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30. DEFORMATION HISTORY OF PERIDOTITES FROM THE MARIANA FOREARC, CONICAL

SEAMOUNT, LEG 125!

Jacques Girardeau? and Yves Lagabrielle?

ABSTRACT

Abundant serpentinite seamounts are found along the outer high of the Mariana forearc at the top of the inner slope of the
trench. One of them, Conical Seamount, was drilled at Sites 778, 779, and 780 during Leg 125.

The rocks recovered at Holes 779A and 780C, respectively, on the flanks and at the summit of the seamount, include moderately
serpentinized depleted harzburgites and some dunites. These rocks exhibit evidence of resorption of the orthopyroxene, when
present, and the local presence of very calcic-rich diopside in veins obligue to the main high-temperature foliation of the rock.

The peridotites, initially well-foliated with locally poikiloblastic textures, show overprints of a two-stage deformation history:
(1) a high-temperature (>1000°C), low-stress (0.02 GPa), homogeneous deformation that has led to the present porphyroclastic
textures displayed by the rocks and (2) heterogeneous ductile shearing at a much higher stress (0.05 GPa). This heterogeneous
shearing probably describes a single tectonic event because it began at high temperatures, producing dynamic recrystallization
of olivine in the shear zone, and ended at low temperatures in the stability field of chlorite and serpentine. In a few samples,
olivine shows evidence of quasi-hydrostatic recrystallization at a very high temperature. Here, we propose that this recrystalliza-
tion was related to fluid/magma percolation, a process that can also account for the resorption of the orthopyroxene and for the
late crystallization of diopside veins in the rock.

The impregnation by fluid or magma, development of the main high-temperature, low-stress deformation, and subsequent
migration recrystallization of olivine probably occurred in a mantle fragment involved in the arc formation. In addition, this mantle
has preserved structures that may have formed earlier in the oceanic lithosphere upon which the arc formed.

Heterogeneous ductile shear zones in the peridotites may have developed during uplift. The “cold” deformation may have
taken place during diapiric rise of hot mantle that underwent subsequent serpentinization or gliding along normal faults associated

with the extension of the eastern margin of the forearc.

INTRODUCTION

Subduction-related magmatic processes have been studied inten-
sively, mainly by means of geochemical investigations of arc lavas,
Until now, however, the deepest parts of island-arc systems have
remained largely unknown because of sampling difficulties. Conse-
quently, few data are available on peridotites from subduction-related
active margins, in contrast to abundant data on peridotites from true
oceanic domains, ridges, transform-fault segments of ridges, and
incipient oceans. However, significant petrological, geochemical, and
textural changes are predicted to occur in the supra-subduction mantle
to explain the unique characteristics of arc lavas,

Almost no data are available on the structure of peridotites from
supra-subduction-zone settings, except those published by Shcherbakov
and Savel'Yeva (1984) on samples from the Mariana trench. Other
data concern the petrology of some peridotites dredged from the outer
wall of the Puerto Rico trench (Bowin et al., 1966) and mostly from
the inner slope of the Mariana (Bloomer, 1983; Bloomer and
Hawkins, 1983; Ishii, 1985; T. Ishii, pers. comm., 1990) and Tonga
(Bloomer and Fisher, 1987; Saraskin et al., 1983) trenches. Most of
these peridotites have experienced a high degree of melting and
depletion, as evidenced by the very low modal content of clinopy-
roxene in these rocks and by the high Mg/Mg+Fe (Mg#) and
Cr/Cr+Al (Cr#) contents of spinels (Mysen and Kushiro, 1977; Jakes
and Green, 1980), which have compositions close to spinels from
island-arc lavas (Dick and Bullen, 1984) and from peridotites of
ophiolites that are supposed to have formed in subduction-zone
environments (see discussion in Pearce et al., 1984, and in Bonatti
and Michael, 1989). Traces of impregnation by basaltic liquids also
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have been reported in some ultramafic rocks from the Mariana trench
that are more lherzolitic in composition (Bloomer and Hawkins, 1983).
The peridotites have undergone intense serpentinization mainly from
seawater circulation, but also from water resulting from the dehydra-
tion of the subducting slab (Sakai et al., 1990). Most of these ultra-
mafic rocks are recovered with gabbros and basalts: they should be
part of an oceanic lithosphere that formed in the island arc (Dietrich
et al., 1978; Bloomer and Hawkins, 1983; Ishii, 1985; Johnson et al.,
1989; Johnson and Fryer, 1991).

During Leg 125, peridotites from a seamount located between the
outer-arc high of the Mariana forearc and trench were cored at Sites 778,
779, and 780 to constrain their origin and mechanism(s) of uplift (Fryer,
Pearce, Stokking, et al., 1990, Fryer et al., 1990; Shipboard Scientific
Party, 1990a, 1990b). Because of their location at about 100 km to the
east of the present-day active arc, these rocks might represent part of
the basement of the island arc or part of a “pristine” mantle from
trapped Pacific Ocean lithosphere. We present a structural study of
these peridotites to define their tectonic history and to constrain their
origin. The peridotite clasts in sedimentary rocks have been reworked;
therefore, special attention has been devoted to the textures to con-
strain the magmatic and deformational evolution of the rocks during
their ascent.

REGIONAL BACKGROUND AND PREVIOUS DATA

The Mariana Arc constitutes the southern branch of the Izu-Bonin-
Mariana arc system, marking the active boundary between the Pacific
and the Philippine Sea plates (Fig. 1). This arc represents the eastern
border of a complex area comprising several imbricated arcs and basins
that began to form during the early-middle Eocene, along with west-
ward subduction of the Pacific Plate. This system, more than 1000 km
wide, includes, from east to west, the trench-related subduction zone;
the forearc area; the active island arc; a back-arc basin (the Mariana
Trough); the West Mariana Ridge, a now inactive marginal basin (the
Parece Vela Basin) and a starved ridge, the Palau Kyushu Ridge.

519



J. GIRARDEAU, Y. LAGABRIELLE

40°N 1}?‘0°E 13‘00 14'0" 150°
¢ :
- JAPAN PACIFIC
AT 2 ,‘ PLATE

30°

20°
WEST

5 N
PHILIPPINE

10°

ocl

 BASIN /
3 ]
N

Figure 1. Map of active plate boundaries (bold lines with teeth) between Japan and the Philippine Islands.
The hatched rectangle indicates the study area and is shown in Figure 2 (from Fryer, Pearce, Stokking,

etal., 1990).

The area between the active Mariana volcanic arc and the trench
is about 150 km wide. This area comprises a deep (3000 m) basin
limited to the east by a high referred to as “the outer arc high” (Fig. 2A).
This “outer arc high,” which bounds the trench to the west, is
characterized by the presence of several serpentinite seamounts
(Fryer et al., 1985, 1987). During Leg 125, one of these, the Conical
Seamount (Fig. 2B), was cored at its top (Site 780) and flanks (Sites 778
and 779). This seamount has a circular shape, is 20 km in diameter, and
rises 1500 m above the seafloor. Geophysical and submersible data
indicate that this seamount was covered by flows made of serpentine
muds (Hussong and Fryer, 1985; Fryer et al., 1987).

Twenty-four of the peridotites studied come from Hole 779A
(Fig. 3). This hole, 317.2 m deep (22.9% recovery), was divided
into three lithostratigraphic subunits. Unit I is made up of Holo-
cene to Pleistocene undeformed and unconsolidated clay- to sand-
sized serpentine sediments (10.6 m thick), Unit IT (205.6 m thick)
contains clasts of various origins (basalts, gabbros, serpentinites)
in a (lower Pleistocene to upper Miocene?) clayey serpentine
matrix, with true sedimentary structures in its lower part. Unit II1
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(14.2 m thick) is made up of serpentine microbreccias having
tectonic structures that could have possibly resulted from grav-
ity sliding on the slope (Shipboard Scientific Party, 1990a). All
of the samples studied come from Unit II. However, all are rock
fragments without any structural continuity.

Five peridotite samples come from Hole 780C where a 163.5-m-
deep section was cored, with 8.8% recovery. Two lithological units
were recovered: Unit I (14 m thick) is essentially made up of silt- to
sand-sized sedimentary serpentine of Holocene to middle Pleistocene
age and Unit IT (163.5 m thick) consists of serpentinized peridotite
blocks in a sandy or clayey serpentine matrix (Shipboard Scientific
Party, 1990b). The peridotites are fragments of rocks, centimeter- to
decimeter-sized, floating in the sedimentary matrix.

The petrography of the peridotite fragments and the structure of
their surrounding matrix were studied directly aboard the ship. The
sedimentary matrix clearly displays evidence of shearing and folding
at all scales. These structures might represent either primary tectonic
gravity deformation structures related to gravity sliding of the uncon-
solidated material along the slope of the seamount, or recent drilling
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Figure 2. East-west seismic section through the Mariana forearc (A) and bathymetric map of Conical Seamount (B) where Holes 779A and 780C were

cored (from Fryer, Pearce, Stokking, et al., 1990).

disturbances. The occurrence of obvious flow structures (observed
during SeaMark and diving surveys of the seamount [Hussong and
Fryer, 1981; Fryer et al., 1985]) favors a gravity sliding origin for
some of the observed structures. Geochemical and mineralogical
analyses of serpentine sediments from Hole 778A reveal that signifi-
cant sedimentary reworking and remobilization occurred on the
flanks of the seamount in conjunction with gravitational sliding of the
serpentine material (Lagabrielle et al., this volume). A subhorizontal
schistosity, accompanied locally by slickensides and folding, was
observed in some serpentinites.

The consolidated peridotites comprise strongly serpentinized, de-
pleted harzburgites that contain some (1%-3% modal) clinopyroxene
and minor dunites. Identification of the rocks was made on the basis

of petrographical observations and have been confirmed by major-
element chemistry. In some samples, a tectonic fabric (resulting from
high-temperature deformation) is present. In addition, some peridotite
samples show traces of locally intense brecciation and late-stage
veining. The veins show no preferred orientation and record a poly-
stage filling history (Shipboard Scientific Party, 1990a, 1990b).

NEW DATA

The petrological and structural data presented here result from
analysis of 29 samples (24 from Hole 779A and five from Hole 780C)
and are based on examination of 93 thin sections. To define and
measure the foliation and lineation, which were not directly identified
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Figure 3. Lithologic summary of Site 779 and location of samples (black
indicates recovered rocks).

on the peridotites because of serpentinization, all samples were cut in
several planes, including XZ and YZ planes for strain-stress analysis.
To estimate the thermal evolution of the peridotites, phase composi-
tion analyses were conducted using a CAMEBAX electron micro-
probe (Camparis Université Paris VI). All petrological data are listed
in Tables 1 and 2 and all structural data in Tables 3 and 4. In the text,
for convenience, we refer to samples using a simplified identification
with numbers ranging from | to 29 (column 4 in Tables 1-4).
Corresponding Ocean Drilling Program (ODP) numbers are reported
in columns 1 through 3 in the tables.

Petrological Data (Tables 1 and 2)

As mentioned above, many peridotites are strongly altered, with
the degree of serpentinization ranging from 100% in a few samples
to 10% in the better preserved rocks, and having a mean value of about
50%. Nonetheless, most samples contain abundant fresh relics of
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primary phases: olivine, enstatite, diopside, and spinel. Except for two
dunite samples, all peridotites are harzburgites having an average
modal composition of 70% to 85% olivine, 28% to 13% enstatite, and
1% to 2% spinel. Diopside never exceeds 1% of the rock.

Olivine generally is present as small crystals, a few millimeters in
size, with lobate and curved contours and with abundant traces of
dynamic recrystallization (see below). In many samples, however,
olivine constitutes large, elongate porphyroclasts up to 1.5 cm long,
which define a pronounced foliation. The olivine composition ranges
from Fo# 90.6 in the diopside-bearing harzburgites to Fo# 91.6 in the
diopside-free rocks. NiO content is always high (~0.35 wt%), as is
characteristic of residual rocks.

Orthopyroxene grains are small (<5 mm) throughout the samples. It
is present either as isolated crystals scattered in the olivine matrix or as
discontinuous aggregates elongated parallel to the spinel foliation.
Orthopyroxene characteristically exhibits abundant clinopyroxene exso-
lution lamellae. The fact that many single crystals are elongated subper-
pendicular to their exsolution lamellae strongly suggests that they result
from dismembering by a pull-apart process of former larger crystals or
of a orthopyroxenitic banding. This points to an originally coarser grain
size for the initial rock, which is also suggested by the size of some olivine
porphyroclast relics. A very important feature of orthopyroxene is that it
mostly displays traces of resorption. Most of the crystals are irregularly
shaped, and some of them are clearly replaced by secondary olivine
(Fig. 4A). Such texture results from the incongruent melting of the
orthopyroxene, possibly caused by a reaction with a water-bearing
undersaturated fluid that would have percolated into the peridotite (Dick,
1977; Berger and Vannier, 1984), a phenomenon possible in a subduction
zone setting. The orthopyroxene is a Mg-rich enstatite having low Al,04
content that ranges from 0.7 (wi%) in the diopside-free harzburgites
to 2.8 wt% in the diopside-bearing ones.

Spinel is abundant in many samples as both isolated crystals
scattered in the olivine matrix and in close association with orthopy-
roxene. In the former case, it generally has an elongate shape with
regular contours or is subhedral, as in the dunites. When associated
with the orthopyroxene, the shape is amoeboid. Spinels are chro-
mium-rich with their Cr# ratio varying from 44.0 in the diopside-bear-
ing harzburgites to 63.6-78.5 in the diopside-free ones and to 82.0 in
the dunites, a feature already pointed out by Ishii et al. (1990). The
high chromium content for spinel suggests a high degree of melting
for the peridotite (Mysen and Kushiro, 1977; Jakes and Green, 1980).
On the other hand, spinel grains always show significant zonation of
their Cr# and Mg# contents from core to periphery (~2%). This
zonation may have been produced during the uplift of the rocks (e.g.,
at low rates to allow for aluminum and iron diffusion [Kornprobst and
Tabit, 1989] or during late hydrothermal alteration [Kimball, 1990]).

The modal content of clinopyroxene is ubiquitously low, except
in one sample (21) in which it attains 1.5%. Clinopyroxene forms
either millimeter-sized crystals associated with orthopyroxenes
(Fig. 4B), displaying locally single twins, or more generally dis-
continuous and irregular veins cross-cutting the foliation
(Fig. 4C). In the latter case, it commonly surrounds primary
spinels. It is also locally associated with minor, small (0.01 mm)
secondary spinels that have a low chromium content (Cr# 31.3).
The clinopyroxene veinlets may represent tails of magma that had
cut through the peridotite after a main high-temperature deforma-
tion. No significant differences exist in the composition of these
two types of clinopyroxenes. Both are characterized by high
calcium (CaO, ~24 wt%) and aluminum (Al,O,, ~2.65 wt%)
contents. They are also rich in Na,O (~0.01 wt%) and poor in FeO
(~1.71 wt%) and Cr,0; (0.89 wt%), compared with clinopy-
roxenes from typical residual peridotites. Similar small clinopy-
roxenes that have a high wollastonite component and occur in
veins in close association with spinel have also been described in
some peridotites from ophiolites (Orberger and Alleweldt, 1991).
They are thought to form through recrystallization of primary cli-
nopyroxenes in the presence of water at low temperatures during late



stages of peridotite serpentinization. The clinopyroxene-spinel as-
semblage may also represent the final products of decomposition of
the orthopyroxenes during incongruent melting. Using the En-Di
Mg-transfer thermometer of Bertrand and Mercier (1985), which is
almost insensitive to the composition of the orthopyroxene, one can
show that clinopyroxenes of both types have recorded temperatures
that range from 950° to 840°C (Table 1).

Secondary phases are present in various amounts in the peridotites.
Amphibole (tremolite) develops at the expense of the orthopyroxene
in shear zones. These phases are present most commonly in pressure
shadows of the orthopyroxene crystals (see discussion in “Deforma-
tion” section, this chapter). Talc-chlorite lenses are also present
oriented parallel to the amphibole-bearing shear zones. Late chlorite,
clinochlore, and magnetite are present in many of the samples, with
the latter phase occurring generally in serpentine veins. Serpentine
minerals include mainly lizardite and chrysotile. Formation of the
latter resulted in a mesh texture for the peridotite. Antigorite also has
been reported as a component of some late veins that cross-cut the
ultramafic rocks (Shipboard Scientific Party, 1990a, 1990b). Further
analyses are needed to determine the exact amount of this phase,
however, as transmission electron microscope (TEM) studies in similar
rocks from the seamount (Sakai et al., 1990) revealed no antigorite.

Structural Data (Tables 3 and 4)

Because the internal structure of the peridotites was generally
difficult to analyze aboard the ship, a foliation marked by the align-
ment of orthopyroxene and spinel was recognized only in a few
samples (Shipboard Scientific Party, 1990a, 1990b). From the study
of the three to four thin sections made from each sample, we were
able to define a foliation and a lineation marked by alignment of spinel
crystals in each sample. The dip of this foliation and the rake of the
lineation have been measured and are listed in Tables 3 and 4. The dip
of foliation varies from 13° to 80° and the pitch of lineation from 3°
to 56°(Fig. 5A, 5B). As expected for blocks floating in a sedimentary
matrix, the attitudes are not consistent.

Homogeneous High-Temperature Deformation

All of the samples display a porphyroclastic texture (Mercier and
Nicolas, 1975; Harte, 1977). Some of the peridotites studied are
coarse-grained with olivine porphyroclasts of about 1 c¢m long. In a
few samples, remnants of larger olivine crystals up to 1.5 cm long and
more than | cm wide were observed (Fig. 6A). The initial size of the
crystals remains difficult to ascertain because of recrystallization and
limited size of the thin section. This fact suggests that the porphyroclastic
texture may come from initial poikiloblastic textures. Such a coarse
texture suggests that the peridotites underwent recrystallization at
high temperatures and under low deviatory stress (Mercier, 1985),
The remaining peridotites are finer grained, with rare olivine porphy-
roclasts generally less than 0.5 cm in size in a subisotropic matrix of
olivine 2 to 3 mm in size. These samples show a strong foliation
marked by the alignment of elongate to holly leaf-shaped spinels that
lie within large olivine porphyroclasts (Figs. 6C, 6D).

As shown by the petrofabric diagrams (Fig. 7A), olivine in coarse-
grained peridotites displays a good preferred orientation with the
[010] axes oriented at high angle to the foliation defined by spinel and
the [100] axes close to the lineation. An angle of 14° was measured
between the foliation and shear plane. Thus, the deformation of these
peridotites occurred in a rotational regime by intracrystalline glide
along the (010)[100] system, which is supposed to be activated at high
temperatures and relatively low stress (Carter and Avé Lallemant,
1970; Mercier, 1985). Olivine in a fine-grained porphyroclastic peri-
dotite shows similar fabrics, but with more diffuse orientations of the
[010] and [001] axes. As revealed by diagrams in Figure 7B, these
axes tend to form girdles subperpendicular to the foliation. Such a
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fabric may result from the activation of both (010)[100] and
(001)[100] slip systems, but at a lower temperature. However, only
the (010)[100] high-temperature slip system was determined in that
sample on the basis of kink-band geometry (see method described in
Nicolas and Poirier, 1976). This fact suggests that the fabric probably
resulted from the activation of only the (010)[100] high-temperature
slip system, but in a stress regime where cl~02. These conditions
would have been achieved in cores of diapirs or in rocks largely
impregnated by intergranular melt.

In most peridotites, olivine porphyroclasts show large (several
millimeters), widely spaced kink-bands. The porphyroclasts often
display traces of polygonization and have partly recrystallized at their
peripheries into neoblasts, 0.02 to 0.05 mm in size. The neoblasts are
often subpolygonal, with straight boundaries, suggesting that most of
the recrystallization occurred through progressive disorientation of
subgrains, that is, by the subgrain rotation mechanism (Fig. 6B;
Nicolas and Poirier, 1976; Avé Lallemant, 1985). The amount of
recrystallization ranges from about 10% in the less recrystallized
facies to more than 50% in a few samples (Tables 3 and 4). Stress
estimates from the neoblast grain size (Mercier et al., 1977; Ross et
al., 1980) range from 0.015 to 0.035 GPa in these porphyroclastic
peridotites (Tables 3 and 4).

In most samples, the olivine porphyroclasts are clearly elongate,
defining a foliation visible only in thin section, This olivine foliation
characteristically makes an angle with the spinel foliation which
varies from 3° to 45°, with maximum values between 8° and 23°
(Fig. 5C). The orthopyroxene is not elongated parallel to the
foliation except in two samples (21, 28), where it is slightly
stretched (4 x 1) parallel to the spinel alignment. In many rocks,
however, it has a rectangular shape, with its larger axis subperpen-
dicular to the spinel foliation, a feature probably resulting from the
pulling apart of former larger crystals (Figs. 6C, 6D).

All these data suggest a complex high-temperature deformation
history for these peridotites. The earliest recognizable deforma-
tion produced the boudinage of large orthopyroxene crystals par-
allel to a stretching direction marked by spinel alignments. This
process probably occurred either at high temperature and pressure
or at a much shallower depth, but in the presence of water (Avé
Lallemant, 1977). In either case, orthopyroxene was more resistant
to strain than the surrounding olivine. The growth of olivine
crystals took place during or after this deformation, implying a
high-temperature, low-stress event, as suggested by the poikilo-
blastic texture relics observed in a few samples. This recrystal-
lization phase was followed by a high-temperature (>1000° C),
low-stress (0.015-0.035 GPa) shearing event, which led to the
porphyroclastic textures now observed in these rocks.

Heterogeneous Deformation

A few samples display ductile shear zones slightly oblique to the
high-temperature foliation. Two types of shear zones have been
recognized: (1) high-temperature ductile shear zones leading to re-
crystallization of olivine and subsequent development of amphibole
and chlorite, and (2) lower temperature ductile shear zones without
recrystallization of olivine, but with syntectonic crystallization of
amphibole, chlorite, and serpentines. Low-temperature brittle defor-
mation postdates these two events.

High- to Intermediate-Temperature Ductile Shear Zones

Only two samples (9, 14) show the development of high- to
intermediate-temperature ductile shear zones (Tables 3 and 4). These
ductile shear zones, a few millimeters thick, lie oblique to the foliation
marked by the spinel. They stand at 24° to 28° to the spinel foliation,
but are subparallel to the shear plane defined by the olivine kink-band
orientation (Fig. 5C). In the shear zone, olivine has strongly recrys-
tallized into fine-grained (less than 0.01 mm) neoblasts that are
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Table 1. Petrologic data for Hole 779A peridotite samples.

Core |Section| Interval | Thin | Number | Serp. | Rock Paragenesis Nature of Opx Nature of Cpx Nalure of Sp Mgws | Cry | ARO3 Cad Temperamre
(am) | Section | of Thin % name 1 11 Isol. Agg. Res. Enrel. Vein |isol. HL. Enrel.| 0. % | Sp. % | En Diopside (w1%) EE:Di
number | Sections (M%) | Opx R. Veins C)
3 CcC 0-3 1 4 50 harz ol.en,sp Serp, mg X X x
5 2 46-49 2 2 >80 harz ol,en,sp serp, mg X X X
8 1 52-54 3 3 =50 harz | ol.en,,sp,d1 serp X X X X X
9 1 129-132 4 4 40 harz | ol,sp,en,di serp,mg X X X X X X
9 2 2-16 5 1 >70 harz ol,en,sp serp,mg X X X X
12 1 52-55 6 2 100 harz ol,en,sp serp,mg X x x x x
13 2 75-18 7 ] 55 harz | ol,en,sp,di serp, X X X X X X X 90.0 | 44.0 | 2511 | 23.46 | 24.07 | %60 | 840
13 3 14-17 8 4 50 harz olen,sp |serpchlmg| x X X X
14 1 65-67 9 2 40 harz ol,en,sp | am,chltalc X X 91.6 63.6 2.851 24,95 B40-890
14 2 56-59 10 4 50 harz | ol,en,sp,di | serp,mg x X x X x X X
14 3 5-8 11 4 30 harz | ol.en,sp,di serp,cl'l].n'!g X X X X X X
15 1 65-68 12 ! 50 harz | ol,en,sp,di serp;:]h].mg x X x x x 90.6 | 442 | 2366 24.05 950 |
Jalc
15 2 14 13 4 50 harz | ol.en,sp SCTp,ME x x x X X
16 1 41-44 14 4 10 harz ol,en,sp |serp,chl,mg X X X X X 91.4 44.3 2.133 2406 | 23.06 930 B30 |
16 2 85.88 15 3 60 harz_| ol.en,sp,di | serp.mg X X X X X X X X 912 | 519
16 3 53-56 16 4 70 harz | ol,en,sp,di serp,mg X X X X X
| 17 1 129-132] 29 1 95 dun ol,sp seTp,mg X -
2 1 72-75 17 4 60 harz ol,en,sp serp,chl x X X 91.5 78.5 0.754
2 ) 1518 | 18 [ 0 dun | olsp,di |serp,mgchl X X
Jalc,ant
7] 1 3840 | 19 1 100 | harz sp serp,mg,chl| x |serp, X
mg
26 1 B3-B6 20 3 95 dun sp serp.mg X X
26 2 64-67 21 4 40 harz | ol,en,sp,di serp,mg X X % X X X X X 91.0 47.0 2.608 23.99 | 2438 840 | B40-890
26 3 47-50 22 4 50 harz | ol,en,sp,di [ serpmg,chl] x X X X X X X
31 1 34-37 23 4 100 | brecia serp,mg,chl
Table 2. Petrologic data for Hole 780C peridotite samples.
Core | Section| Imerval | Thin | Number | Serp. | Rock Paragenesis Nature of Opx Nature of Cpx Nature of Sp Mgas | Cry | ARO3 Ca0 Temperature
(am) | Section | of thin % name 1 Isol. Agg. Res. | Enrel. Vein |isol. H.S. Enrel | QL % Sp. % (w1%) | Diopside (wi%) En-Di
Number | sections Opx R. Veins )
3 cc 14 24 3 45 dun ol,sp serp,mg, X 91.5 B2.0
ant
8 1 49-51 25 3 90 harz | olensp [serpmgchl] x X X X x
,am
9 1 46-50 26 3 90 harz |ol,en,,sp,di] serpmg,ant]| x X X X X X
13 1 5064 | 27 1 70 harz_| ol,spendi | serpymg | X X X X x X X
16 1 55-57 28 4 80 harz | olen,sp,di | serp,mg X X X X X X X

(ol: olivine,

sp: spinel, en: enstatite, di: diopside, serp: serpentine, chl: chlorite, mg: magnetite, Isol: isolated, Agg: aggregates, Res: resorbed, En rel: enst:

related, H.L.: holly leaf)
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Table 3. Structural data for Hole 779A peridotite samples.

Core |Section| Inerval | Thin | number | S1 L1 Foliation marked by Angle Shear Textural ty Recrystallization T Shear zones angle | Pull- | Avemge | Olivine | diaclasis
(an) | section | ofthin [ dip | pich Spinel Ol En |sisp/s101| Sense | Coarse P. ine P. type recryst. | HT [T LT | S1/SZ | Apan | Swress glide veins
number | seclions | degre | degree degree SGR _GBM degree | struct. | GPa system
3 CcC 03 1 4 & 13 X X X 10
5 2 4649 2 2 X X
1 52-54 3 3 X X 30
] 1 129-132 4 4 33 73 X normal X 15 0.02 %
] z 2-16 5 1 X X 50
12 1 52-55 6 2 X ol X 50 0.02 X
13 2 75-18 7 4 13 22 X 010)(100] X
13 3 1417 [] 4 m 03 ol dextral x x 40 3 x 30 0.055 &?}[:g X
14 65-67 9 2 8 83 X ol 16 INverse X x Lablet 30 % X 28 0.040 010)[100] X
14 56-59 10 4 6 06 X sinustral X 20 X 0.015 X
14 58 11 4 77 05 x ol 10 sinistral X X 15 (010)(100] X
15 65-68 12 4 47 01 X ol 23 sirustral x X 10 0.020 (010)(100] X
15 2 14 13 4 X ol 04 X 10 0.015 X
16 1 41-44 14 4 40 56 X ol 07 normal X x bulge 30 X 24 0.060 [ (010){100) x
= n. (001){100)
[ 2 85-88 15 4 41 07 X ol 32 % 10 X X
f 3 53-56 16 4 45 11 ol X X &0 X
7 1 129132 29 1 X X 10 0.035 | (010)100] X
7] 1 T2-75 17 4 o7 05 ol simstral X X X 15 X
22 2 15-18 18 4 E0 77 X INVErse X x X
24 1 38-40 5 1 x ol 16 X 10 X
26 1 83-86 20 3 X X
26 2 6467 21 3 58 02 X ol +en 08 x X 20 X
26 3 47-50 2 4 37 87 X INVerse X X 0 X X
31 1 34-37 23 4 50 normal i X
Table 4. Structural data for Hole 780C peridotite samples.
Core | Section | Interval | Thin | purber | S1 L1 Foliation marked by Angle Shear Textural type Recrystallization %o Shear zones | angle | Pull- | Aversge | Olivine | diaclasis
(am) | section | ofphin | dip pitch Spinel  Ol/En |S1Sp/s101| Sense |Coarse P. FineP. ype recryst. | HT IT LT | SI/SZ | Apant | Stress glide- veins
number | goctions | degroe | degree degree SGR =~ GBM GPa system
3 CcC 14 24 3 10 66 ol normal X X 35 0.015 | (001)[100)
8 4951 25 15 43 X X X
9 46-50 26 46 03 X x
13 60-64 27 X X X
16 5551 | 28 3 [ 74 X en 3 ‘normal X 25 0.020 X
(ol: olivine, sp: spinel, en: enstatite, di: diopside, S1: foliation, P: porphyroclastic, SGR: sub-grain recrystallization, GBM: grain boundary recrystallization,

recryst: recrystallization, HT: high temperature, IT: intermediate temperature, LT: low temperature, struct.: structures, bulge n.: bulge nucleation)
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Figure 4. Photomicrographs of thin sections showing some peculiar petrological features of the peridotite. A. Resorption of an orthopyroxene crystal in a harzburgite
(Sample 125-779A-16R-3, 53-56 cm). B. “Large” clinopyroxene crystals associated with orthopyroxene (Sample 125-779A-26R-2, 64-67 cm). C. “Late” small
clinopyroxene crystals occurring in veins cross-cutting the foliation (Sample 125-779A-13R-1, 60-64 cm).
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Figure 5. Histograms showing the dip of foliation (A), the rake of lineation (B), and values of the angles between the foliation marked by spinel and olivine (1 to 3)
(C) and between the spinel foliation and the shear zones (24 to 27) (D).
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Figure 6. Photomicrographs of thin sections showing deformation and recrystallization textures. A. Remnants of a large porphyroclast of olivine in a coarse-grained
peridotite (Sample 125-780C-3R-CC, 1-4 cm). B. Subgrain rotation recrystallization in a coarse-grained peridotite (Sample 125-779A-16R-1, 41-46 cm). C-D.
Attitude of foliation S1 marked by spinel relative to orthopyroxene and olivine porphyroclast elongation; note the presence of an elongate spinel in a large olivine
crystal (Sample 125-779A-15R-2, 1-4 cm). E-F. Evidence for nucleation and grain-boundary migration recrystallization (Sample 125-779A-14R-1, 65-67 cm):
bulge nucleation in (E) and tablet-shaped olivine grows at the expense of a highly strained porphyroclast in (F).

slightly elongated parallel to the shear zone and have irregular con-
tours (Fig. 8A). The intensity of recrystallization decreases away from
the center of the shear zone. However, it is always present and occurs
in pressure shadows of olivine porphyroclast remnants. Stress estimates
for the formation of these shear zones range from (.04 to .06 GPa (Tables
3 and 4).

These shear zones also exhibit amphibole growth mainly in the
pressure shadows of orthopyroxene crystals and various types of
chlorite that generally grow parallel to the shear zone (Fig. 8B). The
shear senses were determined using the angle between the foliation
and the shear zone, the olivine kink-band geometry, and the olivine
and amphibole pressure-shadow patterns. Shears are always in the
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[010]ol

[o01]al [100]ol

Figure 7. Olivine preferred orientation in coarse-grained (Sample 125-780C-3R-CC, 1-4 cm) (A) and fine-grained (Sample
125-779A-16R-1, 41-44 cm) (B) peridotites (equal-area projection, lower hemisphere). The solid line marks the trace of
foliation and the solid dots that of lineation. Dashed lines = shear plane. Contours = 12%, 9%, 6%, 3%, and 2%.

same sense, suggesting that gliding along the shear zone was a
continuous phenomenon from high-temperature conditions (recrys-
tallization of olivine) to much lower conditions (syntectonic chlorite).

Intermediate- to Low-Temperature Ductile Shear Zones

Two samples (9, 15) exhibit intermediate- to low-temperature
ductile shear zones that developed at high angles (28° to 30°) to the
older foliation marked by the spinel (Fig. 5D; Tables 3 and 4). These
shear zones constitute heterogeneous wavy zones along which pre-
existing crystals have undergone large deformation (e.g., spinel with
pull-apart textures [Fig. 8C, 8D]). Synkinematic amphibole, various
types of chlorite, serpentines, and magnetites also developed along
these shear zones. The amphiboles characteristically crystallized as
pressure-shadow tails of orthopyroxene, commonly encountered in
the high-temperature shear zones. The sense of shear determined
using the crystallization sequence is the same as that determined for
the high- to intermediate-temperature shear zones. In one sheared
peridotite (23), the primary phases have been completely trans-
formed into a secondary assemblage of serpentine and chlorite in
which C/S-type structures are frequent.

The low number of observed shear zones precludes an unambiguous
determination of the structural relationships between the high- to inter-
mediate-temperature and the intermediate- to low-temperature ductile
deformations. The synkinematic growth of chlorite along the high-tem-
perature shear bands suggests, however, that all shear zones developed
during a continuous event at decreasing temperatures.

Brittle Deformation

As previously mentioned in the “Site 779" and “Site 780" chapters
of the Leg 125 Initial Reports (Shipboard Scientific Party, 1990a,
1990b), most of the peridotites exhibit traces of brittle deformation
marked either by faults (locally conjugate) devoid of secondary
phases or by the development of fractures filled by antigorite, lizard-
ite, and chrysotile (Tables 3 and 4). These faults and veins are at
various angles from the main foliation in the rock, with the veins
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constituting locally an anastomosing net. This brittle deformation
phase postdates the main serpentinization of the peridotites.

Evidence for Annealing

Many of the studied samples show evidence of migration recrys-
tallization. This is well exemplified by the curved grain boundaries
of some olivine neoblasts that developed at the periphery or inside
strained porphyroclasts and by the interpenetrative growths of olivine
crystals bulging out at their grain boundaries (Fig. 5E). The presence
of such high-temperature dynamic recrystallization process suggests
asthenospheric conditions (Nicolas, 1986).

In one sample (9), a 0.1-mm-long tablet-shaped olivine crystal
having straight boundaries developed at the expense of two highly
strained olivine porphyroclasts which also exhibited bulge nucleation
structures at some of their grain boundaries (Fig. 5F). The develop-
ment of such olivine tablets is commonly seen in xenoliths from alkali
basalts and has been reproduced experimentally (Mercier, 1985). This
olivine occurs in strongly strained peridotites which have recrystal-
lized at high temperature under hydrostatic conditions. These tablet-
shaped olivine crystals should therefore reflect annealing conditions
for the peridotite.

The annealing conditions clearly predate the development of
the heterogeneous ductile shear zones in the peridotite and likely
postdate the main high-temperature plastic deformation of the
peridotite responsible for the formation of the porphyroclastic
textures. The coexistence of prominent bulge nucleation struc-
tures and tablet-shaped crystals in olivine from the same rock
suggests that most grain-boundary migration textures occurred
under almost hydrostatic conditions. However, it is unlikely
that such conditions were achieved in mantle peridotites which
were continuously deformed during ascent, but the conditions
may have been met in cores of hot diapirs.

One example of annealing with development of tablet-shaped
olivine crystals has been recently reported from Oman peridotites
(Quatrevaux et al., 1991). That peridotite comes from the center of
the Magsad diapir in a zone where traces of grain-boundary migration
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Figure 8. Photomicrographs of thin sections showing ductile shear zones. A, Millimeter-sized, high-temperature ductile shear zone marked by dynamic
recrystallization of olivine. Note that olivine neoblasts also develop in pressure shadows of olivine porphyroclasts (Sample 125-779A-14R-1, 65-67 cm). B.
Growth of amphiboles in pressure shadow of a orthopyroxene porphyroclast in an intermediate- to low-temperature, ductile shear zone (Sample 125-779A-13R-3,
14-17 cm). C-D. Attitude of intermediate- to low-temperature ductile shear zones relative to foliation marked by the olivine porphyroclast elongation; see pulled

apart structures of spinel (Sample 125-779A-13R-3, 14-17 cm).

recrystallization of olivine are abundant, and where local but
significant changes in the modal and chemical compositions of the
rock are common. For a number of reasons the annealing process
might have been activated by the percolation of hot magma into
the peridotite, as might also be the case for the Leg 125 peridotites.
This process may also have produced annealing recrystallization
in peridotite xenoliths from basalts (Mercier, 1985) and in some
metamorphic peridotites recrystallized under hydrous conditions
(Nicolas, 1986).

MAIN RESULTS

Although peridotites from Sites 779 and 780 are blocks set in a
sedimentary matrix with no structural continuity, their internal mineral-
ogy and structure may be used to further constrain the evolution of the
Mariana forearc basement. Several magmatic and tectonic events may
have occurred successively during the ascent of the peridotite. We have
summarized these events in the following sections.

High-Temperature Stage (Events 1 to 4)

This stage, evidenced by a set of various textural arguments, can
be divided into four successive events (Fig. 9). Event 1 produced the
spinel foliation observed in all rocks, probably during a rotational

plastic deformation of the peridotite under asthenospheric conditions.
This deformation ended with the coarsening of olivine crystals (event
2), giving the rock a coarse-grained, locally poikiloblastic texture, a
process that likely occurred at high temperatures in almost hydrostatic
conditions. Subsequently, parts of these older textures have been
overprinted by a penetrative deformation acquired in a rotational
regime at high temperature (>1000° C) and relatively low (0.015-
0.035 GPa) stress, which led to the present porphyroclastic texture of
the rock (event 3). This main plastic deformation was also followed
by a high-temperature, almost hydrostatic, event, which permitted
some annealing of olivine crystals to occur (event 4).

Event 3 was sealed by the injection of magmas, now repre-
sented only by the clinopyroxene + spinel veinlets. Resorption of
the orthopyroxene postdates events | and 2. This resorption proc-
ess probably was related to the percolation of hot undersaturated
fluids or magmas into the rock which, ultimately led to the crys-
tallization of the clinopyroxene and to secondary spinel after the
orthopyroxene. Percolation of these hot fluids (or magmas) might
also be responsible for annealing of the olivine (event 4).

Ductile Shearing of Rock (Event 5)

Development of heterogeneous ductile shear zones followed the
homogeneous high-temperature deformation episodes described
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Figure 9. Sketch diagram for the high-temperature evolution of the peridotites. Event 1: the peridotite acquired a porphyroclastic texture with a foliation well
marked by spinel and olivine crystals alignment. During this stretching phase, orthopyroxene grains were cut into rectangular sections by a pulling apart process.
Event 2: Coarsening of olivine crystals followed the preceding deformation, producing poikilitic textures for the peridotite. Event 3: the coarse-grained peridotites
underwent another stretching phase at high temperature and low stress, which yielded porphyroclastic textures for the peridotites. Undersaturated, hydrated
magma/fluid percolation into the rocks produced the resorption of the orthopyroxene and subsequent crystallization of calcium-rich clinopyroxene + aluminum-rich
spinel in veins cross-cutting the main foliation. Event 4: Some annealing of olivine postdates the later event.
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above. These shear zones began to develop at relatively high tempera-
tures to permit dynamic recrystallization of olivine to occur, possibly
in the presence of water allowing for early crystallization of amphi-
bole from the orthopyroxene. It ended at low temperatures, in the
stability field of chlorite and serpentine materials. These later shear
zones developed at a low angle from the high-temperature foliation.

Brittle Deformation (Event 6)

The last stage of deformation recorded by the peridotites postdates
their main serpentinization: it is marked by the local development of
conjugate faults and by large brecciation of the rock, with infilling of
fractures by serpentine materials. Such deformation probably
occurred at low temperatures according to the presence of predomi-
nant chrysotile and lizardite in the veins.

DISCUSSION

According to our results, the peridotites from Sites 779 and 780
may have undergone two major episodes in relation to their primary
magmatic history (events | to 4) and to their late emplacement onto
the seafloor (events 5 and 6).

The high-temperature evolution (events 1 to 4) of the peridotite at
Sites 779 and 780 does not differ significantly from the high-tempera-
ture evolution of most peridotites from ophiolites (see discussion in
Nicolas, 1989). This hypothesis implies that asthenospheric condi-
tions can be achieved in the upper mantle beneath a spreading center,
either mid-oceanic ridge or island arc. The two-stage, high-tempera-
ture evolution of the peridotite that involves two successive ductile
deformation events, each followed by a coarsening phase, can hardly
have been achieved during a single, continuous process of upwelling
mantle, however.

The large degree of depletion of the rocks suggests some remelting
of the mantle in a suprasubduction zone context (Ishii et al., 1990;
T. Ishii, pers. comm., 1990). We may then assume that the last
high-temperature, low-stress deformation of the peridotite, the
resorption of the orthopyroxene (event 3), and subsequent crystal-
lization of clinopyroxene and the annealing of olivine (event 4) also
occurred during proto-arc formation (Fig. 9, events 3 and 4). This
deformation partly overprinted former deformation (event 1) and
recrystallization (event 2) structures, however, These events may have
occurred in a presubduction stage as the mantle was located in a
high-temperature environment, such as a mid-oceanic ridge (Fig. 9,
events | and 2).

The development of the ductile shear zones (event 5) remains more
difficult to interpret. Our study shows that these zones can be regarded
as the record of a single deformation event that began at high tem-
peratures and ended at low ones, probably at decreasing depths.
Because of the high-grade conditions for the initiation of shearing, it
seems unlikely that these zones formed during late uplift of a ser-
pentinite diapir that rose up because of gravity differences (Fryer and
Fryer, 1987). We think that such a process produced the brecciation
of these peridotites (event 6). The ductile shear zones may have been
initiated during the late stage of upwelling of a hot mantle diapir that
arrived close to the surface and that was remobilized later through
serpentinization, as proposed by T. Ishii (pers. comm., 1990) or may
reflect tangential movements from normal faulting. Further studies on
a larger set of samples will be needed to discuss these opposite models.
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