbros derived from a shear zone(s) related to the initial detachment faulting
associated with the development of the Godzilla Mullion. Among mylonitic peridotites
and gabbros sampled from or near the surface of OCCs (e.g., Dick et al., 1991; Cannat
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et al., 1992; Jaroslow et al., 1996; Agar and Lloyd, 1997; Karson, 1999; Schroeder and
John, 2004), mylonites of highly evolved Fe-Ti oxide-rich gabbro at Atlantis Bank,
adjacent to the Atlantis II transform and ~90 km south of the active Southwest Indian
Ridge, are regarded as a direct link to a detachment fault (Dick et al., 1991, 2000).
Consequently, in the context of the present study, the development of a shear zone
related to the initiation of a detachment fault might have occurred according to the
following steps (Fig. 12). (1) An Fe-Ti oxide gabbro body was initially sheared at
temperatures above 850 °C under anhydrous conditions and subsequently subjected to
alteration at around 650 °C, resulting in the formation of the coarse-type samples in
high-temperature shear zones as described above (Fig. 12a). These samples could
represent the primary shear zone associated with the detachment fault developed within
the Godzilla Mullion. (2) The shear zone subsequently developed under hydrous
conditions with decreasing temperature, possibly associated with uplift of the gabbro
body, resulting in formation of the medium-type samples in progressively narrower
mylonitic zones (Fig. 12b). (3) The shear zone was further influenced by hydrothermal
alteration under retrogressive conditions and temperatures as low as 560 °C during
uplift of the gabbro body, resulting in the amphibolitization evident in the fine-type
samples (Fig. 12c). Because the fine-type samples are microstructurally ultramylonitic
amphibolites (Figs. 2, 4), and because they record a wide range of temperatures
(560-850 °C; Fig. 10c), it is possible that intense shear localization (i.e. progressive
narrowing of mylonitic zones overprinting high-temperature shear zones) occurred in
association with hydrothermal activity in the primarily high-temperature shear zone (Fig.
12). Thus, the fine-type samples are inferred to represent the last stage of ductile
deformation within the Fe-Ti oxide gabbro body, along the slip plane associated with
the detachment fault in the Godzilla Mullion. Alternatively, they could represent a
deformation event related to emplacement of the gabbros at depth, being unrelated to
the detachment fault. Therefore, the above model requires further testing via further

structural studies of deformed rocks dredged from various parts of the Godzilla Mullion .

Nonetheless, the results of this study suggest that the surface geology of the Godzilla
Mullion is consistent with an OCC capped by a deep-rooted detachment fault, and that
the involvement of gabbros in the structural development of the Godzilla mullion—in a
similar way to that described at the Atlantis Bank in the Southwest Indian Ridge (Dick
et al., 2000) —is consistent with the working hypothesis that large gabbro intrusions are
always associated with OCC development (Ildefonse et al., 2007).

8. Conclusions

(1) Dredge samples of gabbroic rock collected from near the breakaway of the
Godzilla Mullion (dredge site D6) contain microstructures indicative of intense ductile
deformation, characterized by porphyroclastic textures dominantly of plagioclase
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porphyroclasts and lesser clinopyroxene porphyroclasts in a fine-grained matrix.

(2) Samples are classified into the three types based upon the grain size of
fine-grained plagioclase in the matrix: coarse (80—130um), medium (25pum), and fine
(~10pm). Although the chemical composition of plagioclase porphyroclasts is
consistently An 40-50 among all three sample types, the compositions of fine grains in
the matrix vary with grain size, being An 40-50 for the coarse-type, An 30—40 for the
medium-type, and An 5-30 for the fine-type. This finding implies that the chemical
composition of plagioclase in the matrix is related to the following syn-deformation
retrograde reaction: clinopyroxene + plagioclase + Fe-Ti oxide + fluid — hornblende +
plagioclase.

(3) Plagioclase crystal-preferred orientations show a gradual change from a
(010)[100] pattern in coarse-type samples, (010)[100] and (001)[100] patterns in
medium type, and a weak (001)[100] pattern or random orientations in fine type. This
variation in CPO pattern resulted from a change in the deformation mechanism of
plagioclase from dislocation creep to grain-size-sensitive creep with decreasing
temperature, thereby leading to strain localization during cooling.

(4) Within each of the sample types, the composition of amphibole varies from
pargasitic hornblende to actinolite. Amphibole in the coarse type shows no evidence of
deformation, meaning that it postdates plagioclase deformation and recrystallization; in
contrast, brown hornblende in the medium- and fine-types are plastically deformed. The
dominant deformation mechanism could be dislocation creep via (100)[001] slip.

(5) The microstructural development of the gabbroic rocks occurred during
uplift-related cooling of the gabbro body, and a primary shear zone developed at the
breakaway zone at depth under anhydrous conditions at high temperatures above 850 °C.
The shear zone subsequently evolved during progressive retrogression in association
with hydration, possibly resulting in the development of the detachment fault that gave
rise to the Godzilla Mullion.
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Figure captions
Fig. 1. Left: Major bathymetric features of the Western Pacific Ocean (after Ohara et al.,

Fig. 2.

Fig. 3.

Fig. 4.

2001). The rectangle shows the location of the study area at the site of the
Godzilla Mullion, Parece Vela Basin. Right: Bathymetric map of the Godzilla
Mullion (outlined by dashed line), showing the location of dredge site D6 and
other dredge sites conducted during cruises KR03-01 and KH07-02-Leg2/Leg4.
The inactive spreading segments S1 and S2 (Ohara et al., 2001) are marked by
thick red lines.

Photomicrographs of plagioclase microstructures within samples of mylonitic
gabbro (coarse, medium, and fine types) collected from the Godzilla Mullion.
(a) Plagioclase porphyroclast and matrix in a coarse-type sample (D6-1002). (b)
Enlargement of the area outlined by the yellow rectangle in (a). (c¢) Plagioclase
porphyroclast and matrix in a medium-type sample (D6-1005). (d) Enlargement
of the area outlined by the yellow rectangle in (c). (¢) Plagioclase porphyroclast
and matrix in a fine-type sample (D6-502). The grayish layer mainly consists of
plagioclase grains (i.e. monomineralic plagioclase layer). The brownish layer
consists of amphibole grains (i.e. monomineralic amphibole layer). The mixed
layer is the area where both plagioclase (grayish color) and amphibole (brownish
color) are present. (f) Enlargement of the area outlined by the yellow rectangle
in (e). All images were taken under crossed nicols.

Logarithmic grain-size distributions of fine-grained plagioclase grains. Outlines
of plagioclase grains were traced from photomicrographs and back-scattered
electron images, and shape parameters were measured using ImagelJ software.
We measured a total of 113 to 645 plagioclase grains per sample. The gabbro
samples can be classified into three types based on the sizes of dynamically
recrystallized plagioclase grains: coarse-type (upper row; average grain size,
80—130 um), medium-type (middle row; average grain size, 25 p m), and
fine-type (lower row; average grain size, 8 um). All of the distributions are
log-normal. Triangles indicate the average grain size within each sample.

Photomicrographs of amphibole microstructures within samples of mylonitic
gabbro (coarse, medium, and fine types) collected from the Godzilla Mullion.
(a) Clinopyroxene grains are replaced by amphibole in a coarse-type sample
(D6-1002). Open nicols. (b) Enlargement of the area outlined by the yellow
rectangle in (a). Open nicols. (¢) Clinopyroxene porphyroclast surrounded by
fine-grained amphibole grains in a medium-type sample (D6-1005). Open nicols.
(d) Enlargement of the area outlined by the yellow rectangle in (c). Crossed
nicols. (e) Amphibole porphyroclasts and matrix in a fine-type sample (D6-502).
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Fig. 5.

Fig. 6.

Fig. 7.

Crossed nicols. The brown area is made up of brown hornblende grains. (f)
Crystal-preferred orientation map (data collected by EBSD) of brown
hornblende in the area outlined by the yellow rectangle in (e). The map was
collected at a lpum step size, and is rotated 90° anticlockwise from the
orientation shown in (e), which is shown by yellow arrow. Color indicates Euler
axes. White points were unable to be indexed (i.e. zero solution). Black lines
indicate grain boundaries, defined as a 10° (or greater) misorientation between
adjacent points. Cyan and magenta lines indicate subgrain boundaries defined by
misorientation of 5° and 2° respectivitely. Cpx: clinopyroxene, BHb: brown
hornblende, GHb: green hornblende, Pl: plagioclase.

Chemical compositions of plagioclase porphyroclasts (small black diamonds)
and fine grains in the matrix (large white diamonds) for coarse, medium, and
fine sample types. Anorthite content is calculated as Ca x 100 / (Ca + Na + K).

Chemical compositions of secondary amphibole within coarse-, medium-, and
fine-type samples. Estimates of cation contents and Fe’" in all sample types were
made following Holland and Blundy (1994). (a) Plot of A-site occupancy vs. Si
content for amphibole within all three sample types. Terminology and
classification scheme are from Leake et al. (1997). (b) Plot of AlY vs. Al" + Fe**
+ Ti + A-site occupancy for amphibole within all three sample types. Increasing
values along the dashed line indicate broadly increasing temperature.

Crystallographic-preferred orientation data for (a) plagioclase grains and (b)
amphibole grains in samples with coarse-type texture (D6-1001, D6-1002,
D6-1003, D6-1009), medium-type texture (D6-500, D6-1005), and fine-type
texture (D6-500, D6-502, D6-505). The measured plagioclase and hornblende
CPOs are presented on equal area, lower hemisphere projections in the structural
(XZ) reference frame. The data for hornblende grains in coarse-type samples are
sourced only from sample D6-1002 because of the small number of analyzed
grains in coarse-type samples. In all plots, the foliation is vertical (XY plane)
and the lineation (X) is horizontal within the plane of the foliation.

Fig. 8. Crystallographic-preferred orientation data for plagioclase grains in samples with

coarse-type texture (D6-1002), medium-type texture (D6-1005), and fine-type
texture (D6-502). The measured plagioclase CPOs are presented on equal area,
lower hemisphere projections in the structural (XZ) reference frame. Data for
coarse- and medium-type samples include both porphyroclasts (black squares)
and neoblasts (open squares). Data for fine-type samples include grains from
mixed layers (black squares) and monomineralic layers (open squares). In all
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Fig. 9.

Fig.

plots, the foliation is vertical (XY plane) and the lineation (X) is horizontal
within the plane of the foliation.

Crystallographic-preferred orientation data for amphibole grains in a sample with
fine-type texture (D6-502). The data are presented on equal area, lower
hemisphere projections in the structural (XZ) reference frame, showing data for
both mixed layers (black squares) and monomineralic layers (open squares). The
foliation is vertical (XY plane) and the lineation (X) is horizontal within the
plane of the foliation.

10. Temperatures estimated by applying the hornblende—plagioclase
geothermometer of Holland and Blundy (1994) to coarse- (D6-1002), medium-
(D6-1005), and fine-type samples (D6-502).

Fig. 11. Comparison of grain size and anorthite content for plagioclase matrix. The

grain size decreases with decreasing anorthite content.

Fig. 12. Schematic model of the progressive development of a shear zone in the

Godzilla Mullion. See text for further details.
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Table1. The features of analyzed gabbroic rocks

Sample number D6-1001 D6-1002 D6-1003 D6-1009 D6-500 D6-1005 D6-501 D6-502 D6-505
Microstructure monnm'c gabbrg myllonm(.: gabbrq .uItra'monnltel
coarse size matrix medium size matrix fine size matrix
. Pl, Cpx, Amp(including brown Hb and green Hb), PI, Cpx, Amp(including brown Hb PI, Amp(including brown Hb and green
Mineral assemblage lim, Mt, Ap and green Hb), lm, Mt, Ap, Chi Hb), Iim, Mt, Ap, Ch
PI: 55.2 PI: 51 PI: 36.9 Pl: 48.25 Pl: 42.75 Pl 25.6 Pl 23.1 Pl: 63.82
Cpx: 13.8 Cpx: 25.25 Cpx: 23.05 Cpx: 12 Cpx: 11.2 . ; )
. Amp: 55.05 Amp:72.194 = Amp: 30.32
Mineral mode (%) - Amp: 18.1 Amp: 7.2 Amp: 5.05 Amp: 21.85 Amp: 17.65 IIm & Mt: 10.2 | llm & Mt: 0.805. IIm & Mt: 1.86
IIm&Mt:9.35 Iim&Mt:2.5 Iim&Mt:18.9 IIm & Mt: 9.25 Ilm & Mt: 15.3 Others: 9 15’ OtherS'.S éO7 Others.'4.
Others: 3.6 = Others: 14.05 Others: 16.1 Others: 8.65 Others: 13.1 o o ’
Pl matrix 107.3 105.1 83.9 120.8 24.0 27.8 15.3 8.9 15.6
Average grain-size (um)
PI porphyroclast
anorthite contents 45.3 44.6 45.0 42.4 42.7 442 421 42.6 -
Pl matrix 44.1 45.9 44.9 422 35.9 36.3 18.1 21.4 17.4
anorthite contents

PI: plagioclase, Cpx: clinopyroxe, Amp: amphibole, lim: ilmenite, Mt: magnetite, Ap: apatite, Chl: chlorite.

Others in mineral mode includes chlorite, apatite and crack.
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Table 2. Microprobe analyses of plagicoclase. Fe* is calculated by all Fe**.
P- and M- are porphyroclast and matrix grain, respectivity.

Thin

. D6-1002 D6-1005 D6-502
section
Analysis No.  P-6 M-34 P-917 M-859 P-418 M-556
SiO, 58.31 57.13 57.30 60.33 57.38 63.79
TiO, 0.12 0.05 0.23 0.08 0.10 0.02
Al,O, 26.65 26.56 26.48 25.01 26.89 22.85
FeO 0.22 0.20 0.63 0.27 0.10 0.30
MnO 0.00 0.03 0.00 0.00 0.01 0.00
MgO 0.00 0.00 0.00 0.00 0.01 0.03
CaO 9.33 8.85 9.00 7.46 8.85 4.41
Na,O 6.24 6.33 6.17 7.22 6.43 8.80
K.O 0.07 0.03 0.05 0.13 0.04 0.01
total 100.93 99.17 99.85 100.49 99.80 100.22
Cations /O 8 8 8 8 8 8
Si 2.589 2.580 2.576 2.677 2.575 2.811
Ti 0.004 0.002 0.008 0.003 0.003 0.001
Al 1.394 1.414 1.403 1.308 1.422 1.187
Fe* 0.008 0.008 0.024 0.010 0.004 0.011
Mn 0.000 0.001 0.000 0.000 0.000 0.000
Mg 0.000 0.000 0.000 0.000 0.000 0.002
Ca 0.444 0.428 0.433 0.354 0.425 0.208
Na 0.538 0.554 0.538 0.621 0.559 0.752
K 0.004 0.001 0.003 0.007 0.002 0.001
otal 4.981 4.989 4.985 4.981 4.992 4.972

An% 45.04 43.52 44.49 36.06 43.10 21.68
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Table 3. Microprobe analyses of clinopyroxene.
Fe* is calculated by all Fe*.

Thin 561002 D6-1002 D6-1005 D6-1005
section

Analysis No. CPX-26 CPX-33 CPX-832 CPX-882

SiO; 50.50 51.19 51.50 52.21

TiO, 0.86 0.88 0.43 0.17
Al,Oq 2.54 2.62 1.20 1.01
FeO 11.14 12.83 11.60 12.16
MnO 0.30 0.39 0.30 0.29

MgO 12.59 13.71 12.41 12.89
CaO 22.16 17.88 21.81 20.45

Na,O 0.58 0.65 0.32 0.28
K,O 0.01 0.00 0.00 0.01
total 100.68 100.14 99.57 99.46
Cations /O 6 6 6 6
Si 1.900 1.924 1.957 1.979
Ti 0.024 0.025 0.012 0.005
Al 0.113 0.116 0.054 0.045
Fe* 0.351 0.403 0.369 0.385
Mn 0.010 0.013 0.010 0.009
Mg 0.706 0.768 0.703 0.729
Ca 0.893 0.720 0.888 0.830
Na 0.042 0.047 0.023 0.021
K 0.000 0.000 0.000 0.001
total 4.040 4.016 4.016 4.004

Mg/Mg+Fe  0.668 0.656 0.656 0.654
Wo 45.81 38.06 45.30 42.71
En 36.22 40.61 35.89 37.47
Fs 17.98 21.33 18.81 19.82
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Table 4. Repressentive compoitions of amphiboles in gabbroic rocks.
Estimate of Fe "follow Holland and Blundy (1994).

Thin D6-1002 D6-1005 D6-502
section
Analysis Amp-15 Amp-67 Amp-844 Amp-904 Amp-313 Amp-538
No. Act Pg Act Mg-Hb Act Pg
SiO, 51.40 41.36 51.23 43.18 54.50 43.35
TiO, 0.22 0.90 0.31 2.73 0.17 1.83
Al,O, 2.71 9.49 3.26 9.40 1.16 9.53
FeO 15.87 24.59 18.75 18.20 14.70 17.06
MnO 0.28 0.26 0.25 0.12 0.26 0.19
MgO 13.84 6.37 13.78 10.22 15.53 11.71
CaO 11.89 11.15 9.19 11.20 11.75 10.20
Na,O 0.59 1.83 0.51 1.83 0.48 2.38
K,O 0.03 0.20 0.06 0.20 0.02 0.11
total 96.82 96.15 97.34 97.08 98.56 96.36
Cations / O 23 23 23 23 23 23
Si 7551  6.462 7521  6.504 7.815  6.496
AlY 0.449  1.538 0.479  1.496 0.185  1.504
AlY 0.019 0.209 0.085 0.173 0.011 0.178
Ti 0.024 0.106 0.035 0.309 0.018 0.206
Fe3* 0.348 0.698 0.344 0.349 0.105 0.609
MgC 3.031 1.485 3.015 2.294 3.319 2.614
Fe?* 1.601 2.515 1.957 1.942 1.657 1.528
Mn 0.034 0.034 0.032 0.015 0.032 0.024
Ca 1.871 1.867 1.445 1.807 1.805 1.637
Na 0.169 0.554 0.144 0.535 0.133 0.692
K 0.006 0.039 0.012 0.038 0.004 0.021

total 15.10 15.51 15.07 15.46 15.09 15.51
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