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Abstract Eclogites occur as isolated blocks in melanges
of both the Samana Peninsula, Dominican Republic,
and the Franciscan Complex, California, USA. In some
of these eclogites, fluid inclusions were found in om-
phacite and sodic-calcic amphibole grains. Textures
show that non-planar populations of fluid inclusions
formed during growth of clinopyroxene and amphibole.
In addition, planar arrays of secondary fluid inclusions
are found along healed cracks. Homogenization tem-
peratures to liquid were used to calculate isochores for
the fluid inclusions. These data were compared with
petrologic geothermobarometry. Temperature condi-
tions of 500-700° C were estimated from garnet-
clinopyroxene geothermometry. The jadeite contents of
omphacite indicate minimum pressures of 8—11 kbar in
this temperature range. The P-T estimates agree well
with calculated isochores for primary fluid inclusions
from the Samana Peninsula, and show some overlap for
both primary and secondary fluid inclusions from the
Franciscan Complex. Salinities of 1.2-5.3 wt% NaCl
equiv. were estimated for both primary and secondary
fluid inclusions from Samana and Franciscan eclogites.
These data suggest that low-salinity aqueous fluids at-
tended eclogite-facies metamorphism and perhaps ret-
rograde metamorphism in both subduction complexes.
The salinities and densities of fluid inclusions in eclog-
ites from the Samana Peninsula and the Franciscan
Complex resemble those of counterparts from garnet
amphibolites of the Catalina Schist, southern Califor-
nia. An external source for such fluids is suggested by
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their homogeneous populations coupled with their low
salinities. Geologic evidence suggests that the Samana
and Franciscan eclogites may have been derived from a
Catalina-like source terrane. The Catalina rocks are in-
ferred to have interacted with large volumes of sedi-
ment-derived fluid during subduction zone metamor-
phism at similar P but higher T conditions than those
determined for Samana and Franciscan eclogite blocks.
These results contrast with data for fluid inclusions
from eclogites of the Monviso area, western Alps. The
Monviso eclogites yield similar estimates for metamor-
phic P-T to those obtained in this study, but contain
fluid inclusions of brine and of other saline aqueous
fluids, all of which are less dense than expected for in-
corporation at the reported eclogite-facies conditions.
The differences between the properties of fluid inclu-
sions from the eclogites and garnet amphibolites of the
Samana-Franciscan-Catalina subduction complexes
and those of Monviso probably reflect differences be-
tween fluid-flow regimes during metamorphism.,

Introduction

Fluids play a major role in mass transport in subduc-
tion complexes (e.g, Tatsumi 1989; Bebout 1991;
Moran et al. 1992; Peacock 1990; Moore and Vrojlik
1992). Furthermore, fluid flow may influence the evolu-
tion of thermal regimes of subduction zones (e.g., An-
derson et al. 1976, 1978; Delany and Helgeson 1978;
Peacock 1990). The compositions of fluids attending
moderate depths of subduction (ca. 25-35 km) can be
estimated from stable isotope data, inferred from petro-
logic calculations, or measured if fluid inclusions pre-
serve fluids trapped at these depths.

Petrologic studies of low-temperature (L T) eclogites
(classification of Carswell 1989) from high-pressure
metamorphic terranes suggest that, in general, these
rocks return to the surface from depths that correspond
to minimum pressures of 11 kbar; metamorphic tem-
perature estimates range to 550-600° C (e.g., Schliestedt
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1989; Oh and Liou 1990). Metamorphism of LT eclog-
ites is probably not “dry.” This is attested to by the
modal abundance of hydrous minerals such as sodic
amphibole, clinozoisite, epidote, or zoisite, and phengite
in apparent equilibrium with garnet and omphacite, and
occurrences of euhedral omphacite filling cavities in
eclogites (Cloos 1986; Schliestedt 1989). Studies of LT
eclogite blocks indicate that lower-T exposure to sub-
duction zone fluids forms an interior-to-exterior zona-
tion of retrograde mineral assemblages as well as veins
of low-T, high-P hydrous minerals, and mediates reac-
tions between blocks and ultramafic rocks (Coleman
1967, 1980; Moore 1984). Thus, if fluid inclusions are
preserved in LT eclogite blocks, they could record a
long history of fluid-rock interactions at various tem-
peratures and depths in the subduction zone metamor-
phic environment.

This paper reports occurrences of fluid inclusions in
omphacite and sodic-calcic amphibole grains in eclogite
blocks from the Samana Peninsula, Dominican Repub-
lic, and from the Franciscan Complex, California, USA.
We discuss the geologic settings of the host eclogite
blocks, and report the textures, compositions, and den-
sities of the fluid inclusions. We then compare our re-
sults with those of previous studies of a low-temperature
(LT) eclogite terrane in the Alps and of a related terrane
in California, and propose a hypothesis for the controls
of the compositions of fluids that attend LT eclogite-fa-
cies metamorphism.

Metamorphic geology of the eclogites

The geologic settings of the Franciscan and Samana
eclogites have several features in common, but an im-
portant contrast. In both regions, eclogite blocks are
found in continental-margin subduction complexes in
which large amounts of both hydrated ocean crust and
subducted sediment were consumed (Hamilton 1969;
Nagle 1974; Perfit et al. 1980; Bowin and Nagle 1982;
Cloos 1985; Joyce 1991). In both areas, the eclogite
blocks are found in matrices of both metasedimentary
and meta-ultramafic rocks. Blocks that are not present-
ly in a matrix of serpentinite or talc schist matrix display
schistose Mg-rich rinds of Ca-amphibole + layer-sili-
cate minerals. Rinds are evidence that at one time in
their history, the eclogite blocks were metasomatized in
direct contact with ultramafic rocks (Coleman 1980;
Moore 1984; Cloos 1986). A significant geologic con-
trast between the Samana Peninsula and the California
Coast Ranges is the predominance of calcareous
metasedimentary rocks in the former, and of
metagraywacke-metashale sequences in the latter (cf.
Bailey et al. 1964; Joyce 1991). The sections below
briefly describe the field occurrences of eclogites in the
two subduction complexes, and cite articles that review
the geology and petrology in more detail.

Samana Peninsula, Dominican Republic

On the Samana Peninsula of the Dominican Republic, high-grade
blocks occur in a zone (the Punta Balandra zone) within the Santa
Barbara Schist of the Samana Metamorphic Complex (of Joyce
1991). The eclogite blocks sampled for this study are located east
of the town of Samana, near Punta Balandra on the south coast of
the Samana Peninsula (Fig. 1A). In this area, eclogites occur: (1) as
boudins 0.5 m or less in their longest dimension in a single out-
crop of coarse-grained calcite marble along the coast road near
Punta Balandra, (2} as inclusions 0.5 to 3 m in diameter, with or
without rinds, in lenses of talc and chlorite schist within metased-
imentary rocks, and (3) as meter-scale loose blocks in canyons or
on beaches between the “marble locality” and the town of Samana
(cf. Joyce 1991). The loose blocks, many of which display rinds, are
presumably derived from outcrops similar to setting (2). The small
eclogite lenses and boudins in the marble outcrop show extensive
cataclasis and alteration of clinopyroxene, replacement of pyrox-
ene and garnet by carbonate, and development of retrograde epi-
dote-blueschist facies assemblages; the remnants of clinopyroxene
in these boudins lack fluid inclusions and were not studied.

The eclogite-bearing talc and chlorite schist lenses range to
tens of meters wide and have foliations parallel with their borders,
which locally crosscut the foliation of surrounding calcareous
schists, micaceous marbles, and semipelitic schists. The mineral
assemblage of the semi-pelitic schists indicates greenschist facies:
it consists of actinolite, albite, quartz, clinozoisite, chlorite, white
mica, calcite, and sphene. Inclusions of lawsonite are present only
in albite and clinozoisite porphyroblasts of the semi-pelitic schists.
This texture suggests that an earlier, relatively high-P/low-T
metamorphism in the host rocks of the eclogite-bearing lenses of
ultramafic rock was overprinted by greenschist-facies conditions.
Although the eclogites contain epidote and sodic amphibole, the
textures of these minerals do not demonstrate that these phases
are retrograde, and no indications of retrograde greenschist-facies
metamorphism are present (cf. Joyce 1991). The lack of a common
metamorphic history and the local discordance between foliation
in the eclogite-bearing lenses and that of their metasedimentary
host rocks together suggest that metamorphism of the high-grade
blocks did not occur in situ in the regional P/T trajectory (cf. Joyce
1991). Nagle (1974) first pointed out the significance of occur-
rences of eclogite and blueschist in Hispaniola for the tectonic
evolution of the region. The metamorphic geology of the Samana
Peninsula was studied by Joyce (1980 1985 1991); the metamor-
phic geology of high P/T rocks in Hispaniola was reviewed by
Draper and Lewis (1991). Perfit et al. (1980, 1982) and Perfit and
McCulloch (1982) reported trace element and radiogenic isotope
data for eclogites and blueschists from the Samana Peninsula, and
for similar metamorphic rocks from the Puerto Rico Trench.

Franciscan Complex, California, USA

The eclogites of the Franciscan Complex of the California Coast
Ranges have a long history of petrologic study (Holway 1904;
Switzer 1945; Borg 1956; Coleman et al. 1965; Coleman and Lan-
phere 1971; Ghent and Coleman 1973; Brown and Bradshaw
1979; Oh and Liou 1990). Eclogite blocks from three well-known
localities were sampled for this investigation (Fig. 1B). These are:
(1) at Jenner, just north of where the Russian River enters the
Pacific Ocean (Crawford 1965; Oh 1990), (2) on Ring Mountain of
the Tiburon Peninsula (Ransome, 1895; Taliferro 1943; Dudley
1972; Rice et al. 1976; Ingersoll et al. 1984; Oh 1990), and (3) on
the road to Mt. Hamilton (Cloos 1986, Moore and Blake 1989;
Nelson 1991). Locality (3) was bulldozed in the summer of 1990
during road work, and existed then only as partly buried, tumbled
slabs. In all three of these localities, eclogite occurs as one or more
blocks within melange, or as float. One block at Jenner, several
blocks at Tiburon, and the Mt. Hamilton block bear rinds of
actinolite 4+ chlorite, white mica, and talc. The nature of the
melange matrix is uncertain at the three localities studied. At
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Tiburon, serpentinite is present, but nowhere are high-grade
blocks observed cropping out in serpentinite matrix. A detailed
map at ~1:17,000 and structure sections by Rice et al. (1976)
place the blocks in melange horizons of sheared shale + sand-
stone matrix, which are intercalated with serpentinite. At Jenner
and Mt. Hamilton, outcrops in the immediate area contain a sub-
stantial component of metasedimentary rock and shale-matrix
melange (Crawford 1965; Moore and Blake 1989; Cloos, personal
communication 1993). Cloos (1986) reported that many high-
grade blocks of the Central Melange Belt of the Franciscan Com-
plex are found in a matrix of fine-grained argillaceous metasedi-

mentary rock, but noted that many bear Mg-rich rinds. Most of
the Central Melange Belt comsists of metagraywacke and
metashale, and the latter rock type probably makes up much of
the melange matrix of this unit (e.g., Bailey et al. 1964 ; Cloos 1983;
1986). The matrix rocks of the Central Melange Belt were meta-
morphosed at relatively high pressures and low temperatures, al-
though the argillaceous bulk compositions of these rocks may not
form blueschist-facies index minerals (Cloos 1983). Coherent se-
quences of metagraywacke rocks in the Diablo Range contain the
blueschist-facies assemblage glaucophane + lawsonite + jadeite
(Ernst 1971, 1993).
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Analytical methods

Electron probe microanalysis

Garnet, clinopyroxene and amphibole grains were analyzed with
the ARL-SEMQ microprobe in the Department of Mineral Sci-
ences, National Museum of Natural History, Smithsonian Institu-
tion, Washington, DC. The accelerating voltage was ~15kV, and
the sample current ~0.025 pA. Counting time for each point was
20's, and a focussed beam was used. Standards for garnet were
United States National Museum catalog numbers (USNM) 87375,
110752, and 143968. Clinopyroxene standards were USNM
110607 and 143965. Amphibole standards were USNM 143965
and manganite. Wet chemical analyses of these minerals are re-
ported in Jarosewich et al. (1980). Precision is estimated at +2—
3% for the elements used in the thermobarometric calculations.

P-T calculations

Mineral compositions were converted to mineral formulae and
chemical components for use in thermobarometric equations
(Table 1). Pyroxene formulae were calculated by adjusting the
ratio of FeO to Fe,0, to satisfy the constraint of four cations per
six oxygens per formula unit. The jadeite component of these
omphacitic clinopyroxenes (NaAlSi,O¢) was calculated as Na p.fu
minus Fe?* p.fu. to account for Na in the acmite component
(NaFe®**Si,0,). Garnet formulae were calculated on a 12 oxygen
basis, assuming all iron is Fe?*

In each specimen, one to three garnet grains, each in contact
with as many as three clinopyroxene grains, were chosen for mi-
croprobe analysis. Three pairs of spots across garnet-clinopyrox-
ene contacts were analyzed. Each analytical pair consists of one
spot on each side of the grain boundary approximately 5 to 10 pm
from the boundary. Temperatures and minimum pressures of
metamorphism were calculated for each garnet-clinopyroxene
pair using the geothermometer of Ellis and Green (1979) and the
geobarometer reported by Ghent (1988) (Table 1). The two equa-
tions were iterated to obtain a single temperature at a minimum
pressure for each pair of analyses. The mean temperatures and
pressures reported in Table 1 are the values obtained for each
sample, which are averages of all garnet-clinopyroxene pairs. The
one-sigma uncertainties in Table 1 are the standard deviations of
the calculated pressures and temperatures for each sample.

Table 1 P-T and fluid inclusion data. Fluid inclusion data were
collected from texturally primary, clinopyroxene-hosted, lig-
uid +vapor (L+V) fluid inclusions except as noted otherwise.
Temperatures are calculated from partitioning of Fe?* and Mg
between garnet and clinopyroxene (Ellis and Green 1979); mini-

Freezing and homogenizing of fluid inclusions

Measurements of the final melting of ice (T, nomenclature of
Roedder 1984) and of homogenization of vapor to liquid (T,) were
made on a United States Geological Survey design heating and
freezing stage as modified and assembled by T. James Reynolds
(Fluid Inc.). Replicate determinations of calibration points suggest
the precision of these measurements is 4-0.1° C between —56.6
and 0.0° C; homogenization of vapor to liquid in the artificial
pure water fluid inclusions up to T~ 300° C suggests that preci-
sion at high temperatures is =+ 1° C. Ideally, replicate measure-
ments of both T, and T, were made for each fluid inclusion. In
many cases, however, both types of data were not obtained for a
single fluid inclusion due to our inability to observe the phase
change or other experimental problems.

Results

Mineral assemblages and P-T conditions
of eclogite metamorphism

Eclogites from the two field areas show no significant
differences in their mineral assemblages. In addition to
garnet and omphacite, the eclogite samples contain cal-
cic, sodic-calcic, or sodic amphibole, white mica, rutile,
sphene, and chlorite; most samples also contain pyrite
and epidote (Table 2). Sample (SS85-27E) contains
quartz in the matrix, and samples SS84-24B, T90-1B1,
and MH90-1A contain quartz as inclusions in garnet.
The common occurrences of fine-grained white mica +
chlorite either as veins that cut garnet or as partial pseu-
domorphs of garnet suggest that these minerals are ret-
rograde (Table 2). However, elsewhere in the same thin
sections, coarse-grained, foliation-parallel muscovite is
common, and in samples SS84-24B and MH90-1A,
chlorite also appears to be part of the eclogite-facies
assemblage. In half of the samples, amphiboles are com-
plexly zoned. Brown, green and blue-green amphiboles
appear as cores of blue amphiboles in samples SS85-

mum pressures were estimated from the jadeite content of clinopy-
roxene (Ghent 1988) (dau possible daughter crystals were ob-
served; 2nd some texturally secondary fluid inclusions were mea-
sured) Samana Peninsula, Dominican Republic

Specimen Garnet Clinopyroxene P(kbar) T, ¢C) T,, (ice} (°C) Comment
Fe Mg X{Ca) Fe Mg X{Jd) T(°C) n min max n min max

SS84-24B 1.636 0.424 0296 0.116 0447 0411 597+59 9.6+1.1 24 129 173 19 —37 -1.6 2nd, dau

SS85-27E 1.689 0441 0269 0.118 0424 0440 601+55 99+10 24 138 297 25 —58 +4.1* dau

SS85-22 1.815 0.238 0298 0.133 0.449 0412 507+42 82408 8 103 134 7 —45 26

Franciscan Complex, California

Tiburon (T), Mount Hamilton (MH), and Jenner (J)

T90-1B1° 1.619 0426 0270 0.181 0440 0343 691+84 104+21 14 182 333 17 —49 -10

T90-5A 1.697 0407 0.289 0.124 0452 0341 593+63 9.0+13 5 255 285 7 =27 —-135 2nd

MH90-1A 1.644 0.433 0280 0.155 0419 0366 671+77 105415 S 220 372 5 =28 -—-11

J90-3A 1.784 0247 0313 0.156 0431 0372 561+55 88+1.1 4 273 310 2 —18 ~—1.6

J90-4A1A 1.766 0.419 0281 0.145 0450 0373 618+27 9.7+06 13 166 302 3 —-13 —11 2nd

2 Final melting temperature of metastable aqueous phase
® Fluid inclusions in sodic-calcic amphibole



Table 2 Mineralogy of eclogites — minerals present in addition to
garnet and clinopyroxene. (G present only as inclusions in garnet;
P pyrite — ? where inferred but not observed; R present only as a
relict phase; X present in apparent textural equilibrium. Sub- and
supescripts: abl some syn- to post-Na-amphibole; ag some replac-
ing garnet; blgc some with blue green cores; br-blg-bl core to rim
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zoning from brown to blue-green to blue; brg-blg-bl core to rim
zoning from brown-green to blue-green to blue; g some present as
inclusions in garnet; g-blg-bl core to rim zoning from green to
blue-green to blue; gc¢ some with green cores; ht retrograde he-
matite present; r some retrograde; v some present in vein; vm
some present in vein margin)

Amphibole White
Blue Blue-Green Epidote Albite Mica  Rutile Sphene Quartz Apatite Opaque Chlorite
& Green

SS84-24B X . X X X X G . PY X
SS85-27E Xeblebt R X . Xee X Xr X . PY X8
SS85-22 X . X Xae X2e X Xr G . pPy™ Xoe
J90-3A X . . G X X Xr - X PY X8
J90-4A1A XPlee X - - X X X G X PY™ Xz
T90-1B1 Xbigkge  Yeblsbl X Xz=b! . Xr G . PY ™ xvm
T90-5A X - . - Xz X X' G PY X
MH90-1A X Xproet . . X X X" X Py™ X

27E, J90-4A1A, T90-1B1 and MH90-1A. In sample
T90-1B1, optical zoning is from green to blue-green to
blue, and in sample MH90-1A, from brown to blue-
green to blue. Sample MH90-1A is from the same eclog-
ite block described by Moore and Blake (1989) as block
GL16. Microprobe data obtained by these authors indi-
cate that the brown amphibole is edenitic hornblende,
the blue-green is barroisite, and the blue amphibole is
glaucophane-crossite. Moore and Blake (1989) inter-
preted the edenitic hornblende as a relict of a high-P
amphibolite-facies mineral assemblage that predates
eclogite-facies metamorphism.

Despite large overlap, the results reported in Table 1
indicate that the eclogites from the Franciscan Complex
were metamorphosed to slightly higher temperatures at
similar calculated minimum pressures than those from
the Samana Peninsula. Mean temperatures for the Fran-
ciscan rocks range from 561-691° C at 8.8 to 10.5 kbar;
mean temperatures for the Samana eclogites range from
507-590° C at 8.2 to 9.9 kbar.

Some discrepancies exist between our P-T estimates
for Franciscan eclogites (Table 1) and other data for the
same blocks. Moore and Blake (1989) estimated P-T
conditions for the interlayered eclogite and amphibolite
in their block GL-16 (block MH-90 of this study) using
the geothermometers of Ellis and Green (1979) and Gra-
ham and Powell (1984). They obtained P, =10-
11 kbar for amphibolite and eclogite layers, respective-
ly, at T=596-702° C for amphibolite and T=2566—
591° C for eclogite. The “eclogite” temperatures ob-
tained here are quite comparable to the high-range “am-
phibolite” temperatures of Moore and Blake (1989), but
somewhat higher than their “eclogite” temperatures.
When corrected for different formulations of the
geothermometer, these data are systematically higher-T
than the “upper limit” of 540° C defined by Oh and Liou
(1990) for eclogite blocks in the Franciscan.This sug-
gests that the Franciscan eclogite blocks either display
disequilibrium or compositional heterogencities on the
scale of sampling for the P-T studies, or that systematic

differences exist between the Oh and Liou (1990) data
and those of other workers.

Petrography of fluid inclusions

In both Samana and Franciscan samples, some fluid
inclusions in omphacite and amphibole appear to have
been trapped during grain growth and are thus of pri-
mary origin. The fluid inclusions in omphacite occur as
tubes that are oriented parallel with the c-axes of host
grains. The tubes average about 9 pm in length and
2.7 um in width. Four textural criteria suggest that some
fluid inclusions were trapped during the growth of om-
phacite, and therefore during eclogite-facies metamor-
phism. These are: (1) the fluid inclusions occur as non-
planar clusters of parallel tubes that are found predom-
inantly in the cores of omphacite grains (Figs. 2A,B), (2)
in both aggregates of matrix grains and in groups of
omphacite inclusions in garnet, “core clusters” of fluid
inclusions in different grains of omphacite have different
orientations, and do not cross grain boundaries (Figs.
2C.D), (3) in large, strained omphacite grains, fluid in-
clusion orientations change from one domain of a single
crystal to another (Figs. 2E-H), and (4) the abundance
of fluid inclusions appears to decrease across some sub-
grain boundaries in strained omphacite grains (Figs.
2E-H). Taken together, criteria (3) and (4) suggest that
“core cluster” inclusions were trapped prior to the strain
event recorded by the large omphacite grains.

In the eclogite samples, many epidote grains com-
monly contain abundant fluid inclusions, but these were
not analyzed because of potential problems with H-dif-
fusion in epidote. In addition, some garnet grains con-
tain isolated, ~ 1 um, negative crystal fluid inclusions
associated with abundant solid inclusions. These are too
rare and small for us to analyze.

Many of the fluid inclusions in the Samana eclogite
samples exhibit the textures listed above, but others dis-
play textures that indicate a secondary origin. Such fluid
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inclusions (which, like those in “core clusters,” are tubes
oriented parallel to the c-axis of grains) nucleate {from
planes in a texture that suggests an origin by crack heal-
ing. Some of the “plane-rooted” fluid inclusions occur
along continuations of visible cracks. One sample of Sa-
mana eclogite displays a population of fluid inclusions
that contain what appears to be a single type of daugh-
ter mineral. Some of the “core-cluster” fluid inclusions
in specimen SS85-27E contain miniscule crystals of an
anisotropic mineral with apparently low interference
colors. However, the same mineral appears also to occur
as larger solid inclusions in the same grains. Study with
the scanning electron microscope reveals that many 1-
10 um quartz inclusions are present in clinopyroxene
grains, and that some of these inclusions appear to oc-
cur in the “daughter mineral” locations in the host
grains. We are thus unable to demonstrate unequivocal-
ly that these grains are daughter minerals.

Unlike the Samana samples, the textures of fluid in-
clusions in Franciscan eclogites are typically equivocal.
In Franciscan eclogites, clusters of fluid inclusions that
do not cross grain boundaries are generally found in
interior regions (if not cores) of the largest omphacite
grains in individual thin sections. The fluid inclusions
are similar in size and aspect ratios to fluid inclusions in
Samana eclogites. However, many of the clusters of fluid
inclusions are aligned along planes that in general are
oblique to the focal plane of the microscope. This sug-
gests that they were trapped during the healing of cracks
in Franciscan eclogites. Clusters of c-axis-aligned fluid
inclusions decorate growth zones of sodic-calcic amphi-
bole in specimen T90-1B1, but it is not clear that this
mineral is a stable part of the eclogite-facies phase as-
semblage (cf. Oh and Liou 1990). Such observations sug-
gest that many of the fluid inclusions in the Franciscan

Fig. 2A-H Photomicrographs of fluid inclusions in eclogite sam-
ples (cpx clinopyroxene, gz quartz, gt garnet, ms muscovite, fi fluid
inclusion). A,B are plane light views of a cluster of fluid inclusions
in the core of a large omphacite grain from sample SS84-24B
(Samana). A shows the entire grain, which is outlined in black ink
for clarity. The area of dark streaks in the core of the grain consists
of a cluster of fluid inclusions. In B, black arrows point to 5 copla-
nar (i.e., in focus) (1 + v) fluid inclusions. C is a plane light view
that shows the orientations (highlighted with double-headed ar-
rows) of the long dimensions of fluid inclusions that occur as core
clusters in matrix clinopyroxenes in sample SS85-22. D is a plane-
light view that illustrates the orientations (highlighted with dou-
ble-headed arrows) of fluid inclusions that occur as core clusters in
four clinopyroxene inclusions within a single garnet grain in sam-
ple SS84-24B. The grain contacts between clinopyroxene and gar-
net are highlighted with black ink for clarity. Also note the occur-
rence of clinopyroxene -+ quartz in contact within the garnet
grain. E-H show the different textures of fluid inclusions within a
large, strained matrix grain of clinopyroxene in sample SS85-27E.
E and F are crossed-polars and plane light views of the same field.
A subgrain boundary of the strained grain is shown with a dashed
line in F and G. In G, note the difference in orientation (double-
headed arrows) and in the number of fluid inclusions in the two
domains of the strained grain. Coplanar fluid inclusions in G are
indicated by thick, single-headed arrows. H is a close-up view of
the large (I + v) fluid inclusion on the left of G
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Fig. 3A,B Histograms of T,, data for fluid inclusions from Sa-
mana (A) and Franciscan (B) eclogites

eclogites are secondary or pseudosecondary in origin.
However, texturally primary fluid inclusions do occur in
Franciscan eclogites, and the section below will report
homogenization data that support a primary or pseu-
dosecondary origin for some of the texturally secondary
inclusions.

T,, and T, data for fluid inclusions

Values of T,, for texturally primary fluid inclusions from
both Samana and Franciscan samples show a signifi-
cant range of overlap (Table 1, Fig. 3). Most of the data
range from —0.4 to —5.2° C. Although the values ap-
pear to cluster between —3.6 and —0.8° C (Fig. 3), no
single strong maximum is seen in either population.
Fluid inclusions from Samana eclogite specimen SS85-
27E yielded eight T, values greater than 0.0° C in addi-
tion to 13 low negative values (Fig. 3A). We interpret the
positive T,, values to represent the final melting of a
metastable aqueous solid phase (see Roedder 1967).
However, because SS85-27E is the only sample with
possible daughter crystals, the high T, values may re-
flect a small population of fluid inclusions which differ
in their fluid chemistry from other samples.

There appears to be no strong correlation between
texturally primary versus secondary fluid inclusions and
T,, values in either Samana or Franciscan eclogites. For
example, in Samana sample SS84-24B the range of T,
values for secondary fluid inclusions lies within that of
primary ones (Fig. 3A). This feature is also seen in Fran-
ciscan samples J90-4A and J90-5A (Fig. 3B). Values of
T,, for texturally primary fluid inclusions in sodic-calcic
amphibole in Franciscan sample T90-1B span the range
for all inclusions from omphacites. However, even
though 11 texturally primary fluid inclusions in sodic-
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Table 3 Salinitics from melting temperatures

Locality Type Melting Temp. © C (T,,) Salinity (wt % NaCl equiv.)
Max Min Average Min Max Average
Samana Primary -0.7 —58 -25 1.2 8.9 4.1
Secondary —1.6 —33 —24 2.6 53 39
Franciscan Primary —1.1 —-32 —-19 1.8 5.2 3.1
Secondary —13 —22 —1.8 2.1 3.6 3.0
Amphibole —1.0 —4.9 —-3.1 1.7 7.7 5.0
% possible daughter crystals. Values for T, of both tex-
%% T, (°C), Samana Peninsula tprally primary and secondary ﬂu_ld inclusions in Flz)an-
22 o ssot24m ciscan samples.range from approximately 160 to 380° C,
= [5]3] O $$84-248, Secondary and show.max1ma at 180-190° C, 220-230° C, and 280~
I o 8985-27E 290° C (Fig. 4b). Ranges of >100° C are seen in T}, val-
7] v §885-22 ) L . ;
] [Elolo ues for texturally primary fluid inclusions in omphacite
st in samples J90-4A, MH90-1A, and in amphibole in
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Fig. 4A,B Histograms of T, data for fluid inclusions from Sa-
mana (A) and Franciscan (B) eclogites

calcic amphibole from sample T90-1B1 have composi-
tions similar to fluid inclusions in omphacite from other
Franciscan samples, six others have T,, values that cor-
respond to relatively high salinities (~8 wt% NaCl
equivalents; Tables 1,3).

The T,, values for Samana and Franciscan samples
are consistent with low-salinity, aqueous compositions
for virtually all the fluid inclusions (Tables 1,3). The
range of salinities (calculated with FLINCOR software,
Brown 1989) is approximately 1.2 to 8.9 wt% NaCl
equivalents for texturally primary and 2.1 to 5.3 wt%
NaCl equivalents for texturally secondary fluid inclu-
sions. The average salinities resemble those of seawater
(about 3.5 wt% NaCl equivalents; Garrels and Macken-
zie 1970: as quoted by Fyfe et al. 1978, p. 30).

Unlike the T, data, T, values for Samana fluid inclu-
sions are quite different from the Franciscan population
of data (Table 1, Fig. 4). Values for all but seven of the
Samana fluid inclusions range between 100 and 160° C
(Fig. 4a); the high-T values are all from sample SS85-
27E. The seven fluid inclusions in sample SS85-27E with
T, >250° C are not the same ones that display high T,
values, but several of the high T, fluid inclusions contain

both study areas (Tables 1, 3) suggest that if all the fluids
were trapped under peak metamorphic conditions, the
densities of some were subsequently modified. Alterna-
tively (or in addition), low-salinity, aqueous fluids may
have been trapped both during and after peak meta-
morphism. A third possibility, that all the fluid inclu-
sions are secondary, is inconsistent with the petrograph-
ic observations, especially those for the Samana eclog-
ites.

Possible fluid-rock histories can be further examined
by combining P-T estimates based on compositions of
garnet and omphacite with calculated P-V-T properties
of fluid inclusions in omphacite. Isochores for T, values
in the range of 102.5-175.7° C for Samana eclogites
(Fig. 4A) and in the range 182.5-310.1° C for Franciscan
eclogites (Fig. 4B) were calculated with the equation of
Zhang and Franz (1987). These calculated isochores are
plotted with P-T estimates for host rocks in Fig. 5. The
densities of the population of mildly saline, texturally
primary fluid inclusions in the Samana eclogites are
consistent with entrapment at peak metamorphic con-
ditions (Fig. SA). This conclusion would not be affected
by assuming a pure-H,O fluid composition, or by using
the proposed corrections of Krogh (1988) to the Ellis
and Green (1979) geothermometer. Isochores for the flu-
id inclusions in sample SS85-27E that have T, values
>250° C (Fig. 4A) would plot at P< 5 kbar at T=1500—
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Fig. 5A,B Compilation of P-T estimates based on garnet-clinopy-
roxene geothermobarometry and isochores for fluid inclusions
calculated from calibration of Zhang and Franz (1987). Curves
with solid symbols were calculated using salinites determined from
measured T,, values, and curves with open symbols calculated as-
suming pure-H,O fluid. Dashed lines show possible uplift paths
(see text). A shows data for the Samana Peninsula. Circles SS85-
22, squares SS84-24, triangle SS85-27. High P isochores (circles)
for Ty, 102.5°C, low-P isochores (squares) for T, 175.7°C. B illus-
trates data for the Franciscan Complex. Triangle J90-3A, diamond
T90-5A, square J90-4A, small circle MH90-1A, large circle T90-
1B. High-P isochore (squares) for T, 182.5°C, intermediate-P iso-
chore (circles) for Ty, 220.2°C, low-P isochore (triangles) for T,
310.1°C. In B, the salinity of the fluid inclusion for which high-P
isochore was calculated was not determined; instead, the salinity
for a different fluid inclusion in the same sample was combined
with the T, data

700° C in Fig. SA. These fluid inclusions either were
trapped during mineral growth and subsequently modi-
fied, or trapped during uplift of the eclogites. Despite the
large volume of carbonate rocks in the outcrop areas of
the Samana eclogites, neither T,, data nor petrographic
observations indicate that CO, is present in major
quantities (> ~1-5%) in the fluid inclusions. This is
consistent with the structural and petrographic obser-
vations cited above that suggest the eclogites were em-
placed into the metasedimentary rocks after the eclog-
ite-facies metamorphism occurred.

In contrast to the results for the Samana eclogites,
only a few isochores for texturally primary fluid inclu-

287

sions from Franciscan eclogites are consistent with en-
trapment during eclogite-facies metamorphism. Pres-
sures estimated from individual isochores in Franciscan
samples are ~2.0-6.5 kbar lower than the geobaromet-
ric estimate based on the jadeite contents of clinopyrox-
ene for T~500-700° C (Fig. 5B). Thus, only a small
fraction of the population of texturally primary fluid
inclusions in Franciscan eclogites have densities that are
consistent with entrapment under eclogite-facies P-T
conditions. Most of the fluid inclusions in Franciscan
eclogites were modified and/or trapped during uplift,
which is consistent with textural observations for the
samples.

P-T paths and the preservation of fluid inclusions
in LT eclogites

The preservation of dense primary fluid inclusions in
LT eclogites requires uplift paths that are semi-parallel
to isochores in P-T space (Fig. 5SA). Such uplift paths
require cooling during unroofing, which thermal mod-
elling indicates is possible during low angle extensional
uplift attending active subduction (Peacock 1987). Up-
lift paths in which many lower density isochores are
crossed after maximum P conditions are attained by
blueschists or eclogites would not favor preservation of
primary fluid inclusions (Doyle et al. 1988 ; Touret 1992).
With such uplift paths, fluid inclusions trapped at maxi-
mum P conditions should stretch, reequilibrate, or
decrepitate, as has been observed in fluid inclusion stud-
ies of retrograde-metamorphosed, medium-temperature
eclogites from Norway and Germany (Andersen et al.
1989; Klemd 1989; Touret 1992). The agreement be-
tween isochores for texturally primary fluid inclusions
and geothermobarometric P-T estimates for host miner-
al phases suggests that the Samana eclogites were uplift-
ed along an “isochore-parallel” path that preserved
original fluid densities (Fig. 5A). The general lack of
agreement between isochores and geothermobarometry
in Franciscan eclogites suggests that most of these rocks
were uplifted along paths that crossed isochores, al-
though some evidence favors early isochore-parallel up-
lift (Fig. 5B). This result contrasts with studies of Fran-
ciscan metasedimentary rocks and tectonic blocks that
report uplift paths which coincide with or closely paral-
fel burial trajectories in P-T space (Ernst 1977, 1988,
1990).

In summary, data for Franciscan and Samana fluid
inclusions indicate that low-salinity aqueous fluids were
trapped in omphacite grains both during and after
eclogite-facies metamorphism. Densities of some fluid
inclusions that were trapped under eclogite-facies con-
ditions were preserved during uplift of the host eclogite,
indicating that some uplift paths were in part or entirely
isochore-parallel.
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Possible sources of trapped fluids

The trapped fluids either originated within the eclogite
protolith or infiltrated the rocks during metamorphism.
We favor the latter hypothesis because of the composi-
tions of the fluids themselves, the resemblance of fluid
compositions among the localities and areas studied,
and the similar compositions of both primary and sec-
ondary fluid inclusions in individual samples. If the fluid
inclusions had been produced by reactions in which
“protolith” fluids in hydrated basalt were first stored in
layer silicate minerals (e.g., clay, chlorite) and then re-
leased during progressive devolatilization reactions in
the absence of fluid infiltration (Crawford et al. 1979;
also see Bebout 1991), we should observe a diverse or
even heterogeneous population of fluid compositions
ranging from low salinities to brines (e.g., Nadeau et al.
1993, Touret 1992). We do not. The host eclogite blocks
were sampled from widely spaced localities in two differ-
ent subduction complexes (Fig. 1). They range in size
from <1m to >10m in diameter. Despite these scale
factors, which might be expected to influence composi-
tions of trapped fluids that originated within the pro-
tolith, all samples contain fairly homogeneous popula-
tions of both primary and secondary low-salinity
aqueous fluid inclusions. This observation is consistent
with, although not compelling evidence for, a large-scale
source of both eclogite-facies and retrograde fluids. In
the geologic setting of a paleosubduction zone, the most
obvious external source for fluid is the subducting slab
and subducted sediment (e.g., Delany and Helgeson
1978; Anderson et al. 1976; Bebout 1991; Philippot
1993).

Fluid inclusions in LT eclogite-bearing
(and related) terranes

Data for primary fluid inclusions from LT eclogites and
related rocks from other high-grade (> ~450° C) sub-
duction zone metamorphic rocks reveal two types of
fluid compositions. The first is low-salinity aqueous flu-
id, which we document in this study and which has also
been reported in clinopyroxene-bearing and migmatitic
garnet amphibolites from the Catalina Schist, southern
California {Sorensen and Barton 1987; Barton, personal
communication 1992) and from blueschist-greenschist
facies rocks of Ile de Groix, France (Barrientos 1992;
Barrientos and Selverstone 1993). A second type of sub-
duction zone fluid, brine, is found in LT eclogites at
Monviso, western Alps, Italy (Philippot and Selverstone
1991; Nadeau et al. 1993), in the high-P (minimum
20 kbar) eclogites of the Tauern Window, central Alps,
Auwstria (Selverstone et al. 1992), and in blueschists from
Syros, Greece (Barr 1990). In the following paragraphs,
we discuss the interpretation of fluid inclusions from
these terranes in terms of their bearing on the nature of
fluids in subduction zones, comparing our results with
two well studied localities of high-T fluid-rock interac-
tions: the Catalina Schist and Monviso.

Textually primary fluid inclusions are abundant in
garnet, clinopyroxene and other minerals of garnet am-
phibolites of the Catalina Schist, which is a Cretaceous
subduction complex (Sorensen and Barton 1987). The
Catalina garnet amphibolites occur as blocks with
metasomatic rinds in a matrix of high-T meta-ultra-
mafic rocks. Although some blocks consist primarily of
garnet + clinopyroxene, the clinopyroxenes are diop-
side with only a small jadeite component. Although the
clinopyroxene-bearing rocks are amphibolites, the more
omphacitic cores of clinopyroxene grains suggest that
the blocks were eclogitic prior to fluid-rock interaction
(Sorensen and Barton 1987; Sorensen 1988; Sorensen
and Grossman 1989). Pressure-temperature estimates of
640-750° C, 811 kbar are based on geothermobarome-
try and the mineral assemblages of blocks and matrix
(Sorensen and Barton 1987). Texturally primary fluid
inclusions in garnet, clinopyroxene, and quartz from the
Catalina garnet amphibolites yield isochores that coin-
cide with P-T estimates based on geothermobarometry
(Sorensen and Barton 1987; M.D. Barton, personal
communication 1992). The calculated salinities of the
Catalina fluid inclusions are 1.2-3.3 wt% NaCl equiv.,
which overlap the range of the Franciscan and Samana
data (Table 3). Stable isotope data for the Catalina gar-
net amphibolite blocks and their matrix indicate that
large amounts of sediment-equilibrated fluids infiltrated
these rocks during high-T subduction zone metamor-
phism (Bebout and Barton 1989; Bebout 1989; 1991;
M.D. Barton, unpublished data). The fluid source is
thought to be subducted sediment, with some contribu-
tion from the dehydrating slab itself. The fluid evidently
infiltrated material (including the ultramafic melange)
that had previously been accreted to the base of the
mantle wedge (Fig. 6; Bebout and Barton 1989; Bebout
1989).

Catalina differs from the Franciscan sensu stricto in
that Catalina high-grade blocks are found in a relatively
intact ultramafic-matrix melange, and that Catalina
blocks have high-T (> 600° C) rinds around them. Platt
(1975) proposed that the ultramafic-matrix melanges of
Catalina might represent exposures of “source terranes”
for rind-bearing blocks in the Franciscan. However, this
cannot be strictly correct, because rind-formation can
take place at T= ~400° C (Moore 1984). We envision
Catalina as the “high-T end-member” of what can hap-
pen during fluid-rock interaction in ultramafic
melanges. Metasomatism in ultramafic melanges at low-
er-T conditions is evident in the jadeitite-block-bearing
New Idria serpentinite body (e.g., Coleman 1961). Har-
low (1994) has estimated conditions for a similar meta-
somatic system in Guatemala at T=100-400°C, 5-
11 kbar. In the presence of infiltrating fluids, we propose
that block-matrix-fluid reaction in ultramafic melanges
may occur over a substantial range of high-P/T condi-
tions, which would include those of the eclogite-facies.

Texturally primary fluid inclusions in eclogites from
the Monviso Complex, western Italian Alps were stud-
ied by Philippot and Selverstone (1991) and by Nadeau



et al. (1993). The compositions of the Monviso fluid in-
clusions differ markedly from both those reported in
this study and from Catalina. Many of the Monviso
fluid inclusions contain brines, (i.¢., the fluid inclusions
display halite and sylvite crystals at room temperature)
but others yield salinities of 5.5-14.5 wt% NaCl equiva-
lents (Philippot and Selverstone 1991). These less saline
fluids occur with brines in clusters of fluid inclusions in
cores of blocky omphacite crystals in annealed domains
in mylonites (“omphacite 3” of Nadeau et al. 1993) and
decorate growth zones of diopside in large omphacite
crystals from undeformed veins in eclogite (“omphacite
4” of Nadeau et al. 1993). The Monviso brine inclusions
contain daughter crystals of (in addition to halite and
sylvite) calcite, pyrite, hematite, sphene, rutile, baddeley-
ite, barite, and monazite. Calculated isochores for the
Monviso fluid inclusions do not overlap P-T estimates
for eclogite-facies metamorphism (Philippot and Selver-
stone 1991). These authors proposed that the densities
but not the compositions of these fluid inclusions were
modified during uplift. They also concluded that fluids
in eclogite-facies veins may derive from decrepitation of
early fluid inclusions and that fluid flow was limited in
scale. Compositions of Monviso fluids are heteroge-
neous on a small scale. Nadeau et al. (1993) reported
cm-scale variations of 8'%0 in omphacite and 8D in fluid
inclusions in the Monviso eclogites, but noted that the
omphacites preserve a 30 signature (+3.0 to +5.3)
similar to that of pyroxene and whole-rock values from
altered oceanic crust. These authors argued that the
Monviso protolith of altered gabbro lost 90% of its pos-
tulated “original” fluid (mostly H,0) content, which
they concluded was acquired by seafloor hydrothermal
alteration that took place prior to eclogite-facies meta-
morphism.

Philippot and Selverstone (1991), Selverstone et al.
(1992), and Nadeau et al. (1993) all concluded that a
fundamental difference exists between  high-P
(> 10 kbar, ~40 km depth, Monviso and Tauern locali-
ties) and low-P (Catalina Schist) fluid-rock regimes of
subduction zones. However, the P-estimates for Monvi-
so eclogites, like those for their Samana and Franciscan
counterparts, are all minimum values of approximately
10 kbar. The Catalina garnet amphibolites and high-
grade meta-ultramafic rocks have an upper P-constraint
of 12 kbar, which is clearly less than the 18-20 kbar esti-
mates for Tauern eclogites, but which is also within lim-
its of uncertainty for the Samana, Franciscan, and Mon-
viso eclogites.

If estimated P-conditions for the Samana, Francis-
can, {(Catalina), and Monviso rocks are not significantly
different, why do their trapped metamorphic fluids dif-
fer in composition? We argue above, the compositions
of populations of fluid inclusions in LT eclogites reflects
a difference between infiltration (homogeneous popula-
tion, low-salinity) and generation of fluid in situ (hetero-
geneous population, low to high salinity). This could
result from the location of the zone of eclogite formation
within the paleosubduction zone. Material coupled to
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Fig. 6 Cartoon of fluid-rock regimes for LT eclogites, after Cloos
(1985) and Peacock (1993). The stippled field indicates the physical
stability field of blueschist-facies conditions, and the v-patterned
area that of eclogite-facies conditions on a steady-state slab with
a convergence rate of 10 cm/year and shear stress of 670 bar. The
dotted line represents the boundary between lawsonite- and epi-
dote-blueschist facies conditions, and the dot-dash line the locus of
steady-state reactions that produce eclogite by devolatilization of
blueschist (compare with Fig. 4 of Peacock 1993). The solid black
region on the hanging wall shows the region in which eclogites
and garnet amphibolites can form during early stages of subduc-
tion (after Cloos 1985). The slab and the aureole are vertically
exaggerated for clarity, as indicated by the dashed lines (cf. Pea-
cock 1993). The Samana and Franciscan eclogites and Catalina
garnet amphibolites are interpreted as remnants of hanging-wall
metamorphic aureoles, whereas the Monviso and Tauern eclogites
are envisioned as devolatilized portions of a steady-state slab. See
text for discussion

the hanging wall of a subduction zone (at an early stage
of underflow and in transient thermal regimes con-
trolled by cooling of the still-hot hanging wall) has the
potential to interact with infiltrating fluid being derived
from material being subducted and devolatilized be-
neath it (Fig. 6; see Anderson et al. 1978, Peacock 1992,
1993, and Philippot 1993 for a description of this pro-
cess). Material that has been devolatilized within the
slab (as part of a steady-state process) has a far more
limited ability to interact with external fluid sources
(Fig. 6; Philippot 1993). The Catalina rocks (and, by
analogy, the Samana and Franciscan eclogites) are
probably parts of relatively high-T metamorphic aure-
oles that accreted to the slab-mantle wedge contact
above a subducting slab during the early stages of sub-
duction (the solid black region in Fig. 6; cf. Platt 1975;
Cloos 1985). In contrast, the Monviso rocks are inter-
preted to have formed via the blueschist-to-eclogite
transition within a subducting slab itself (the v-pat-
terned area of Fig. 6; Nadeau et al. 1993; Philippot
1993).

The existence of different fluid compositions in LT
eclogites and related rocks may also reflect more local
controls upon access of infiltrating fluids to the rocks
during eclogite-facies metamorphism. The Franciscan
and Samana eclogites occur as isolated, exotic blocks in
a lower-grade matrix, whereas the Monviso eclogites
are boudins in a coherent ophiolite terrane. The Fran-
ciscan and Samana eclogites were probably separated
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from their source terrane (an ultramafic melange?) and
emplaced into their present matrix only after retrograde
metamorphism and rind formation took place (Moore
1984). If the source terrane for the Franciscan and Sa-
mana eclogites was at all like the ultramafic melanges of
Catalina and the jadeitite localities, substantial
amounts of fluid may have been able to gain access to
the blocks. In contrast, the local geology of the fluid-in-
clusion-bearing Monviso eclogites indicates that exter-
nal fluids (if present) had little or no access to these
rocks during eclogite-facies conditions (Philippot and
Selverstone 1991; Burg and Philippot 1991; Philippot
and van Roermond 1992; Nadeau et al. 1993).

Conclusions

(1) Fluid inclusions from LT eclogites of the Samana
Peninsula, Dominican Republic, and the Franciscan
Complex, California, preserve low-salinity aqueous flu-
ids that were apparently trapped during eclogite-facies
metamorphic conditions as well as on part of the retro-
grade P-T path.

(2) The fluid inclusions found in eclogites from the
Samana Peninsula and the Franciscan Complex, as well
as in garnet amphibolites from the Catalina Schist
(Sorensen and Barton 1987), closely resemble each other
in composition but are unlike counterparts found in
eclogites of the Monviso Complex of the western Alps.
The best explanation of the difference is that large scale
fluid infiltration occurred during eclogite-facies meta-
morphism in the first three LT eclogite-bearing terranes,
whereas (as noted by Philippot and Selverstone 1991
and Nadeau et al. 1993) only small-scale migration of
locally-derived fluids took place during metamorphism
of the Monviso rocks. Stable isotope data for the eclog-
ite blocks described herein might help test this hypothe-
sis.

(3) The amount of fluid available for infiltration in
the Samana-Franciscan-Catalina terranes versus Mon-
viso could have been controlled by: (I) a hanging-wall
versus within-slab origin of the eclogites, or (II) local
access of infiltrating fluids to the region of the paleosub-
duction zone represented by the rocks.

Acknowledgements Funds for field and lab work were provided
by the Sprague and Becker Funds of the Smithsonian Institution.
MJG performed this study while supported by a Smithsonian
Institution Postdoctoral Fellowship. Dr. Grenville Draper guided
SSS to the Samana Peninsula and provided some financial sup-
port in the field. We thank the Nature Conservancy for permitting
access to the Ring Mountain Preserve for sampling, Dr. Chang-
Wan Oh for giving us his unpublished field guide to the Jenner and
Tiburon eclogites, and Dr. Diane E. Moore for locating the re-
mains of the Mt. Hamilton Block. Dr. Peter Fiske and Joel Gross-
man assisted us in the field. Journal reviews by Drs. Gray Bebout
and Pascal Philippot and private reviews by Drs. Mark Cloos,
Grenville Draper, Simon Peacock and Virginia Sisson were excep-
tionally useful to us in revising the manuscript.

References

Andersen T, Burke EAJ, Austrheim H (1989) Nitrogen-bearing,
aqueous fluid inclusions in some eclogites from the Western
Gneiss Region of the Norwegian Caledonides. Contrib Miner-
al] Petrol 103:153-165

Anderson RN, Uyeda S, Miyashiro A (1976) Geophysical and
geochemical constraints at converging plate boundaries-Part
I: dehydration in the downgoing slab. Geophys J R Astron
Soc 44:333-357

Anderson RN, Delong SE, Schwarz WM (1978) Thermal model
for subduction with dehydration in the downgoing slab. J Ge-
ol 86:731-739

Bailey EH, Irwin WP, Jones DL (1964) Franciscan and related
rocks, and their significance in the geology of western Califor-
nia. Calif Div Mines Geol Bull 183

Barr, H (1990) Preliminary fluid inclusion studies in a high-grade
blueschist terrain, Syros, Greece. Mineral Mag 54:159-168

Barrientos X (1992) Petrology of coexisting blueschists and green-
schists, Ile de Groix, France: implications for preservation of
blueschists. PhD Dissertation, Harvard University, Cam-
bridge, Massachusetts

Barrientos X, Selverstone J (1993) Infiltration vs. thermal over-
printing of epidote blueschists, Ile de Groix, France. Geology
21:69-72

Bebout GE (1989) Geological and geochemical investigations of
fluid flow and mass transfer during subduction zone metamor-
phism. PhD Dissertation, University of California, Los Ange-
les

Bebout GE (1991) Field-based evidence for devolatilization in
subduction zones: implications for arc magmatism. Science
251:413-416

Bebout GE, Barton MD (1989) Fluid flow and metasomatism in
a subduction zone hydrothermal system: Catalina Schist ter-
rane, California. Geology 17:976-980

Borg IY (1956) Glaucophane schists and eclogites near Healds-
burg, California. Geol. Soc Am Bull 67:1563-1584

Bowin, CO, Nagle F (1982) Igneous and metamorphic rocks of
northern Dominican Republic: an uplifted subduction zone
complex. Trans 9th Caribb Geol Conf, pp 39-50

Brown EH, Bradshaw JY (1979) Phase relations of pyroxene and
amphibole in greenstone, blueschist and eclogite of the Fran-
ciscan Complex, California. Contrib Mineral Petrol 71:67-83

Brown, PE (1989) FLINCOR: a microcomputer program for the
reduction and investigation of fluid-inclusion data. Am Miner-
al 74:1390-1394

Burg J-P, Philippot P (1991) Asymmetric compositional layering
of syntectonic metamorphic veins as a way-up criterion. Geol-
ogy 19:1112-1115

Carswell DA (1989) Eclogites and the eclogite facies: definitions
and classifications. In: Carswell DA (ed) Eclogite facies rocks.
Blackie, Glasgow London, pp 1-14

Cloos M (1983) Comparative study of melange matrix and
metashales from the Franciscan subduction complex with the
basal Great Valley sequence, California. J Geol 91:291-306

Cloos M (1985) Thermal evolution of convergent plate margins:
thermal modeling and reevaluation of isotopic K-Ar ages for
blueschists in the Franciscan Complex of California. Tectonics
4:421-433

Cloos M (1986) Blueschists in the Franciscan Complex of Califor-
nia: petrotectonic constraints on uplift mechanisms. Geol Soc
Am Mem 164:77-95

Coleman RG (1961) Jadeite deposits of the Clear Creek area, New
Idria district, San Benito County, California. J Petrol 2:209-
247

Coleman RG (1967) Low-temperature reaction zones and alpine
ultramafic rocks of California, Oregon, and Washington. US
Geol Surv Bull 1247:1-49

Coleman RG (1980) Tectonic inclusions in serpentinites. Arch Sci
Soc Phys Hist Nat Geneve 33:89-102



Coleman RG, Lanphere MA (1971) Distribution and age of high-
grade blueschists, associated eclogites and amphibolites from
Oregon and California. Geol Soc Amer Bull 82:2397-2412

Coleman RG, Lee DE, Beatty LB, Brannock WE (1965) Eclogites
and eclogites—their differences and similarities. Geol Soc Amer
Bull 76:483-508

Crawford ML, Filter J, Wood C (1979) Saline fluid inclusions
associated with retrograde metamorphism. Bull Mineral
102:562-568

Crawford WA (1965) Studies in Franciscan metamorphism near
Jenner, California. PhD Dissertation, University of California,
Berkeley

Delany JM, Helgeson HC (1978) Calculation of the thermody-
namic consequences of dehydration in subducting oceanic
crust to 100 kb and > 800 C. Am J Sci 278:638-686

Doyle JA, Bodnar RJ, Hewitt DA (1988) Fluid inclusions from
blueschist-grade metamorphic rocks: what do they tell us?
Geol Soc Am Abstr Prog 20:A101

Draper G, Lewis JF (1991) Metamorphic belts in central Hispan-
iola. Geol Soc Am Spec Pap 262:29—45

Dudley PO (1972) Comments on the distribution and age of high-
grade blueschists, associated eclogites and amphibolites from
the Tiburon Peninsula, California. Geol Soc Am Bull
83:3497-3500

Eliis DJ, Green DH (1979) An experimental study of the effect of
Ca upon garnet-clinopyroxene Fe-Mg exchange equilibria.
Contrib Mineral Petrol 71:12-22

Ernst WG (1971) Petrologic reconnaisance of Franciscan
metagraywackes from the Diablo Range, central California
Coast Ranges. J Petrol 12:413-437

Ernst WG (1977) Tectonics and prograde versus retrograde P-T
trajectories of high-pressure metamorphic belts. Rend Soc Ital
Mineral Petrol 33:191-220

Ernst WG (1988) Tectonic history of subduction zones inferred
from retrograde blueschist P-T paths. Geology 16:1081-1084

Ernst WG (1990) Thermobarometric and fluid expulsion history
of subduction zones. J Geophys Res 95:9047-9053

Ernst WG (1993) Metamorphism of Franciscan tectonostrati-
graphic assemblage, Pacheco Pass area, east-central Diablo
Range, California Coast Ranges. Geol Soc Am Bull 105:618-
636

Fyfe WS, Price NJ, Thompson AB (1978) Fluids in the earth’s
crust (Developments in Geochemistry 1). Elsevier, Amster-
dam, Oxford, New York

Garrels RM, Mackenzie FT (1970) Evolution of sedimentary
rocks. Norton, New York, pp 397

Ghent ED (1988) A review of chemical zoning in eclogite garnets.
In Smith DC (ed) Eclogites and eclogite-facies rocks (Develop-
ments in Petrology 12). Elsevier, Amsterdam, Oxford, New
York, Tokyo, pp 207-231

Ghent ED, Coleman RG (1973) Eclogites from southwestern Ore-
gon. Geol Soc Am Bull 84:2471-2488

Graham CM, Powell R (1984) A garnet-hornblende geother-
mometer: calibration, testing, and application to the Pelona
Schist, southern California. J Metamorphic Geol 2:13-31

Hamilton W (1969) Mesozoic California and the underflow of
Pacific mantle. Geol Soc Am Bull 80:2409-2430

Harlow GE (1994) Jadeitites, albitites, and related rocks from the
Motagua Fault Zone, Guatemala. J Metamorphic Geol
12:49-68

Holway RS (1904) Eclogites in California. J Geol 12:344-358

Ingersoll RV, Schweickert RA, Kleist JR, Graham SA, Cowan DS
(1984) Field guide to the Mesozoic-Cenozoic convergent mar-
gin of northern California: revised roadlogs. In: Lintz T (ed)
Western geological excursions vol. 4, prepared for the 1984
Annual Meetings of the Geological Society of America and
affiliated Societies at Reno, pp 304-353

Jarosewich E, Nelen JA, Norberg JA (1980) Reference samples for
electron microprobe analysis. Geostandards Newsletter 4:43—
47

Joyce J (1980) Geology of Samana Peninsula. Field Trip F in Field
Guide for the 9th Caribbean Geological Conference:247-258

291

Joyce T (1985) High-pressure-low-temperature metamorphism
and tectonic evolution of the Samana Peninsula, Dominican
Republic (Greater Antilles). PhD Dissertation, Northwestern
University

Joyce J (1991) Blueschist metamorphism and deformation on the
Samana Peninsula; a record of subduction and collision in the
Greater Antilles. Geol Soc Amer Spec Pap 262:47-76

Klemd R (1989) P-T evolution and fluid inclusion characteristics
of retrograded eclogites, Munchberg Gueiss Complex, Ger-
many. Contrib Mineral Petrol 102:221-229

Krogh EJ (1988) The garnet-clinopyroxene Fe-Mg geothermome-
ter — a reinterpretation of existing experimental data. Contrib
Mineral Petrol 99:44-48

Moore DE (1984) Metamorphic history of a high-grade blueschist
exotic block from the Franciscan Complex, California. J Petrol
25:126-150

Moore DE, Blake MC (1989) New evidence for polyphase meta-
morphism of glaucophane schist and eclogite exotic blocks in
the Franciscan Complex, California and Oregon. J Metamor-
phic Geol 7:211-228

Moore JC, Vrolijk P (1992) Fluids in accretionary prisms. Rev
Geophys 30:113-135

Moran AE, Sisson VB, Leeman WP (1992) Boron depletion dur-
ing progressive metamorphism: implications for subduction
processes. Earth Planet Sci Lett 111:331-349

Nadeau S, Philippot P, Pineau F (1993) Fluid inclusions and min-~
eral isotopic compositions (C-H-O) in eclogitic rocks as tracers
of local fluid migration during high-P metamorphism. Earth
Planet Sci Lett 114:431-449

Nagle F (1974) Blueschist, eclogite, paired metamorphic belts, and
the early tectonic history of Hispaniola. Geol Soc Am Bull
85:1461-1466

Nelson BK (1991) Sediment-derived fluids in subduction zones:
sotopic evidence from veins in blueschist and eclogite of the
Franciscan Complex, California. Geology 19:1033-1037

Oh C-W (1990) The metamorphic evolution of the high-grade
blocks in the Franciscan Complex, California, U.S.A. PhD
Dissertation, Stanford University

Oh C-W, Liou JG (1990) Metamorphic evolution of two different
eclogites in the Franciscan Complex, California, U.S.A. Lithos
25:41-53

Peacock SM (1987) Creation and preservation of subduction-re-
lated inverted metamorphic gradients. J Geophys Res
92:12,763-12,781

Peacock SM (1990) Fluid processes in subduction zones. Science
248:329-337

Peacock SM (1992) Blueschist-facies metamorphism, shear heat-
ing, and P-T-t paths in subduction shear zones. J Geophys Res
97:17,693-17,707 i

Peacock SM (1993) The importance of blueschist Y eclogite dehy-
dration reactions in subducting oceanic crust. Geol Soc Am
Bull 105:684—694

Perfit MR, Heezen BC, Rawson M, Donnelly TW (1980) Chem-
istry, origin, and tectonic significance of metamorphic rocks
from the Puerto Rico Trench. Mar Geol 34:125-156

Perfit MR, McCulloch (1982) Nd- and Sr-isotope geochemistry of
eclogites~ and blueschists from the Hispaniola-Puerto Rico
subduction zone. Terra Cognita 2:Abstr I8

Perfit MR, Nagle F, Bowin CO (1982) Petrology and geochem-
istry of eclogites and blue-schists from Hispaniola. Terra Cog-
nita 2:Abstr W7

Philippot P (1993) Fluid-melt-rock interaction in mafic eclogites
and coesite-bearing metasediments: constraints on volatile re-
cycling during subduction. Chem Geol 108:93-112

Philippot P, Selverstone J (1991) Trace-element-rich brines in
eclogitic veins: implications for fluid composition and trans-
port during subduction. Contrib Mineral Petrol 106:417-430

Philippot P, van Roermund HLM (1992) Deformation processes
in eclogitic rocks: evidence for the rheological delamination of
the oceanic crust in deeper levels of subduction zones. J Struct
Geol 14:1059-1077



292

Platt JP (1975) Metamorphic and deformational processes in the
Franciscan Complex, California: some insights from the
Catalina Schist terrane. Geol Soc Am Bull 86:1337-1347

Ransome FL (1895) On lawsonite, a new rock-forming mineral
from the Tiburon Peninsula, Marin County, California. Calif
Univ Dept Geol Bulll:193-234

Rice SJ, Smith TC, Strand RG (1976) Geology for planning, cen-
tral and southeastern Marin County, California. Calif Div
Mines Geol Open File Rep OFR 76-2

Roedder E (1967) Metastable superheated ice in liquid-water in-
clusions under high negative pressure. Science 155:1413-1417

Roedder E (1984) Fluid inclusions (Reviews in Mineralogy vol.
12). Mineralogical Society of America, Washington DC

Schliestedt M (1989) Occurrence and stability conditions of low-
temperature eclogites. In: Carswell DA (ed) Eclogite facies
rocks, Blackie, Glasgow, London, pp 160-180

Selverstone J, Franz G, Thomas S, Getty S (1992) Fluid variability
in 2 GPa eclogites as an indicator of fluid behavior during
subduction. Contrib Mineral Petrol 112:341-357

Sorensen SS (1988) Petrology of amphibolite-facies mafic and ul-
tramafic rocks from the Catalina Schist, southern California:
metasomatism and migmatization in a subduction zone meta-
morphic setting. J Metamor Geol 6:405-435

Sorensen SS, Barton MD (1987) Metasomatism and partial melt-
ing in a subduction complex: Catalina Schist, southern Cali-
fornia. Geology 15:115-118

Sorensen SS, Grossman JN (1989) Enrichment of trace elements in
garnet amphibolites from a palec-subduction zone: Catalina
Schist, southern California. Geochim Cosmochim Acta
53:3155-3177

Switzer G (1945) Eclogite from the California glaucophane schists.
Am J Sci 243:1-8

Taliferro NL (1943) The Franciscan-Knoxville problem. Bull Am
Assoc Pet Geol 27:109-219

Tatsumi Y (1989) Migration of fluid phases and genesis of basaltic
magmas in subduction zones. J Geophys Res 94:4697-4707

Touret JLR (1992) Fluid inclusions in subducted rocks. Proceed-
ings Koninklijke Nederlandse Akadamie van Wetenschappen
95:385-403

Zhang Y, Franz JD (1987) Determination of the homogenization
temperatures and densities of supercritical fluids in the system
NaCl-KCl-CaCl,-H,O using synthetic fluid inclusions. Chem
Geol 64:335-350



