Int J Earth Sci (Geol Rundsch) (2006) 95: 995-1017
DOI 10.1007/s00531-006-0079-5

ORIGINAL PAPER

J. Escuder-Viruete - A. Pérez-Estain

Subduction-related P-T path for eclogites and garnet glaucophanites
from the Samana Peninsula basement complex, northern Hispaniola

Received: 4 March 2005/ Accepted: 28 January 2006 / Published online: 22 April 2006

© Springer-Verlag 2006

Abstract Eclogite and garnet glaucophanite lenses from
the Punta Balandra unit of the Samana basement com-
plex (northern Hispaniola) preserve information of the
early metamorphic and tectonic history of subduction in
the Caribbean island-arc and its collision with the North
America plate. For this reason, P-T paths were recon-
structed from the interpretation of meso- and microfa-
brics, mineral assemblages and chemistry, with the aid of
equilibrium phase diagrams calculated for specific bulk
compositions in the CKNFMASH system and isopleths
for selected solution end-members. The obtained results
suggest that the subduction-related prograde path
evolved from garnet-free and garnet-bearing lawsonite-
blueschist facies, to phengite eclogite facies conditions at
P=22-24 kbar and T=610-625°C, with a probable
intermediate stage of low-P lawsonite eclogite facies.
The subsequent retrograde P-T path entered the epi-
dote-blueschist (garnet-free) facies and ended within the
greenschist facies field, similar to the prograde evolution
at low-P. Eclogites and garnet glaucophanites formed in
a subduction zone in which oceanic lithosphere was
subducted WSW/W beneath the Caribbean plate.
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Ca-Amp: Calcic-amphibole - Carb: Carbonates - Cel:
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Introduction

Hispaniola consists of a 250-km wide tectonic collage of
fault bounded igneous, metamorphic and sedimentary
rocks of the Late Jurassic—Early Cretaceous to Middle
Eocene age that formed in an intraoceanic island-arc
setting (Fig. 1a; Mann et al. 1991). The Caribbean arc-
related rocks are regionally overlain by a cover of Upper
Eocene to Pliocene sedimentary rocks that post-date
island-arc activity and mainly record the initiation of
oblique arc-continent collision between North America
and Caribbean plates, as well as active subduction in the
southern Hispaniola margin (Mann et al. 1991; Dolan
et al. 1998; De Zoeten and Mann 1999; Mann 1999).
The association of blueschists, eclogites, mélanges and
serpentinites permitted Nagle (1974) to suggest that the
high-P basement rocks of the Cordillera Septentrional
and Samana Peninsula, in northern Hispaniola, were
generated in a subduction zone (Fig. 1b). Mann et al.
(1991) grouped these rocks in terranes that originated as
fragments of the forearc or accretionary wedge of the arc
during NW-directed thrusting of the Caribbean plate
onto the North American continental shelf at the Puerto
Rico trench (Pindell and Draper 1991; Draper and
Nagle 1991; Joyce 1991; De Zoeten and Mann 1999).
Eclogite and blueschist are found in two settings: (1)
as tectonically interleaved exotic blocks set in a lower
grade serpentinite-matrix mélange (Jagua Clara and
Arroyo Sabana mélanges; Draper and Nagle 1991); and
(2) as intercalated boudins and lenticular blocks within
marble, calc- and micaschist (Samana basement com-
plex; Joyce 1991; Gongalves et al. 2000; Catlos and
Sorensen 2003). On the southern coast of the Samana
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Peninsula, a number of eclogite blocks are clean from
vegetation and extreme tropical alteration by sea wave
action. The surfaces and sections of blocks are almost
unique in the Samana basement complex and provide
information on deformation and metamorphism at
eclogite and blueschist facies conditions, because blocks
are commonly overprinted by a lower grade retrograde
and variably metasomatized rim at the other localities.

In this paper, the tectonometamorphic evolution of
two types of eclogites and related garnet glaucophanites
from the pre-Miocene Samana basement complex is
reconstructed from textures, the sequence of mineral
assemblages and mineral chemistries. Equilibrium phase
diagrams have been computed for specific bulk compo-
sitions in the model system CKNFMASH (CaO-K,O-
Na,O-FeO-MgO-Al,05-Si0,-H,0), using the DOM-
INO software (De Capitani 1994), an internally consis-
tent thermodynamic database for minerals and
appropriate solution models for all major phases occur-
ring in the P-T range of interest. The sequence of mineral
assemblages observed in eclogites and hydrated equiva-
lents (retrograde blueschists) shows five metamorphic
stages, whose evolution can be interpreted in the equi-
librium phase diagrams with the aid of important phase-
limiting reactions and P-T conditions estimated by
conventional geothermobarometry. Calculations of
isopleths for selected mineral end-members are employed
to estimate the P-T conditions of some metamorphic
stages, to reconstruct metamorphic P-T paths and to
illustrate the evolution of mineral composition with re-
spect to changing P and 7. The results improve our
understanding of the early subduction, collision and
exhumation processes within the Caribbean—North
America plate boundary zone in Hispaniola.

Geological setting

High-P basement rocks of the Cordillera Septentrional
are exposed in three inliers: Puerto Plata, Rio San Juan
and Samana basement complexes (Joyce 1991; Pindell
and Draper 1991). Mann (1999; and references herein)
proposed that all three inliers may have been uplifted by
late Neogene restraining bend tectonics along the Sep-
tentrional fault zone, which is one of the several strike-
slip fault zones separating the Caribbean and North
America plates. The geology of the Samana Peninsula is
composed of three elements (Joyce 1991; Fig. 1b, ¢): (1)
a subduction-related metamorphic basement complex
whose internal structure consists of a imbricate stack of
discrete high-P slabs; (2) an unconformable cover of
subhorizontal Miocene limestone formations; and (3) a
group of tilted Late Miocene to Pliocene coarse-grained
siliciclastic rocks that are both in fault contact and
unconformably overlie the metamorphic complex along
the south coast. The whole Samana Peninsula is de-
formed by sinistral strike-slip and reverse faults associ-
ated with the Neogene movement of the Septentrional
fault zone.
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The Samana basement complex consists of syntec-
tonically metamorphosed pelitic, carbonate and mafic
rocks, alternating in variable relative amounts. Joyce
(1991) recognized a sequence of three metamorphic
mineral zones, ranging from Lws + Ab-bearing schists in
the NE to Omp + Grt-bearing eclogites and Grt-bearing
blueschists in the SW. Rocks preserving relict primary
structures and recrystallized to Lws+ Ab assemblages
characterize Zone 1 (Santa Barbara unit; Gongalves
et al. 2000). A 1-2 km wide narrow intermediate Zone 11
is defined by Lws+ Ab+ GIn assemblages in mafic
rocks. In the southern side of the peninsula, close to the
Septentrional fault zone, Omp+Grt+Phg and
Grt+ Czo + Gln-bearing assemblages in intercalated
mafic boudins and blocks within micaschists and mar-
bles define a Zone III (Punta Balandra unit). The
metamorphic sequence represents a metamorphic profile
generated during SW-dipping Cretaceous-Eocene sub-
duction (Joyce 1991). However, the increase in grade
occurs over a short distance and it can be better ex-
plained by the tectonic juxtaposition of units that were
metamorphosed at different depths. Minimum P-T
conditions achieved were about 13+2 kbar and
450+ 70°C in the Punta Balandra unit and 7.5+ 2 kbar
and 320+ 80°C in the Santa Barbara unit (Gongalves
et al. 2000). Structural data and the pressure gap be-
tween them permitted Gongalves et al. (2000) to deduce
that the Punta Balandra unit is thrust over the Santa
Barbara unit and to interpret the metamorphic nappe
stack of the Samana basement complex as a fragment of
an accretionary wedge thrust onto the North American
continental shelf. Recently, Zack et al. (2004) found a
lawsonite eclogite as a pebble on the beach at Punta
Balandra, unfortunately without indication of its struc-
tural context. These authors calculated the peak-pres-
sure conditions of 16 kbar and 360°C for lawsonite
eclogite, indicating a cold subduction of oceanic crust in
an accretionary wedge. As suggested by the trace-ele-
ment geochemistry and the (eng);= +7.2 value
(t=86 Ma), the eclogites studied in this work are Fe-
and Ti-rich oceanic metagabbros derived from depleted
mantle sources (Escuder-Viruete et al. 2004).

In this study, we are only concerned with metabasites
of Zone 111, where the effects of at least four episodes of
heterogeneous deformation (D1-D4) can be recognized
(see also Joyce 1991). In marbles and calc-schists of this
zone, compositional layering or lithologic bedding (S0) is
subparallel to a WNW/ESE-striking S2 foliation that, in
general, dips at a low to moderate angle to the SSW and
contains a strong WNW-ESE to W-E oriented L2
mineral and stretching lineation. The non-coaxiality of
the D2 deformation is indicated by S—C fabrics, asym-
metrical boudinage of the foliation and the asymmetry of
winged Grt porphyroblasts. These meso-structures indi-
cate a regionally uniform top-to-the-NE and E shear
sense, parallel to the L2. In marble layers, D2 also pro-
duced intense isoclinal and intrafolial asymmetric folding
with a NE vergence and axes parallel to L2. Oblique
grain-shape fabrics in quartz aggregates and S-C
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microstructures consistently indicated a top-to-the-NE
or E shear sense. An S2 foliation wraps the eclogitic
lenses, being able to develop an intense plano-linear
(S2-L2) fabric in the rim defined by Phg+ GIn+Ep
assemblages, in which glaucophane define L2. This epi-
dote-blueschist facies S2 foliation is subparallel or cuts at
a high-angle a relict plano-linear (S1-L1) eclogitic fabric
present in the core of decimeter- to meter-scale lenses,
characterized by omphacite-rich domains that alternate
with Grt-rich lenses. The L1 mineral lineation is defined
by the elongation of coarse-grained Omp. The S2 folia-
tion is isoclinally folded by WNW/ESE-trending,
reclined or recumbent D3 folds and progressively trans-
posed into parallelism with a shallowly SW-dipping S3
that is broadly co-planar with the lower structural
boundary of Zone III. In the metapelites, D3 deforma-
tion is characterized by the development of retrograde
greenschist facies mineral assemblages in S3 planes, high-
angle Cal-Chl-Ep veins and normal shear bands that
overprint the S2. The S3 foliation was deformed and
locally crenulated by open to tight NW/SE to WNW/
ESE-trending late D4 folds with a steeply dipping axial-
plane, amplitudes of tens of meters and wavelengths of
the order of 100 m. D4 subvertical folding is related to
the formation of high-angle sinistral shear zones oriented
parallel to the S4 axial-plane fabric.

Equilibrium phase diagrams

Equilibrium phase diagrams for eclogite samples from
the Samana basement complex were calculated with the
computer code THERIAK-DOMINO (De Capitani
1994) (http://www.therion.minpet.unibas.ch/minpet/
groups/theruser.html). DOMINO calculates equilibrium
phase assemblages by minimization of the total Gibbs
free energy (4G) in a given P-T space. The extent and
absolute positions of the resulting different stability
fields are dependent on the solution models for each
multicomponent phase and the bulk composition given
in the input. The calculations take into account all
minerals in the thermodynamic database and need
solution models covering the entire compositional range
of each multicomponent phase. Table 1 includes details
of the solution models used for the calculation of equi-
librium phase diagrams. The thermodynamic database is
an updated version of the internally consistent database
of Berman (1988), including properties of pumpellyite
and glaucophane of Evans (1990), and pargasite and
ferropargasite of Mdder and Berman (1992).

The main input of DOMINO consists of a simplified
bulk composition in the CKNFMASH model system
estimated from modal (volume) proportions from thin
sections and microprobe analyses, following Meyre et al.
(1997). Minor components such as Mn and Ti are not
taken into account because these elements are not in-
cluded in the solution models. The pure phases of quartz
and H,O are added in excess to ensure their presence in
all computations, due to the fact that Qtz and several

Table 1 Solution models used for the calculation of equilibrium
phase diagrams

Phase Solution model Reference

Omp Ternary (Jd, Di, Hd), Meyre et al. (1997)
non-ideal

Grt Ternary (Grs, Alm, Prp), Berman (1990)
non-ideal

Fsp Ternary (Ab, Kfs, An), Fuhrman and
non-ideal Lindsley (1988)

Wm Binary (Pg, Ms), non-ideal Chatterjee and

Froese (1975)

Phg Ternary (Ms, Cel, Fe-Cel), Massonne and
non-ideal Szpurka (1997)

Ca-Na-Amp Binary (Parg, Fe-Parg), ideal This study

Chl Binary (clinochl, daph), ideal This study

Ep Binary (Czo, Ep), ideal This study

major hydrous phases (Chl, Lws, Ep/Clz, Amp and Phg)
form part of all metamorphic stages, including the
eclogitic peak (see below). A relatively high ap,o is
consistent with the phase relations and water contents in
progressively dehydrated subducting basalts, experi-
mentally obtained by Schmidt and Poli (1998). The in-
put used in this work is a combination of adjacent phase
rim compositions record of the eclogitic thermal peak,
taking into account possible changes in their composi-
tions by exchange or net-transfer retrograde reactions.
We thus compute the local equilibrium of an observed
assemblage restricted to a small closed system. Estima-
tions are only valid within a restricted P-T range, be-
cause all of the equilibrium phase diagrams are
calculated for a fixed bulk chemistry. Processes that af-
fect the bulk composition, as transport-controlled garnet
growth, disequilibrium, influx or outflux of fluids (see
Konrad-Schmolke et al. 2005 for a review), were not
entirely modeled.

The main problem in modeling mafic rocks is the lack
of thermodynamic data for amphibole of barroisite to
glaucophane compositions. Barroisitic amphiboles can-
not be satisfactorily modeled because of the still not well
known thermodynamic mixing properties between
Na-, Ca- and Na—Ca amphiboles. Although mixing
models have been proposed (Willner 2005), in this
study, the thermodynamic data for the glaucophane
end-member (Evans 1990) were added to the database
and the Na—Ca-Amp was modeled using an ideal binary
solution model with the end-members pargasite and
ferropargasite (Méder et al. 1994; Meyre et al. 1997). As
barroisitic compositions have not been analyzed in the
studied samples, the position and extent of the excluding
stability fields of this Na—Ca-Amp model allow some
qualitative estimates to be made for the retrograde P-T
evolution of eclogites.

Textures and mineralogy

In the Punta Balandra unit, there are two main textural
types of eclogite: dark green, weak or non-foliated, type



I granoblastic eclogite; and light green, intensely foli-
ated, type II blastomylonitic eclogite. Both types contain
Grt+ Omp assemblages that were minimally affected by
the retrograde hydration, lack plagioclase and are true
eclogites (after Carswell 1990). The recrystallization of
type I and II eclogites to a rim of coarse-grained hy-
drous-mineral rich “glaucophanite” (Fig. 2a) was re-
lated to fluid influx along D2 shear zones and S2
foliation planes that wrap around the decimeter- to
meter-scale lenses and preserve diverse mineral assem-
blages and eclogite facies foliations. Individual hydrous
shear zones have complex internal structural and
metamorphic relationships: pods of partially to perva-
sively recrystallized eclogite are enveloped by
GIn + Chl+ Ep + Phg-rich blastomylonites, commonly
characterized by a strong L2 mineral and stretching
lineation. In D2 low strain domains, retrograde minerals
are commonly randomly oriented and patchily devel-
oped. Eclogite facies assemblages persist in these do-
mains, presumably owing to the irregularities in strain
and/or restricted fluid penetration.

Type I eclogite

Garnet-rich seams and laminae alternate with Omp-rich
domains to define a weak S1 granoblastic foliation in
type I eclogites. Phg occurs as 2-6 mm long lepido-
blasts in stable contact with Grt and Omp (Fig. 2c, d).
Qtz is modally less significant, and Ttn and Rut mod-
ally more abundant than in type II eclogite. Both large
idioblastic Omp laths and aggregates (Cpx-III) have an
irregular optical zoning and may contain Gln and Rut
inclusions. Matrix Rut is commonly mantled by Ttn
and has rare inclusions of Gln. Idioblastic Grt grains
are 3-8 mm in diameter and have an internal Mn-rich,
inclusion-poor core (not present in all the grains) and
an external inclusion-rich zone enclosed by an inclu-
sion-poor or free rim (Fig. 2¢c, d). Inclusions of Lws
pseudomorphs, Ep, Pg, Qtz, Ab, Phg and Chl, are
randomly oriented. Type I eclogite is replaced along
fractures, veins and patches by a violet-blue aggregate
that consists of retrograde Gln, Ep, Phg and Carb,
indicating that some of the high-P deformation was
brittle and accompanied by high fluid activity. In the
rim of the lenses, S1 is boudinaged and cut at low angle
by a strong S2 mylonitic foliation defined by a pre-
ferred mineral orientation of Ep, Phg and Gln/Mg-Rbk
that envelope Grt+Omp relic assemblages. In S2
planes, Grt porphyroclasts are replaced in pressure
shadows and pull-aparts by GIln+Phg+Ep/Czo+
Carb+ Chl assemblages, and Omp is plastically de-
formed and fractured. Large euhedral Gln laths parallel
to L2 are zoned and have a core-rim compositional
range from colorless or pale violet Gln to violet Fe-rich
Gln and blue Mg-Rbk (Fig. 2f). Some GIln nemato-
blasts have relic cores of Act to Mg-Hbl (see below) or
include xenoblastic Omp (Fig. 2j). Matrix Gln is locally
rimmed by a green Act. Omp and Grt grains are re-
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placed by Ilate- to post-S2 Ab poikiloblasts and
Chl + Phg aggregates.

Type 11 eclogite

Type II blastomylonitic eclogite with minimal secondary
recrystallization contains large grains of idioblastic Grt
(2-10 mm in diameter), enveloped by a coarse-grained
granoblastic S1 eclogitic foliation defined by Omp, Phg,
Qtz and Rut, with or without Gln, Ep, Ap and Ttn
(Fig. 2e). An L1 mineral lineation is defined by the
elongation of Omp nematoblasts and Qtz ribbons. Ma-
trix Omp (Cpx-III) is subidioblastic and nearly colorless.
Grt grains preserve complex inclusions patterns
(Fig. 2h). Commonly, an inclusion-rich core contains
random or aligned inclusions trails that define a sig-
moidal to spiral internal foliation continuous with the
external S1 foliation, which is made up of Lws, Pg, Ep/
Clz, Cpx-I/Cpx II, Chl, Ttn, Rut and Qtz. In many
cases, Lws inclusions are replaced by Pg+ Ep rhomb-
oidal pseudomorphs. Lws and Cpx-1/Cpx-II inclusions
in Grt are never found in direct contact. Grt core is
surrounded by a comparatively inclusion-poor rim that
forms one-third or less of the grain (Fig. 2h). Partial
overgrowth on the inclusion-poor domain is continuous
with the enveloping external S1 foliation, consistent with
the syn-D1 growth. Some large Grt grains (0.8-1 cm in
diameter) display optically distinguishable Grs- and Sps-
rich (pre-S1 inclusion-free) cores not present in smaller
grains of the same rock. Relatively low strain D2 zones
and boudin rims are characterized by Grt porphyro-
clasts partially replaced in syn-D2 pull-aparts by
GIn + Phg+ Carb aggregates (Fig. 2¢). Omp grains are
intensely affected by cracks subperpendicular to the L2,
which are filled by Gln+Phg+ Ep assemblages. Omp
also forms aggregates of dynamically recrystallized small
grains (Fig. 2e). In D2 shear zones, Grt and Omp por-
phyroclasts are surrounded by bands rich in Gln, Ep,
Phg and Carb that define a S—C mylonitic S2 fabric,
frequently subparallel to S1. Large Gln laths parallel to
L2 are boudinaged with Phg + Carb filling the open pull-
aparts. These microtextures, together with the change in
amphibole and phengite chemistry (see below), are
consistent with the retrograde nature of the S2 fabric in
these bands. In addition, Ttn encloses Rut grains and
Grt is replaced in the cracks and rims by late- and post-
S2 Chl+ Phg + Clz+ Carb.

Glaucophanite

Glaucophanite and garnet glaucophanite are pervasively
recrystallized type I and II eclogites in pods as well as
the hydrous D2 shear zones. Coarse-grained, random
zoned Gln, Ep/Clz, Phg, Rut and Carb are interpreted to
be in textural equilibrium. In such rocks, however, Omp
is only present as inclusions in subidio to xenoblastic
Grt, being Cpx-II in the core and Cpx-III in the rim.
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Fig. 2 a Type II eclogite boudin with a S1 granoblastic fabric
surounded by an envelope of foliated (S2) blueschist. S2 cuts at low
angle the boudinaged eclogitic S1 fabric. Puerto Viejo sector, Punta
Balandra unit. b Grt porphyroblast with a S1 folded foliation
defined by Omp + Lws+ Qtz+Phg+ Rut inclusions of metamor-
phic stages 1 and 2. J71 sample of type II eclogite. Width of field,
4 mm. ¢ Nematoblastic S1 fabric defined by the eclogitic stage 3
assemblage Grt+Omp+Phg+ Qtz+Rut in type I eclogite (J74
sample). 4-B marks the location of the compositional profiles
given in Figs. 4 and 7. Width of field, 4 mm. d Eclogitic stage 3 in

the same J74 sample. Note the inclusion-rich internal zone of Grt.
Width of field, 4 mm. e Deformation and partial replacement of
stage 3 assemblage during stage 4, J78 sample of type II eclogite.
Garnet pull-aparts are filled with a large Gln nematoblast and
Phg+ Ep + Carb. Note in the lower right Omp forms aggregates of
recrystallized small grains parallel to the mylonitic S2 foliation.
Width of field, 6 mm. f Stage 4 retrograde aggregate composed of
Na-Amp +Phg+Ep+Carb with a relic of Ca-Amp in the J122
sample of type I eclogite. Width of field, 1 mm.



Fig. 2 (Contd.) Back-scattered electron images of microtextures.
g Inclusion of Lws in Grt, pseudomorphosed by Pg+ Ep + Qtz + Phg
aggregates in type I eclogite. h Grt porphyroblast in type II eclogite
with inclusions that define a folded internal S1 foliation, continuous
with the external S2 foliation defined by elongated Omp nemato-
blasts. The inclusions are Lws and Cpx-I (Ae-Aug) in the core and
Lws pseudomorphs of Pg+ Ep = Phg and Cpx-II (Omp) in the rim.

This mineral chemistry is consistent with the Omp
inclusions having formed under similar metamorphic
conditions as type I and II eclogites, with the Gln-rich
matrix being part of a retrograde assemblage developed
early in the hydration event. In the D2 shear zones, in-
tensely foliated retrograde assemblages are formed with
Na- and Ca-Amp, Fe-rich Ep, Clz, Phg and Carb, with

-y,

Wy

2008 um

Matrix Cpx-IIIis Mg-Omp to Omp. Note the Grt replacement in the
rim by Phg + Chl retrograde aggregates. i Garnet fractures and pull-
aparts have been filled with Phg + Ep (upper) and a large zoned Gln
nematoblast (lower) during retrograde stage 4. j Stage 4 retrograde
aggregate composed of Na-Amp and Phgin the J122 sample of type |
eclogite with a relic of stage 3 Mg-Omp (Cpx-I11)

or without Ttn and Ab. In the S2 foliated matrix, violet
Gln is intergrown with blue Fe-GIn/Mg-Rbk and pale
green Act. Aggregates of Chl+Phg+Ab+Carb form
pseudomorphs after Gr and Omp is replaced by Gln/
Mg-Rbk, Ep/Clz and Ab. Albite form late-S2 por-
phyroblasts with curved inclusion trails of Gln, Qtz, Ep
and Phg.
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Interpreted sequence of mineral assemblages

The mineral assemblages described above can be used to
establish a sequence of metamorphic stages, whose
temporal evolution is interpreted with the help of
important facies-limiting reactions in the computed
equilibrium phase diagrams. In the eclogites and glau-
cophanites five different metamorphic stages can be de-
fined, which are shown in Fig. 3 and described below.
Stages 0 and I minerals occur as relicts mainly pre-
served included in the central parts of garnet por-
phyroblasts. Stage 0 is characterized by the mineral
assemblage Act/Mg-Hbl+ Chl+ Ep/Czo +Phg+ Qtz=+
Ab+Pg=+ Carb+Ttn in type I eclogites, which belongs to
the greenschist transitional to albite-epidote amphibolite
facies (Evans 1990). As evidenced by the occurrence
of relic Si-poor Ca-Amp (AIY' and Ti-rich Act and
Mg-Hbl), some blocks of type I eclogite had already
been subjected to high-7/low-P metamorphism on the
ocean floor. Stage 1 is represented by the assemblage
Lws + Qtz+ Chl = Pg+ Cpx-1+Phg+ Rut in type II eclog-
ites, which belongs to the high-P lawsonite-blueschists
facies, above the reaction Ab — jadeitic Cpx+ Qtz
(Holland 1983). These minerals commonly define an
internal S1, crenulated to varying degrees by the D2
deformation. Garnet glaucophanites have the probably
stage 0 assemblage Chl+Phg+ Act+ Qtz. Stage 2 is
characterized by the assemblage Ep +Pg+ Phg+ Qtz+
Rut+ Chl+ GIn+Mn-rich Grt in type I eclogite and
Ep+Pg+Phg+ Cpx-1/Cpx-11+ Qtz+ Rut £ Chl £ Ttn +
Mn-rich Grt in type II eclogite. The stage 2 assemblages
occur as inclusions in the outer rim of garnets and are

Type | Eclogite

characteristic of the garnet-bearing epidote-blueschists
facies (T>400-450°C; Evans 1990). Stage 3 is represented
by the assemblage Grt+ Omp (Cpx-11/Cpx-I11) + Phg +
Qtz+ Rut£Pg (without Lws) in both type I and II
eclogites, which belong to the phengite-bearing eclogite
facies and define a blastomylonitic S1/early syn-S2 foli-
ation in type II eclogite. Stage 4 in type I and II eclogites
is characterized by the hydrous assemblage Na-Amp +
Ep/Czo +Phg + Carb + Qtz+ Chl + Rut + Ttn, which over-
prints the stage 3 eclogite facies assemblage and defines a
well-developed S2 retrograde mylonitic foliation. These
mineral assemblages are characteristic for the high-T
part of the garnet-free epidote-blueschist facies (7' < 400-
450°C; Evans 1990). The core-to-rim composition of
amphibole grown during stage 4 also suggests its retro-
grade nature (see below). In the garnet glaucophanites,
the corresponding assemblage is Na-Amp + Ca-Amp +
Ep/Czo +Phg+ Ttn, representing the lower temperature
part of the epidote-blueschist facies. In places, Ca-rich
phases seem to disappear, resulting in rocks almost
entirely composed of glaucophane with minor amounts
of Phg and Ttn. Stage 5 involves recrystallization of the
stage 4 minerals and the breakdown of Grt to Chl+ Ep/
Czo and omphacite to Ab+Ep/Clz in type I and II
eclogites. Gln is replaced by Act and Rut is mantled or
totally pseudomorphosed by Ttn.

In summary, the studied rocks have thus undergone a
prograde metamorphic evolution from the lawsonite-
blueschist (stage 1) through garnet-bearing epidote-
blueschist (stage 2) to the eclogite facies (stage 3), with a
subsequent retrograde evolution to the garnet-free epi-
dote-blueschist facies (stage 4) and greenschist facies

Type Il Eclogite

. _ ; prograde baric-peak post-metamorphic peak
P-T evolution /enr% ’?gﬁ baric-peak POSt-mefamOtf,Ph/C peak P-Tevolution | gyoiution P evolution
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Facies Lws-blueschist eclogite Ep-blueschist | greenschist
Facies greenschist eclogite Ep-blueschist | greenschist
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i non-foliated or S2 retrograd Microstructures| in inclusions m Ic{mit%c fabrics n;%?nﬁ'ﬁagry’rcss Shea'}fands ‘Z"d
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Microstructures relicts S1 fabrics pull-aparts pseudomorphs Lawsonite
Paragonite —— f— Paragonite - —
Ep/Czo — Ep/Czo [re—
Chlorite — Chlorite e | ——
) Cpx-1Il Cpx-II ) Cpx-I  Cpx-Il Cpx-lil
Omphacite ) Omphacite
Mn-rich Mn-rich
Garnet Garnet
Phengite EI Phengite m
Ne-Amp - big.oln i FeCla Rk Na-Amp lug.gi o Fe Qi ROk
Act Mg-Hbl Act
Ca-Amp — — Ca-Amp e
?
Arag/Cal L ——— - .. Arg/Cal mmm ———
Albite — _ Albite —
Quartz Quartz —
Rutile L Rutile mm
X . . ?
Titanite EEm ——— Titanite amm N —
Iimenite EEEEEEEEEED limenite EEEEEEE@EEEER
stees | @ O (3 (4] (5] smees | @ O [3) (4) [5)

Fig. 3 Summary of the observed relationships between mineral growth and fabrics in the different stages of metamorphic evolution.
Cpx-1, aegirine augite; Cpx-II, omphacite; Cpx-I1I, Mg-rich omphacite



(stage 5). The small difference observed in the two par-
allel sets of mineral assemblages for type I and II
eclogites is probably due to differences in bulk-rock
chemistry, with the protoliths of the first slightly more
FeO and Al,O3-rich and CaO-poor.

Mineral chemistry

Chemical compositions of minerals from six selected
samples representative of type I (J74 and J122) and II
(J71 and J78) eclogite and garnet glaucophanite (J123
and J125) were studied in detail. Chemical analyses were
performed on the JEOL Superprobe JXA-8900M W/ED
combined microanalyzer at the Universidad Complu-
tense of Madrid. Analytical conditions were a 15 kV
accelerating potential, 20 nA specimen current and 1 pum
beam diameter. In each sample, Grt porphyroblasts with
the largest diameter (between 2.0 and 4.5 mm) were
analyzed along rim-core-rim traverses at regular inter-
vals (40-75 pm depending on the size). Matrix minerals
are often zoned and rim-core-rim traverses with 5-15
evenly spaced spot analyses were performed in Omp,
Amp and Phg. Other matrix minerals were analyzed at
3-5 spots per grain. Representative mineral analyses,
particularly those used in the thermobarometric calcu-
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lations, are given in Tables 2, 3, 4, 5 and 6. For selected
Grt and Amp grains, Fe, Mn, Mg, Ca and Na X-ray
mappings were carried out using the same probe. The
complete data-set for all samples used in this study can
be obtained from the authors upon request.

Garnet

Along the textural zoning, type I eclogites display a
symmetric outward decrease of Xg,; and X, (from 0.20
to 0.04 and from 0.35 to 0.18, respectively), an increase
in Xajm and Xp,, (from 0.44 to 0.58 and from 0.04 to
0.28, respectively) and a decrease in Xg. [=Fe/
(Fe+Mg), from 0.92 to 0.62] (Fig. 4). These trends are
typical of prograde growth zoning (Spear 1993) from
metamorphic stages 2 to 3. In grains for which compo-
sitional maps were done (Fig. 5a), contours of Fe, Mn,
Mg and Ca show near-euhedral shapes, which represent
traces of the successive growth surfaces during stages
2-3. In detail, some Grt grains are characterized by a
radiating or cross-pattern in the Mg and Fe (not in Ca
and Mn) that post-date the garnet core and predate the
inclusion-poor or free outermost rim. The overall zoning
patterns appear to be unaltered by post-growth diffu-
sion, except in the local embayments at the Grt rim
(Fig. 5a), where the chemical trends are reversed in the

Table 2 Representative analyses of garnet from eclogites and garnet glaucophanites

Lithology Typel Typel Typel Typel Typell Typell Typell Typell Typell gg gg gg
Sample J-74 J-74B J-122 J-122 J-78 J-78 J-71 J-71 J-71 J-123 J-123 J-125
Grain GRT-2 GRT-1 GRT-1 GRT-1 GRT-4 GRT-4 GRT-1 GRT-1 GRT-1 GRT-1 GRT-1 GRT-3
Analyses 115-r 59-rt 26-r 18-c 101-r 148-rt 13-c 11-1 12-r 72-ig 6-ig-c 52-r
Stage 3 3 3 2 3 3 2 2 3 3 3 3
SiO, 38.91 38.64 38.31 38.03 38.56 37.32 37.84 37.62 39.35 37.87 38.94 38.29
TiO, 0.06 0.04 0.01 0.11 0.04 0.00 0.13 0.14 0.04 0.15 0.16 0.18
Al,O4 22.07 22.51 21.92 21.61 21.84 20.91 21.42 21.64 21.63 21.96 21.73 21.92
Cr,0;5 0.00 0.01 0.01 0.00 0.03 0.00 0.00 0.07 0.06 0.02 0.15 0.04
FeO 22.33 24.94 23.97 26.88 24.93 26.82 27.14 27.43 28.31 25.50 24.38 25.39
MgO 7.62 6.76 5.84 2.21 3.11 3.22 0.94 1.36 2.87 3.11 2.82 3.26
MnO 0.47 0.42 0.17 0.28 0.09 0.30 1.20 0.45 0.20 0.73 1.57 0.46
CaO 7.97 7.31 9.19 11.33 11.47 9.86 10.80 10.72 9.22 10.24 10.20 10.60
Na,O 0.03 0.04 0.01 0.01 0.04 0.04 0.00 0.05 0.02 0.02 0.03 0.06
K,0O 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.00 0.00 0.00
Total 99.46 100.67  99.43 100.45 100.10 98.48 99.47 99.48 101.72 99.61 99.98 100.20
Si 5.989 5.933 5.964 5.981 6.021 5.983 6.037 5.993 6.088 5.965 6.085 5.985
Al 4.003 4.074 4.022 4.005 4.019 3.950 4.027 4.062 3.945 4.076 4.002 4.037
Ti 0.007 0.005 0.001 0.013 0.005 0.000 0.016 0.017 0.005 0.018 0.019 0.021
Cr 0.000 0.001 0.002 0.000 0.004 0.000 0.001 0.008 0.007 0.003 0.018 0.005
Fe 2.874 3.202 3.121 3.536 3.255 3.596 3.622 3.653 3.664 3.358 3.186 3.318
Mg 1.749 1.548 1.356 0.519 0.725 0.770 0.225 0.323 0.661 0.731 0.657 0.759
Mn 0.061 0.055 0.022 0.037 0.011 0.041 0.162 0.061 0.026 0.097 0.207 0.061
Ca 1.314 1.202 1.534 1.909 1.918 1.694 1.845 1.829 1.529 1.727 1.708 1.775
Na 0.010 0.013 0.003 0.003 0.011 0.011 0.000 0.015 0.007 0.006 0.008 0.019
K 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.000 0.002 0.000 0.000 0.000
Xre 0.62 0.67 0.70 0.87 0.82 0.82 0.94 0.92 0.85 0.82 0.83 0.81
X Alm 0.48 0.53 0.52 0.59 0.55 0.59 0.62 0.62 0.62 0.57 0.55 0.56
Xerp 0.29 0.26 0.22 0.09 0.12 0.13 0.04 0.06 0.11 0.12 0.11 0.13
Xsps 0.01 0.01 0.00 0.01 0.00 0.01 0.03 0.01 0.00 0.02 0.04 0.01
XGrs 0.22 0.20 0.25 0.32 0.32 0.28 0.32 0.31 0.26 0.29 0.30 0.30

Normalization scheme to 24 O. gg garnet glaucophanite. Garnet analyses: ¢ core, i intermediate, r rim, r¢ rim touching clinopyroxene, ig

garnet adjacent to clinopyroxene inclusion
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Table 3 Representative analyses of clinopyroxene from eclogites and garnet glaucophanites

Lithology Typel Typel Typel Typel Typel Typell Typell Typell Typell Typell gg gg
Sample J-74 J-74 J-122 J-122 J-122 J-78 J-78 J-78 J-78 J-78 J-123  J-123
Analyses 27-r I-r 124 125 2 43-r 160-i 32-i 34-i 153-r 63-i 88-1
Stage 3 3 3 3 3 3 2 2 1 3 3 3
MO MO MO oM MO MO OM oM AA oM MO MO
SiO, 55.98 56.51 55.73 54.51 55.78 56.01 54.44 54.93 54.09 55.77 55.37  55.50
AL O3 10.71 11.10 11.96 12.02 12.05 11.42 6.50 8.47 5.50 11.32 9.28 8.15
FeO 3.41 2.94 3.58 3.83 3.55 491 10.92 6.88 11.41 4.95 4.24 4.99
TiO, 0.02 0.01 0.12 0.10 0.07 0.04 0.06 0.02 0.03 0.00 0.00 0.05
Cr,05 0.00 0.06 0.01 0.00 0.05 0.06 0.06 0.00 0.03 0.00 0.19 0.13
MgO 8.48 8.50 7.86 8.27 7.71 7.37 7.26 8.21 7.65 7.38 8.91 9.64
MnO 0.00 0.02 0.03 0.00 0.00 0.01 0.11 0.00 0.00 0.03 0.02 0.00
NiO 0.00 0.03 0.00 0.04 0.03 0.04 0.00 0.00 0.00 0.03 0.00 0.00
CaO 13.74 13.90 12.63 12.97 12.41 13.03 13.62 14.50 14.50 13.17 1532 16.28
Na,O 6.88 6.61 7.39 7.21 7.41 7.56 6.72 6.48 6.51 7.06 6.12 5.62
K,O 0.00 0.01 0.00 0.00 0.03 0.01 0.01 0.01 0.00 0.01 0.01 0.01
Total 99.23 99.68 99.32 98.94 99.08 100.47 99.70 99.50 99.71 99.71 99.45  100.37
Si 1.996 2.009 1.981 1.944 1.988 1.977 1.982 1.979 1.972 1.990 1.985  1.980
AlY 0.004 0.000 0.019 0.056 0.012 0.023 0.018 0.021 0.028 0.010 0.015  0.020
AV 0.446 0.465 0.482 0.449 0.494 0.452 0.261 0.339 0.208 0.466 0.377  0.320
Fe?* 0.070 0.087 0.067 0.014 0.079 0.061 0.105 0.073 0.070 0.114 0.069  0.070
Fe’ ™" 0.032 0.000 0.039 0.100 0.026 0.084 0.227 0.134 0.278 0.033 0.058  0.080
Ti 0.001 0.000 0.003 0.003 0.002 0.001 0.002 0.001 0.001 0.000 0.000  0.002
Cr 0.000 0.002 0.000 0.000 0.001 0.002 0.002 0.000 0.001 0.000 0.005  0.004
Mg 0.451 0.450 0.417 0.439 0.410 0.388 0.394 0.441 0.416 0.393 0.476  0.510
Mn 0.000 0.001 0.001 0.000 0.000 0.000 0.003 0.000 0.000 0.001 0.001  0.000
Ni 0.000 0.001 0.000 0.001 0.001 0.001 0.000 0.000 0.000 0.001 0.000  0.000
Ca 0.525 0.529 0.481 0.495 0.474 0.493 0.531 0.560 0.567 0.503 0.588  0.620
Na 0.476 0.456 0.510 0.498 0.512 0.517 0.474 0.452 0.460 0.489 0.425  0.390
K 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000  0.000
Jd 0.445 0.461 0.475 0.419 0.489 0.441 0.256 0.328 0.200 0.459 0.371  0.314
Ae 0.032 0.000 0.039 0.094 0.026 0.082 0.223 0.130 0.267 0.033 0.057  0.079
Q 0.524 0.539 0.486 0.488 0.485 0.476 0.521 0.543 0.533 0.508 0.571  0.607

Normalized schema to 6 O. gg garnet glaucophanite, r rim, i clinopyroxene inclusion in garnet, MO high-Mg omphacite, OM omphacite,

AA aegirine augite

outer 50-150 um by the overlapping of a limited diffu-
sion-controlled retrograde zoning (Spear 1993), espe-
cially near Grt—Omp contacts. Therefore, the retrograde
effects are due to exchange reactions, spatially limited in
the compositional maps and related to modification of
the growth profile during the post-stage 3 evolution. A
limited diffusional retrograde effect in zoning is consis-
tent with the 7 < 600-625°C for the thermal peak (see
below) and timescale of exhumation for these rocks. The
radiating pattern may represent former microcracks
which have been annealed and sealed during later stages
of the Grt growth (Kurz et al. 1998). Garnet has a
variable core composition both between and within
samples, but the rim compositions are uniform within
samples and between samples on a local scale.

In general, zoning trends of Grt in type II eclogite are
very similar to those of Grt in type I eclogite (Fig. 4).
However, these garnets have a less-developed bell-
shaped spessartine profile, meaning that type II eclogite
may be MnO-poor. They show a core-to-rim decrease of
Xgps and Xajy (from 0.06 to 0.02 and from 0.63 to 0.55,
respectively), increases of Xg,s and Xp,, (from 0.24 to
0.33 and from 0.07 to 0.13, respectively) and an overall
slight decrease in Xg.. Xpy, and Xayy trends are locally
reversed in the Grt rim and around Omp inclusions by

retrograde Fe—-Mg exchange (Spear 1993). Grt compo-
sition in glaucophanites is similar to that described for
type I eclogites, and displays (not shown) an outward
decrease of Xgp, an increase in Xp,, and to a lesser ex-
tent in Xg, and Xajm,. From core-to-rim, X, is constant
or it decreases slightly at the rim.

Clinopyroxene

Clinopyroxene composition was calculated following
Morimoto (1989) and plotted on a (diopside + heden-
bergite—jadeite—aegirine) Q-Jd—Ae ternary diagram. The
normalization of ferric and ferrous iron was carried out
using the procedure by Droop (1987). In type I eclogite,
Cpx is commonly omphacite (Xjq=0.39-0.50,
Xae=0.08-0.02), with a limited, within-sample variation
in composition (Fig. 6a). There is a general trend be-
tween samples of decreasing Ae content at nearly con-
stant Q content, meaning that the controlling
substitution is simply Fe®"Al_;. Some stage 3 large
matrix grains in sample J74 are zoned (Fig. 6a) from
omphacite cores (Xjq=0.41) to Mg-rich omphacite rims
(until Xj4=0.50; Cpx-III). Stage 2 inclusions in the Omp
are Qtz+ Rut+Phg+ Ttn. Xenoblastic Omp inclusions



Table 4 Representative analyses of amphibole from eclogites and garnet glaucophanite

1005

Lithology Type I TypeI TypeI Type I Type I Typel Typel Typel TypeI Typel Type II gg gg gg gg gg
Sample J-122  J-122 J-122 J-122 J-122  J-122 J-122  J-122 J-122 J-122 J-78 J-125 J-125 J-125 J-123 J-125
Analyses 138-c  139-i 141-i 113-r 144-r 99b-c  105-i 107-i  113-r  111-r 150-c  113-gi 123-gi 127-m 100-m 134-m
Name Mg-Hbl Act Gln  Crs Mg-Rbk Act Mg-Hbl GIn  Crs Act Gln Act Act Gln GIn Act
Stage 1 1 4 4 4 1 1 4 4 5 4 1 1 4 4 4,5
SiO, 53.13  53.58 56.94 5529 5241 53.34 5323 56.11 5529 53.53 56.60 5573 54.87 57.50 58.06 54.28
AL O3 6.51 596 10.59 597 334 554  5.33 1094 597 3.19 10.74 1.58 3.06 11.84 12.00 4.17
TiO, 0.06 0.08 0.06 0.01 0.05 0.04 0.10 0.01 0.01 0.02 0.04 0.01 0.03 0.03 0.02 0.03
Cr,05 0.01 0.00 0.03 0.05 0.00 0.03 0.03 0.01 0.05 0.00 0.04 0.02 0.00 0.00 0.00 0.03
FeO 6.26 7.19  9.44 18.60 20.58 720  6.67 9.43  18.60 10.01 9.81 853 772 742 17.07 8.13
MnO 0.00 0.05 0.06 0.11 0.12 0.06  0.02 0.14 0.11 0.09 0.03 0.18 0.09 0.02 0.02 0.07
MgO 17.78  17.32 11.29 8.11 8.75 17.02 1827 11.63 8.11 17.03 1098 18.19 18.36 11.52 11.63 17.77
CaO 10.18  10.07 1.81 0.64 2.17 999 1085 241 0.64 1098 1.60 12.16 11.56 1.25 0.64 10.77
Na,O 2.36 221  6.64 6.89 6.26 238 2.02 6.47 6.89 143 6.75 0.64 1.04 7.03 733 135
K,0 0.11 0.07 0.02 0.05 0.05 0.11  0.12 0.03 0.05 0.08 0.02 0.01 0.07 0.01 0.00 0.08
Sum 96.39  96.52 96.85 95.67 93.73 95.68 96.62 97.15 95.67 96.36 96.59 97.04 96.81 96.61 96.77 96.65
Si 7.46 7.53 7.85 798 7.86 7.59  7.49 773 798 7.64 7.83 787 772 788 791 7.62
Al"Y 0.54 0.47 0.15 0.02 0.14 0.41 0.51 0.27 0.02 036 0.17 0.13 028 0.12 0.09 038
AV 0.54 0.51 157 099 045 0.52 037 .51 099 0.17 1.59 0.14 023 1.79 183 0.3l
Ti 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.01 0.00 0.00  0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fel™" 0.27 029 024 0.89 1.16 0.16 0.28 032 089 042 027 0.13 027 0.08 0.14 043
Fe?* 0.47 055 085 135 1.42 0.70  0.51 077 135 0.77 0.87 088 0.64 0.77 0.67 0.52
Mn 0.00 0.01 0.01 0.01 0.01 0.01  0.00 0.02 0.01 0.01 0.00 0.02 0.01 0.00 0.00 0.01
Mg 3.72 363 232 1.74 195 3.61  3.83 239 174 3.62 227 383 385 235 236 372
Ca 1.53 .52 027 0.10 0.35 1.52  1.63 036 0.10 1.68 0.24 1.84 1.74 0.18 0.09 1.62
Na 0.64 0.60 1.78 193 1.82 0.66 0.55 1.73 193 040 1.81 0.17 028 1.87 193 0.37
K 0.02 0.01 0.00 0.01 0.01 0.02 0.02 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.01
Cat 1519 1513 15.05 15.03 15.18 1520 1521 15.09 15.03 15.09 15.06 15.02 15.04 15.05 15.03 15.00

Normalization to 23 O (IMA 1997 scheme). gg garnet glaucophanite, Mg-Hb/ magnesiohornblende, Act actinolite, Gin glaucophane, Crs
crossite, Mg-Rbk magnesio-riebeckite

Table 5 Representative analyses of white mica from eclogites and garnet glaucophanites

Lithology = Typel Typel Typel Typel Typel Typel Typell Typell gg gg gg gg
Sample J-74 J-74 J-74 J-74 J-74 J-74 J-78 J-78 J-122 J-122 J-122 J-122
Analyses 21-m 23-m 26-ic 27-ic 164-ig 165-ig 45-m 30-pLw  114-ig  115-ig  131-m  116-m
Stage 3 3 1,2 1,2 1,2 1,2 3 2 3 3 3,4 3,4
SiO, 50.83 51.08 46.82 46.56 46.09 41.50 49.72 46.30 49.75 50.13 50.47 47.20
AlLO; 26.11 26.04 29.42 31.65 38.73 34.72 26.71 39.60 27.88 27.47 27.29 29.68
TiO, 0.31 0.26 0.47 0.44 0.01 0.03 0.16 0.00 0.25 0.28 0.27 0.24
Cr,0; 0.00 0.00 0.00 0.01 0.04 0.04 0.04 0.00 0.03 0.00 0.00 0.03
MgO 3.69 3.99 2.56 3.11 0.10 2.05 3.36 0.11 3.86 3.81 4.12 3.42
FeO 1.42 1.23 1.09 1.19 0.81 5.17 1.87 0.57 1.34 1.21 1.63 1.38
MnO 0.00 0.00 0.00 0.03 0.00 0.02 0.03 0.00 0.00 0.00 0.01 0.02
ZnO 0.50 0.50 0.36 0.47 0.01 0.20 0.06 0.02 0.31 0.47 0.22 0.42
CaO 0.00 0.00 0.03 0.08 0.84 0.10 0.03 0.12 0.00 0.01 0.00 0.06
Na,O 0.47 0.48 0.90 0.71 6.93 0.75 0.38 7.98 0.58 0.50 0.41 1.00
K,O 9.98 9.93 9.49 9.47 0.22 7.51 10.03 0.04 9.78 10.01 10.12 9.45
Total 93.36 93.52 91.13 93.77 93.76 92.09 92.39 94.74 93.78 93.90 94.53 92.89
Si 6.893 6.905 6.506 6.298 5.989 5.791 6.819 5.950 6.710 6.758 6.765 6.453
v 1.107 1095 1494 1702 2011 2209  1.181 2.050 1290  1.242  1.235 1547
AV 3.068 3.055 3.326 3.346 3.922 3.502 3.139 3.950 3.142 3.124 3.077 3.237
Ti 0.032 0.027 0.049 0.045 0.001 0.003 0.016 0.000 0.026 0.029 0.027 0.025
Cr 0.000 0.000 0.000 0.001 0.004 0.004 0.005 0.000 0.003 0.000 0.000 0.003
M% 0.747 0.804 0.530 0.628 0.018 0.427 0.688 0.021 0.776 0.766 0.824 0.697
Fe* " 0.161 0.139 0.126 0.135 0.088 0.603 0.214 0.062 0.151 0.137 0.183 0.158
Mn 0.000 0.000 0.000 0.003 0.000 0.002 0.003 0.000 0.000 0.000 0.001 0.002
ZnO 0.050 0.050 0.037 0.047 0.001 0.020 0.006 0.002 0.031 0.047 0.021 0.042
Ca 0.000 0.000 0.005 0.011 0.116 0.015 0.004 0.017 0.000 0.001 0.000 0.009
Na 0.124 0.125 0.242 0.187 1.746 0.203 0.101 1.988 0.152 0.131 0.107 0.265
K 1.726 1.712 1.683 1.634 0.036 1.336 1.754 0.006 1.683 1.722 1.731 1.649
Xms 0.93 0.93 0.87 0.89 0.02 0.86 0.94 0.00 0.92 0.93 0.94 0.86
Xpg 0.07 0.07 0.13 0.10 0.92 0.13 0.05 0.99 0.08 0.07 0.06 0.14

gg garnet glaucophanite, m matrix, ic clinopyroxene inclusion, ig garnet inclusion, pLw lawsonite pseudomorph
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Table 6 Representative analyses of epidote group minerals from eclogites and garnet glaucophanites

Lithology Type 1 Type 1 Type 1 Type 1 Type 1 Type 1 gg gg gg gg gg
Sample J-74 J-74 J-74 J-74 J-74 J-74B J-123 J-123 J-123 J-125 J-125
Analyses 35-ar 38-ar 54-ig 55-ig 17-pLw 85-pLw 86-ig 105-m 109-m 125-ig 128-m
Stage 4 4 1,2 2 2 2 2 4,5 3,4 4,5 3,4
SiO, 37.11 36.69 38.39 39.03 38.05 39.01 38.88 38.43 39.56 38.61 39.12
TiO, 0.03 0.08 0.11 0.16 0.11 0.15 0.22 0.10 0.03 0.27 0.05
AlLO; 22.47 22.84 31.02 29.76 29.86 30.91 29.01 27.43 32.18 28.92 31.79
Fe,0; 13.89 13.41 2.34 3.83 4.80 3.73 5.41 7.27 1.55 5.49 1.68
MnO 0.17 0.17 0.01 0.12 0.05 0.09 0.11 0.04 0.00 0.17 0.01
MgO 0.00 0.01 0.05 0.05 0.09 0.04 0.03 0.02 0.01 0.09 0.03
CaO 23.54 23.55 24.86 24.05 24.01 24.59 24.72 24.44 25.29 24.47 25.22
Na,O 0.00 0.01 0.01 0.01 0.00 0.03 0.03 0.03 0.02 0.01 0.02
K,0 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00
Cr,03 0.02 0.03 0.00 0.02 0.02 0.03 0.04 0.00 0.00 0.10 0.07
Total 97.23 96.80 96.78 97.03 96.98 98.59 98.45 97.78 98.67 98.37 97.99
Si 2.991 2.969 2.978 3.026 2.965 2.980 2.997 3.003 2.998 2.987 2.990
Al 2.136 2.179 2.836 2.720 2.743 2.783 2.636 2.527 2.875 2.638 2.864
Fe’ " 0.842 0.817 0.137 0.224 0.281 0.214 0.314 0.427 0.088 0.320 0.097
Ti 0.002 0.005 0.007 0.009 0.007 0.009 0.013 0.006 0.002 0.016 0.003
Mg 0.000 0.001 0.005 0.006 0.010 0.005 0.003 0.003 0.001 0.011 0.003
Mn 0.012 0.012 0.000 0.008 0.004 0.006 0.007 0.003 0.000 0.011 0.001
Ca 2.033 2.042 2.066 1.998 2.004 2.013 2.041 2.046 2.054 2.028 2.065
Xps 0.28 0.27 0.05 0.08 0.09 0.07 0.01 0.14 0.03 0.11 0.03

gg garnet glaucophanite, ar retrograde aggregates, m matrix, ig garnet inclusion, pLw lawsonite pseudomorph

Type | eclogite, J74B, GRT-2, A-B

Type Il eclogite, J78, GRT-4, A-B
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Fig. 4 Representative zoning profiles of garnet from type I and II eclogites. Encircled numbers are metamorphic evolution stages. See

Fig. 2c, h for location of the compositional profiles

in stage 4 Gln are zoned from cores of X;3=0.42 and
Xae=0.04 to rims of Xj3=0.49 and X.=0.02 (Fig. 2j).
Stage 3 matrix Cpx in the same rock is also omphacite
(X354=0.41-0.48, Xa.=0.04-0.09). Clinopyroxene in
type II eclogite is commonly Omp (Xj4=0.32-0.46), but
some Cpx inclusions straddle the omphacite—aegirine
augite boundary (Fig. 6a). In these rocks, three com-
positional types of Cpx are observed (Fig. 2h): stage 1
inclusions of aegirine augite (Cpx-I: Xj4=0.12-0.22,
Xae=0.27-0.22) in Grt cores; stage 2 inclusions of om-
phacite (Cpx-11: Xj3=0.26-0.32, Xr.=0.22-0.15) in Grt
rims and as matrix grains touching Grt; and large stage
3 Mg-rich omphacite (Xj3=0.40-0.46, Xs.=0.08-0.03)

matrix nematoblasts elongated parallel to L1. Appar-
ently, Cpx-I coexists with Lws and Cpx-II coexists with
Ep + Pg pseudomorphs as inclusions in Grt grains, but
never in mutual contact, different when compared to
Lws+Phg+Omp+ Grt assemblages of lawsonite
eclogites described by Zack et al. (2004). The trend from
Cpx-I to Cpx-III is to increase Xjq together with a de-
crease in Xa., which is consistent with a prograde in-
crease in P. In garnet glaucophanites Omp occurs only
as inclusions in Grt porphyroblasts. From core-to-rim
(Fig. 6a), inclusions change in compositions from Mg-
rich Omp (Xj4=0.37-0.31, XA.=0.05-0.08) to Omp
(X354=0.24-0.21, XA =0.04-0.09). In sample J123, Omp
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Fig. 6 a Ternary plots with apices jadeite, aegirine and diop-
side + hedenbergite illustrating the composition of clinopyroxene in
eclogites. b Composition of the amphiboles in eclogites and garnet
glaucophanite plotted in terms of the number of Si cations per 23

inclusions in Grt are comparatively Q-rich with
X34=0.38 in the core and Q-poor with Xj3=0.23 in the
rim.

Amphibole

In the studied rocks, sodic or calcic amphibole shows a
wide range in composition, whereas calcic—sodic bar-
roisitic amphiboles (Leake et al. 1997) are absent. Fe? "
content and site distribution was calculated following

Xy.=Na/(Na+K)

oxygens versus Mg/(Mg+ Fe? ). ¢ Composition of the white micas
plotted in terms of the number of Si cations per 22 oxygens versus
Xna=Na/(Na+ Ca)

Droop (1987) and Schumacher (1997). Type I eclogite
lacks amphibole in textural equilibrium with stage 3
eclogitic assemblage. Record of previous stages occurs
as relict inclusions of Act, Mg-Hbl and rare Gln. Core-
to-rim zoning in stage 4 random glaucophane ranges
between 7.5-7.85 and 7.83-7.92 Si cations per 23 oxy-
gens at 0.83-0.74 and 0.86-0.68 Xy, = Mg/(Mg+
Fe?"), respectively (Fig. 6b). In these grains, Nava) =
1.72-1.78 and Xp. = Fe*t/(Fe*t + AIY") = 0.2-0.03.
In D2 retrograde shear zones, the stage 4 elongated
amphibole is strongly zoned, commonly involving



Mg-Gln cores, zoned to Gln, and Fe-Gln or Mg-Rbk
rims (Fig. 6b). This compositional evolution is recorded
in core-to-rim increases of Si (7.64-8.0), Na(B) (1.58-
1.93) and Xy« (0.14-0.49), with a concomitant decrease
of Xnmg (0.85-0.50). Some stage 4 Na-Amp grains con-
tain irregular relics of Ca-Amp within the successive
growth surfaces, which are in the J122 sample (Fig. 5b)
Act, Act-Hbl or Mg-Hbl (Si=7.45-7.74, Nap4) = 0.32-
0.48, Xne=0.77-0.91). In the same sample, S2 matrix
Gln displays a rim of stage 5 retrograde Act. In bla-
stomylonitic type II eclogite, the amphibole subparallel
to the S1-L1 eclogitic fabric is Gln (Fig. 6b). However,
stage 3 Grt+Omph + Phg microdomains without stable
Gln are also present. Stage 4 Gln nematoblasts have a
core-to-rim trend of increasing Si (7.75-8.0), Na,
(1.73-1.9) and Xgg+ (0.18-0.02), and decreasing Xy,
(0.72-0.62). There is limited between- and within-sample
variation in stage 4 Gln composition, which suggests
formation during post-eclogite facies retrograde evolu-
tion. Three textural and compositional types of amphi-
bole occur in the garnet glaucophanites (Fig. 6b): relic
inclusions in garnet of stage 0 actinolite (Nagy=0.25-
0.28); matrix colorless to violet stage 4 glaucophane
(Naggy=1.74-1.82); and matrix pale green stages 4-5
actinolite (Naz)=0.36-0.39). In these rocks, coexisting
Na- and Ca-Amp replaced and filled garnet pull-aparts
during stage 4. Si-contents and the Xy, ratio commonly
are 7.7-7.8 and 0.81-0.86 in stage 1 Act; 7.53-7.64 and
0.85-0.88 in stage 4 Gln; and 7.82-7.97 and 0.75-0.81 in
stage 4 Act, respectively.

White micas

Silica content in white micas ranges from 5.9 to 6.9 ca-
tions per formula unit (p.f.u.; 22 oxygens), with a
moderate content of octahedrally coordinated cations. A
general antithetic trend can be established for Si and Na
contents from eclogites to garnet glaucophanites, with a
range from 6.9 Si cations and XN, = Na/(Na+ K)
~ 0.05 to 6.5 Si cations Xn.~ 0.12 (Fig. 6¢). Three
textural and compositional varieties of white mica are
observed in type I eclogites: relic inclusions of phengite
and paragonite of stages 1 and 2 in Grt and Omp; matrix
large Phg grains of the stage 3 eclogitic assemblage;
and random or subparallel to S2 Phg lepidoblasts of
retrograde stage 4. For stages 1 and 2, Xy, and Si
are 0.02-0.13 and 6.20-6.57 in Phg and 0.90-0.98 and
5.75-5.98 in Pg. In stage 3, the ranges for Phg are
Xna=0.06-0.10 and Si=6.90-6.74. Large Phg grains
that touch Grt are zoned from cores of Xcoq=0.38 to
rim Xceg=0.26 ( Xce = [1 — Xms] X Mg/Fe + Mg; Xys=
4-Si p.f.u.). The core-to-rim variations of Si and Xy, in
these Phg are 6.90-6.48 and 0.07-0.10, respectively. In
retrograde stage 3 Phg Si=6.45-6.73 and Xn,=0.05—
0.14, for X between 0.18 and 0.32. Type II eclogites
contain three similar varieties of white mica (Fig. 6c¢):
syn-D1 inclusions of Pg in Grt forming the stage 1;
matrix syn-D1 to early-D2 Phg lepidoblasts of stage 3;
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and syn- to late-S2 Phg of the stages 4 and 5. Analyzed
relic Pg displays Si and Xy, contents of 6.1-5.8 and
0.76-0.99. Large Phg grains of stage 3 display Si values
of 6.74-6.82, for X, and X, contents of 0.05-0.08 and
0.28-0.32. The ranges of Si, Xna. and X contents in
retrograde Phg are 6.25-5.90, 0.06-0.28 and 0.02-0.06,
respectively. Similarly, retrograde Phg in garnet glau-
cophanites has 6.60-6.88 Si cations p.f.u., Xn,=0.06—
0.14 and X¢e =0.23-0.34.

Epidote group minerals

The Fe* " contents of epidote analyses were recalculated
assuming two-site ordering with a total of eight cations
per 12.5 oxygens. Clinozoisite/epidote in type I eclogite
contains less Fe’ * than Clz/Ep in type II eclogite, which
contains less Fe>” than Ep in garnet glaucophanites.
However, two epidote group minerals are optically
and chemical recognizable in some type Il eclogite
and garnet glaucophanite samples (Joyce 1991) namely,
low-birefringence Fe-poor Ep and Clz and strong-bire-
fringence Fe-rich Ep (>6.5wt% FeOt). In type 1
eclogite, stage 1 and 2 Clz or Ep is present as inclusions
in Grt (Xpis=0.03-0.08, Xpj; = Fe*t/Fe’t + AIYY), as
Lws pseudomorphs (Xp;s=0.10-0.25), and as retrograde
stage 3 Ep (Xp;s=0.08-0.24). Type II eclogite samples
contain Ep of Xp;=0.20-0.22 as inclusions in Grt,
Xpis=0.04-0.14 as Lws pseudomorphs and Xp;s=0.12—
0.29 in retrograde assemblages. In garnet glaucopha-
nites, two textural types of Ep are seen: inclusions in Grt
(Xpis=0.10-0.12) and large matrix nematoblasts parallel
to S2. The latter are either Fe* " -poor (Xpis=0.03-0.04)
or Fe? " -rich (Xp;s=0.10-0.28).

P-T path reconstruction
Calculated equilibrium phase diagrams

The input for type I eclogite is a simplified bulk compo-
sition of sample J74, derived from the modes and electron
microprobe analyses: 10 Grt (Grsg,7PrpgrAlmg sq) +
10 Omp (Jdo4sDig.4sHdo.10) +1 Phg (Msgs55Celg 37
Fe-Celg o) + Qtz+ H,0. In the CKNFMASH system,
the computed equilibrium phase diagram for sample J74
(Fig. 7a) shows a large stability field for the assemblage
Grt+Omp + Phg+Pg+ Qtz (dashed area) that ranges
from about 550 to 725°C and 16 to 22 kbar. The stability
field for the stage 3 peak-pressure assemblage
Grt+ Omp + Phg+ Qtz of the phengite-bearing eclogite
(gray-shaded area) is separated from a kyanite-bearing
eclogite region at high-T (625-650°C) by reactions of the
type: Pg — Ky+Omp+ H,O (Liati and Seidel 1996).
Under blueschist facies conditions, the equilibrium phase
diagram for this rock shows a large stability field of Lws
that is subdivided into garnet-bearing (lawsonite eclogite;
Schmidt and Poli 1998) and garnet-absent (lawsonite-
blueschist) regions at high- and low-T, respectively. The
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Fig. 7 Equilibrium phase diagrams calculated with DOMINO (De
Capitani 1994). The yellow shaded areas correspond to the stability
fields of the observed assemblages of stage 3 (eclogitic) peak-
pressure conditions in: a type I eclogite and b type II eclogite.
Dotted and dashed areas indicate P-T conditions of stage 1 and 2

reaction that forms Grt takes place at T=475-500°C at
P>10 kbar and has a steep negative slope in the P-T
diagram, which corresponds with the “garnet-in” isograd
described in many high-P blueschist terranes (Evans
1990). Between phengite-bearing eclogite and lawsonite-
blueschist facies assemblages, several narrow fields occur
at T=500-550°C and P <20 kbar (dotted area) that
represent the discontinous growth of Pg and Clz and the
resorbtion of Lws and Chl during increasing P and
T. Probable pseudomorphs of Pg+ Clz+ Qtz after Lws
are preserved in the pre-D2 cores of garnets, suggest-
ing that these stability fields were crossed during the
stage 2 prograde evolution through the reaction:
Lws+GIln — Pg+Clz+ Chl+Qtz+H,O (Maruyama
et al. 1986). The arrow in Fig. 7a shows the interpreted
prograde P-T path followed for type I eclogite. The
mineral relicts of stage 0 metamorphism are probably
stable in the low-P field of the greenschist facies assem-
blage Fsp(Ab) + Phg+ Chl+ Ep/Czo.

The input for type II eclogite is a simplified bulk
composition of sample J78: 10 Grt (Grsg 3,Prpg 13Almg s5) +
10 Omp (Jdg.44Dig.4gHdo0s) +1 Phg (Msg 50Celg 31
Fe-Cely 19) + Qtz+ H,O. Apparently, sample J78 lacks
prograde Gln. In the CKNFMASH system, the peak-
pressure conditions of stage 3 are reached in the field
of phengite-bearing eclogite with the assemblage
Grt+ Omp + Phg+ Qtz (yellow-shaded area) at 7> 550°C
and P> 16 kbar. The prograde evolution produces the
following assemblages (+ Qtz): Omp (Cpx-I)+ Lws+

Temperature (°C)

prograde assemblages observed in thin sections. Dashed blue line
marks the lawsonite eclogite field for these eclogite compositions.
In each diagram, the arrow represents the reconstructed prograde
and retrograde metamorphic P-T path

Pg+ Chl+Phg (stage 1; dotted area) — Grt+Omp
(Cpx-II) + Lws+Pg+ Chl+Phg — Grt+ Omp (Cpx-II)+
Pg+ Ep/Clz+ Phg+ Chl (stage 2; dashed area), repre-
sented by narrow fields in Fig. 7b. This P-T evolution
(arrow) for type II eclogite is consistent with observa-
tions in thin sections.

In both types of eclogites, the retrograde conditions
produced assemblages without stable garnet or barroi-
sitic-type amphibole (syn-S2 Gln is near end-member
composition). This constrains stage 4 to 7T<500°C
(without pargasite) in the Phg+ Ep/Clz+ Chl+ Omp +
Pg field, and stage 5 to the Fsp (Ab) + Phg + Chl+ Ep/Clz
field (Fig. 7a, b). The lack of reliable solid solution
models for Na- and Ca-Amp and other phases impor-
tant in the low-grade metamorphism of mafic rocks
precludes an accurate low-T section of the diagram
(T'<450-500°C). Additional information is obtained
from mineral rim thermobarometry, as discussed below.

Mineral rim thermobarometry

The use of quantitative methods in constraining P-T
conditions reflected by the Samanad basement complex
eclogites is hampered by difficulties in inferring mineral
compositions of a “‘stable” phase assemblage for each
stage of the metamorphic evolution. Further, available
thermobarometers for these rocks involve problems
such as the uncertainty in Fe®" content on calculated



temperatures with the Grt-Cpx Fe-Mg exchange
thermometer and the lack of an accurate barometer for
mafic eclogites (Spear 1993). However, the Grt +Omp +
Phg+ Qtz assemblage permits the use of four equilibria
to estimate the P-T conditions at the stage 3 eclogitic
thermal peak: the Grt—-Omp thermometer (7kg: Ellis and
Green 1979; Tpo: Powell 1985; Txr: Krogh 1988); the
Grt-Phg Fe-Mg exchange thermometer (Txgr: Krogh
and Riheim 1978; HF: Hynes and Forest 1988); the Si* ™"
content of phengite barometer (Py: latest calibration of
Massone 1995); and the inverse tschermak’s substitution
in phengite for Grt+Omp+Phg assemblages, or
Grt—-Omp-Phg barometer (Pwyn: Waters and Martin
1996). For this, we used the composition of garnet,
omphacite and phengite rims in textural equilibrium. In
cases where no phengite was in contact with garnet,
we used rims of matrix phengite with the maximum Si-
content (p.f.u.).

Results obtained for rims of Grt-Omp pairs are
shown in Fig. 8. As a function of the Grt—-Omp geo-
thermometer calibration used, the average calculated
temperatures (£SD) at P=15 kbar are 587+3 (Tkg),
566+4 (Tpp) and 532 £4°C (Tkgr) for type I eclogites;
535+2 (Tgg), 51342 (Tpo) and 486+2°C (Tkr) for
type II eclogites; and 519+4 (Tgg), 497+5 (Tpo) and
470 £ 5°C (Tkr) for omphacite inclusions and adjacent
garnet pairs in garnet glaucophanites. At 15 kbar, Grt—
Phg geothermometry gives average temperatures of
565+3°C and 497+4°C (Tyg) for type I and II
eclogites, respectively. Minimum pressures (Ppg) esti-
mated from the composition of stage 3 phengites in
type I eclogites are 14 kbar at 550°C and 15.5 kbar at
600°C. Lower pressures are obtained from similar stage
3 phengites in type II eclogites (12 kbar at 550°C,
13 kbar at 600°C) and garnet glaucophanites (11 kbar
at 500°C, 12.5 kbar at 550°C). At 550°C, Grt—Cpx—Phg
geobarometry gives pressures of 16.6 and 17.2 kbar
(Pwwm) for type I and II eclogites, respectively. Calcu-
lated P-T conditions fall within the stability field of
stage 3 eclogitic mineral assemblages. In addition, T
conditions are above the stability field of Lws and Gln
of the blueschist facies (Evans 1990). Omphacite of
composition up to Jdsy and Jdg in type I and II
eclogites, respectively, with lack of Pl in the assemblage
are in accordance with P> 12 kbar in the range 450—
550°C, defined by the position of the reaction
Ab=1Jd+ Qtz in Fig. 8 (Holland 1983). The absence of
coesite confirms P <25 kbar. Estimated mineral rim
equilibrium conditions are also lower than those re-
quired for the reaction Pg=Omp + Ky+ H>O, consis-
tent with the absence of kyanite from the studied rocks.
In summary, calculated P-T conditions of eclogitic
stage 3 by conventional thermobarometry fall within a
broad range of P from 12 to 23 kbar and T from 475 to
610°C, probably affected by retrograde Fe-Mg ex-
change between Grt-Omp or Grt-Phg. As discussed
below, more precise estimates of P-T conditions are
obtained from computed isopleths for selected end-
members of relevant eclogitic phases.
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Fig. 8 Simplified P-T diagram showing the geothermobarometric
results for eclogitic stage 3 using mineral rim compositions. Gray
dotted and strippled lines are Ln Ky isopleths for Grt-Omp Fe-Mg
exchange geothermometers of EG Ellis and Green (1979) and KR
Krogh (1988; Xc,=0.3), respectively. Black strippled lines are Si-
isopleths (p.f.u., 11 oxygens) for stage 3 phengite following the
barometer proposed by Massone (1995). Reactions plotted in
the figures are: Jd+Ky+H,O0=Pg and Omp (X;4=0.5)+Ky+
H,0=Pg. Ab=1Jdsy+ Qtz reaction is the line of P-T conditions
appropriate for clinopyroxene (Jdsg) coexisting with albite and
quartz (Holland 1983). Fields of metamorphic facies compiled by
Spear (1993)

Calculation of isopleths

Results of isopleth calculations with DOMINO strongly
depend on bulk composition and the variance of the
assemblage. Isopleths for end-members of garnet (Xp,p,
Xam and Xg), omphacite (Xjq) and phengite (Xcep)
were calculated in the model system CKNFMASH and
are shown in Fig. 9a, b. For type I eclogite (J74), the
assemblage Grt+ Omp + Phg of stage 3 is stable in a
restricted P-T field, in which all phase components of
Grt, Omp and Phg display a narrow spread of isopleths,
consistent with these three phases having undergone
significant compositional changes (Fig. 9a). The circle
represents the conditions of re-equilibration during
peak-pressure conditions that is a region of intersection
of isopleths in agreement with the real measurements
(Table 7). The obtained P-T conditions for stage 3 are
of 625°C and 24 kbar. On the other hand, in the
Grt+ Lws and Grt+Pg+ Zoi stability fields, Grt and
Phg isopleths are narrowly spaced, suggesting drastic
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this case around the 24 kbar at 625°C (J74) and 23 kbar at 610°C

stability fields as shown in Fig. 6. For type I and II eclogite are in
(J78), respectively (see also Table 7)

(black lines)

computed for two samples of type I (sample J74) and type II
(sample J78; Fig. 9, continuation) eclogites with the program

(Jeqy) ainssald
DOMINO (De Capitani 1994). The gray lines outline the calculated

Fig. 9 Isopleths for Xpr,, Xams. XGrs, Xja and Xcel
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Table 7 P-T estimates in eclogites from the Samand metamorphic complex

Sample Paragenesis (observed) XAm Xprp XGrs X4 Xcel Garnet
(a) Measured

J74 Grt+Omp +Phg + Qtz+ Rut 0.507 0.221 0.272 0.449 0.367 rim
J78 Grt+Omp +Phg + Qtz + Rut 0.570 0.120 0.310 0.458 0.312 rim
J71 Grt+Omp +Phg + Qtz+ Chl+ Pg + Lw? 0.648 0.038 0.315 0.359 0.022 core
J71 Grt+Omp +Phg + Qtz+ Chl+ Pg + Lw? 0.633 0.055 0.310 0.310 0.286 interm
J71 Grt+ Omp + Phg+ Qtz 0.628 0.110 0.258 0.442 0.287 rim
Sample P/T Paragenesis (calculated) Xam  Xerp XGrs X4 Xcel
(b) Calculated with DOMINO

J74 24/625 Grt+Omp + Phg + Qtz+ Rut stage 3 eclogitic peak 0.508 0.235 0.255 0.440 0.354
J74 16.5/520  Grt+ Omp + Phg+ Chl+Pg+ Zoi prograde P-T point (+Qtz+Rut) 0.580 0.080 0.339 0.238  0.236
J78 23/610 Grt+Omp + Phg + Qtz+ Rut stage 3 eclogitic peak 0.598 0.114 0.287 0.436  0.307
J71 16.5/475  Grt+Omp + Phg+ Lw + Chl garnet core (+ Qtz+ Pg+ Rut) 0.654 0.025 0302 0.352  0.098
J71 17/490 Grt+Omp + Phg + Lw + Chl garnet intermediate (+ Qtz+ Pg+ Rut) 0.668 0.055 0.292 0.345 0.242
J71 20/560 Grt+Omp + Phg + Pg garnet rim (+ Qtz+ Rut) 0.607 0.123  0.269 0439 0.292
J71 21/580 Grt+ Omp + Phg eclogitic peak (+Qtz+ Rut) 0.589 0.132 0.278 0489 0.287

(a) Eclogitic parageneses observed in the thin section of the three samples, and measured end-member compositions of omphacite, garnet
and phengite. (b) Calculated parageneses with the DOMINO program (De Capitani 1994) in the NaCaKFMASH system (P—7—X values)
and the corresponding calculated end-member compositions of omphacite, garnet and phengite at the P-T conditions of the samples.
Xam=Fe+Mn/(Fe+Mn+ Mg+ Ca). P-T-X values calculated for three points in sample J71 are for modeling a segment of the prograde

P-T path assuming the stability of an initial assemblage of lawsonite eclogite. (*) Pressure in kbar, temperature in °C

changes in the proportions of these components
(growth) in a narrow P-T interval. For type II eclogite
(J78), however, the composition of Grt and Omp within
the large stability field of the observed eclogitic assem-
blage Grt + Phg+ Omp is almost constant, because all of
the components of these two phases display isopleths
widely spread over a large P-T range (Fig. 9b). This is
probably due to the lack of Na-rich phases other than
Omp. For the eclogitic peak, the estimated T=610°C
and P=23 kbar. In a similar type II eclogite (J71 sam-
ple), the occurence of Omp, Phg and Lws inclusions in
the Grt has permitted us to calculate P—T points relative
to the core, intermediate and garnet rim, assuming that
lawsonite eclogite was a prograde stable assemblage
(reported by Zack et al. 2004). The obtained conditions
(Table 7) record a prograde P-T segment from stage 2,
crossing the low-P field of lawsonite eclogite, to stage 3
phengite eclogite.

Modeling of the P-T path in the CKNFMASH system

The modeled P-T paths for type I and II eclogites
(Fig. 9a, b) can be divided into four segments where
distinctive changes in mineralogy occur.

1. Pre-kinematic relicts of Ca-Amp (stage 0) are char-
acteristic of the transition between the greenschist
and lower amphibolite facies, and consistent with
ocean floor mid-T/low-P metamorphism. Alterna-
tively, the very low Ca content of amphibole can
indicate relicts of prograde high-P greenschist facies.

2. The pre-D2 segment in type I eclogite and the Sl
fabric relicts in type II eclogite belong to the Lws and
Gln stability field. This P-T segment defines a pro-

grade path from about 350 to 400°C and 8 to 12 kbar
to the lawsonite-blueschists facies conditions, in the
garnet-free first (stage 1) and the garnet-bearing next
(stage 2). Onset of Grt growth where Lws + Omp was
stable (+Phg+ Pg+ Chl) represents crossing a field
of low-P lawsonite eclogite facies. With increasing
temperature Zoi and Pg form at the expense of Lws.
In type I and II eclogites, the modeled compositional
changes establish a Xp,, increase and a X, decrease,
comparable in absolute amounts with the zoning
observed in the pre-D2 Grt cores. X in Phg is
nearly constant (0.14-0.18) in the garnet-free lawso-
nite field is due to the fact that the P-T path is at a
small angle to the slope of the isopleths, and increases
strongly (from 0.20 to 0.34, type I; from 0.10 to 0.26,
type II) in the garnet-blueschist facies. In the Cpx,
Xjq increases from 0.14 to 0.34 in type I and from
0.12 to 0.40 in type II eclogites.

. The P-T segment of the stage 3, located in the

phengite-bearing eclogitic field (£ Pg), records rising
P and T to the thermal peak (22-24 kbar at 610—
630°C). This segment corresponds to the develop-
ment of the inclusion-free garnet rim over the S1
fabric in type I eclogite and the early syn-S2 bla-
stomylonitic fabric in type II eclogite. In both types,
the calculated Xp,, increases slightly, Xg,s remains
constant and X4, decreases. These trends are con-
sistent with the measured compositional profiles of
the syn-D2 garnet rims, away from the retrogressed
outer rims. Xjq strongly increases to 0.43-0.45 isop-
leths in both types of eclogites. X increases slightly
in the high-P end of the segment (0.35-0.37, type I;
0.30-0.32, type II), as result of the parallelism of the
isopleths and the P-T path.
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4. The syn- to late-D2 segment, located in the Lws-free
field, is characterized by decompression and cooling,
from the eclogitic peak conditions to epidote-blues-
chist (8-12 kbar at 400-500°C; stage 4) and greens-
chist facies conditions (4-8 kbar at 400-350°C; stage
5). The derived retrograde P—T path is subparallel to
the prograde P-T evolution (i.e., indicates cooling
during the exhumation of the eclogites), which ex-
plains the lack of barroisitic Na—Ca-Amp in all
Punta Balandra unit rocks. The calculated Xaim,
Xgrs and X increase and X4 decrease (from 0.44 to
0.18) are consistent with reversal in the composi-
tional trends in Grt rims by Fe-Mg exchange with
adjacent Omp. Along the retrograde P-T path,
phengite adapts its composition continuously to the
changing equilibrium conditions. This results in a
strong zonation in Si-content from core-to-rim and
in separate grains. This P (and 7) dependence of Phg
composition can be used for P-T estimations. In
Fig. 9, isopleths of aluminoceladonite content (X¢)
are plotted, based on the phengite solid solution
model of Massonne and Szpurka (1997). The Si-
content zonation in Phg of J74 sample from
Sirz3.45 p.fu. (Xce=0.36) in the core to Si~3.18
(Xce1=0.23) in the rim reflects a P decrease from 24
to ~13 kbar at 550-600°C. Si-content in Phg for the
J78 sample ranges from Si~3.42 p.fou. (Xce=0.32)
in the core to Six3.26 (Xcq=0.25) in the rim
that reflects a P decrease from 22 to ~14 kbar at
550-600°C. It should be noted that the lowest-T part

Temperature (°C)

of this retrograde P-T path (P <7-10 kbar) is con-
strained by the late growth of Mg-Rbk at the rim of
Gln, Act and the late greenschist facies S2 shear
fabrics.

Conclusions

Eclogites and garnet glaucophanites from the Punta Bal-
andra unit of the Samana basement complex have under-
gone a clockwise metamorphic P-T path (Fig. 10). Two
textural types of eclogites with coeval evolutions of mineral
assemblages relative to slightly different gabbroic proto-
liths are recognized, resulting in peak metamorphism at
similar eclogite facies conditions. The prograde path
evolved from garnet-free lawsonite-blueschist facies to
garnet-bearing lawsonite-blueschist facies to eclogite facies
conditions, with a probable intermediate stage of low-P
lawsonite eclogite (if Lw+Omp+ Grt assemblage was
stable). The subsequent retrograde P-T path entered the
epidote-blueschist (garnet-free) facies, ended within
the greenschist facies. The retrograde path is similar to the
prograde path at low-P and is typical of a Franciscan-type
metamorphism that Ernst (1988) suggested occurs in in-
traoceanic subduction zones. Franciscan-style subduction
settings are characterized by relatively low geothermal
gradients indicative of refrigeration during subduction
zone-parallel ascent and exhumation of these rocks.
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Gongalves et al. (2000) describe the Samana base-
ment complex as a transpressive accretionary wedge
built on the forearc area of the Caribbean island-arc
system. Accretionary wedges are favorable locations for
the detachment of slices of “‘normal’ oceanic crust from
the subducting plate, metamorphosed to blueschist and
eclogite facies conditions at great depths. These slices
subsequently are being rapidly uplifted towards the
surface by subduction channeling (Cloos and Shreve
1988), extensional underplating (Platt 1993) or serpent-
inite diapirism (Guillot et al. 2000). Escuder-Viruete and
Pérez-Estaun (2004) interpret the Samana basement
complex as an imbricate stack of discrete tectonic units
formed in an accretionary complex below a forearc ba-
sin, deformed by a sinistral strike-slip and reverse faults
tectonics associated with the Neogene movement of the
Septentrional fault zone. The intensity of ductile defor-
mation and the development of non-coaxial metamor-
phic fabrics at different metamorphic conditions vary
from each thrust slab, but the kinematic indicators
consistently indicated a top-to-the E and ENE shear
sense. Thus, Samana basement complex eclogites and
garnet glaucophanites formed by the WSW/W-directed
subduction of Atlantic lithosphere beneath the Carib-
bean plate. Thrust stacking and wrenching of different
tectonic slices can provide a mechanism for late stage
exhumation and cooling due to underplating and explain
the preservation of high-pressure assemblages.

The tectonometamorphic history of the Punta Bal-
andra unit can be established with the aid of geochro-
nological data. Imprecise Sm-Nd isochron ages of
84+22 Ma (Joyce 1991) and 86+47 Ma (Grt—Omp—
whole rock; Escuder-Viruete et al. 2004) suggest that the
eclogitic stage 3 formed during the final stages of sub-
duction of the protoliths during the Upper Cretaceous to
Lower Eocene. The late D2 deformation formed a
blueschist facies mylonitic S2-L.2 fabric and was con-
temporaneous with top-to-the ENE/E emplacement of
the eclogite-bearing Punta Balandra unit onto other
high-P Samana basement complex units within a sub-
duction zone (Escuder-Viruete and Pérez-Estaun 2004).
Phengite K-Ar ages of 38 £2 Ma obtained by Joyce and
Aronson (1987) and phengite 4OAr/39Ar ages that range
from Eocene to late Oligocene obtained by Catlos and
Sorensen (2003) in eclogite blocks probably record ret-
rogression and uplift related to emplacement of the unit.
Recently, Late Eocene to Early Oligocene 40Ar/39Ar
plateau cooling ages are obtained from phengite in
banded eclogite (35.65+£0.73 Ma) and foliated (S2)
garnet glaucophanite (33.68 £0.47 Ma) by Escuder-
Viruete et al. (2004), and are attributed to the regional
exhumation of the Punta Balandra unit triggered by the
initial oblique collision of the Bahama Platform beneath
the Caribbean arc in Hispaniola. These ages are con-
sistent with the Middle Eocene folding and uplift of the
overlying forearc basin (De Zoeten and Mann 1999),
which is filled by Paleocene to Early Eocene deep-marine
sediments of Imbert and Los Hidalgos Formations.
Regional uplift produced clasts of high-P rocks and the

deposition from Late Eocene to Early Miocene of a
several kilometers thick turbiditic succession of the
Mamey Group, within a W-NW-trending elongate ba-
sin. This folding and uplift event also coincides with the
cessation of most subduction-related magmatism in
northern Hispaniola.
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