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Ultra high pressure (UHP) garnet-bearing ultramafic rocks from the Dominican Republic may represent
the only known example where such rocks were exhumed at an ocean-ocean convergent plate boundary,
and where the protolith crystallized from a UHP magma (>3.2 GPa, >1500 °C). This study focuses on the
petrology and geochemistry of one of the ultramafic lithologies, the pegmatitic garnet-clinopyroxenite
(garnet + clinopyroxene + spinel + corundum + hornblende). Three distinct types of garnet were recognized:
Type-1 garnet (low Ca, high Mg) is interpreted as near magmatic (P>3.2 GPa, >1500 °C). Type-1’ garnet
(high Ca, low Mg) is interpreted as having formed approximately isochemically from magmatic high-Al
clinopyroxene. Type-2 garnet (intermediate Ca, high Mg, and low Fe + Mn) formed together with hornblende
as a result of late, low-pressure retrograde hydration. Clinopyroxene is close to diopside-hedenbergite (Mg#
~88) and metasomatized by arc-related fluids. Spinel and corundum occur as microinclusions in type-1 and
type-1’ garnets in the only reported natural occurrence of coexisting garnet + spinel 4+ corundum, indicative of
very high pressure. Chondrite-normalized REEs (rare earth elements) of the garnets show humped or weakly
sinusoidal patterns, typically associated with garnet inclusions in diamond and garnet in kimberlite that
crystallized at UHP conditions. These humped to weakly sinusoidal REE patterns developed as the result of
interaction with a light REE-enriched metasomatic fluid. Partitioning of REEs between type-1’ and type-1
garnets is consistent with the former having inherited its REEs from a high-Al clinopyroxene predecessor. The
partitioning preserves a record of near-solidus temperatures (~1475 °C). Petrology and phase relationships
independently suggest near-solidus conditions >1500 °C (the highest temperature conditions reported in a
UHP orogenic setting), providing evidence for an origin in a mantle plume. Therefore, the Dominican ultramafic
rocks may represent the only example of exhumed “fossil fragments” of mantle plume in an orogenic setting
(oceanic or continental).
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1. Introduction

Globally scarce ultra high pressure (UHP) rocks associated with
folded mountain belts (i.e., orogenic, or “Alpine-type”) (e.g., Carswell
and Compagnoni, 2003; Carswell and Zhang, 1999; Guillot et al., 2009;
Hacker, 2006; Liou et al., 2006) offer a unique “window” into the deep
subduction zone processes at convergent plate boundaries. In some
orogenic UHP terranes, garnet-bearing ultramafic rocks of mantle
origin occur as xenoliths in eclogite (deeply subducted, metamor-
phosed oceanic crust) (e.g., Medaris, 1999). These ultramafic rocks
offer valuable insight into the nature of the mantle adjacent to the
subduction zone, the transfer of the mantle rocks to deep-subducted
crust (eclogite), chemical modification in the subduction zone, and
the still poorly understood mechanism of exhumation.

* Corresponding author. Tel.: +1 845 365 8507; fax: +1 845 365 8155.
E-mail address: egazel@ldeo.columbia.edu (E. Gazel).
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Among such UHP rocks, garnet-bearing ultramafic rocks in the
Dominican Republic (DR) are unique for a number of reasons (Abbott
and Draper, 2008, 2010; Abbott et al., 2005, 2006, 2007): (1) The
rocks were exhumed at an ocean-ocean convergent plate boundary,
confounding conventional explanations that involve buoyancy. (2)
The rocks contain the first-reported occurrence of coexisting garnet +
spinel + corundum (Abbott et al, 2005), indicative of very high
pressure. The association garnet+ spinel 4+ corundum involves the
three minerals in mutual contact (spinel+ corundum microinclu-
sions in garnet), with neither sapphirine nor plagioclase present.
Earlier reports of garnet-spinel-corundum-bearing ultramafic rocks
(Kornprobst et al., 1990; Morishito et al., 2001; Zhang et al., 2004)
failed this criterion. In these earlier reports, the corundum and spinel
are associated with sapphirine, plagioclase, or both. A more recent
report of the association (Zong et al., in press) also fails the criterion
and the rocks are quartz-bearing, hence not ultramafic in any
conventional sense. Coexisting garnet + spinel + corundum by itself
precludes sapphirine (Ackermand et al., 1975). (3) The DR rocks
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are the product of fractional crystallization under UHP conditions,
P>3.2 GPa and solidus T>1500 °C. Here, we use major-element
mineral chemistry coupled with in-situ trace element data to test the
different hypotheses about the origin and tectonic significance of these
rocks, focusing mostly on the pegmatitic garnet-clinopyroxenite.

Abbreviations for minerals and components of minerals conform
to Kretz (1983; and see Whitney and Evans, 2010). Abbreviations
beginning with small-case letters are components (e.g., di, spl, prp,
alm, etc.). Capitalized abbreviations refer to mineral-phases (e.g., Grt,
Spl, Cpx, Crn, etc.). We depart from Kretz (1983) in defining two
generalized pyroxene components, px = (Ca,Mg,Fe),Si>0g and pts =
(Ca,Fe,Mg)Al,SiO¢ (tschermak component), and one generalized
component for garnet, grt = (Ca,Mg,Fe);Al,Siz015.

2. Geological setting

The Dominican Republic occupies the eastern two-thirds of the
island of Hispaniola, near the northern edge of the Caribbean Plate
(Fig. 1). The basement of Hispaniola started to form in the Early
Cretaceous as part of an intra-oceanic island arc. While debated,
tectonic reconstructions suggest that the early arc formed above a NE-
dipping plate of Pacific origin (Draper et al., 1996; Pindell and Barrett,
1990). In the mid-Cretaceous (120-100 Ma) subduction ceased on the
Pacific side of the island arc complex only to resume with reversed
polarity on the Atlantic side of the complex (Draper et al., 1996;
Pindell and Barrett, 1990). Hastie and Kerr (2010) argued that this
polarity reversal took place as late as 80 Ma. Throughout the Late
Cretaceous until the Middle Eocene, Atlantic lithosphere dipped W to
SW beneath the E and NE edge of the Caribbean Plate, and the intra-
oceanic island arc expanded through magmatism and various other
accretionary processes (Draper et al., 1996; Pindell and Barrett, 1990;
Pindell et al., 2005). Beginning in the Middle Eocene and continuing to
the present, the island arc system has been modified by E-W, left-
lateral, transcurrent and transpressional tectonics (Draper et al., 1996;
Jansma et al., 2000; Mann et al., 1990, 2002).

The Cordillera Septentrional forms the landscape north of the
Septentrional Fault in the Dominican Republic (Fig. 1). The WNW-ESE
trending range is made up of Late Eocene to Early Miocene siliciclastic
and carbonate sedimentary rocks, underlain by a basement complex
of arc-related metamorphic and igneous rocks (Eberle et al., 1982;
Lewis and Draper, 1990). The basement is exposed in a number of
erosional windows, or “inliers.” The largest of these inliers exposes the
Rio San Juan Complex (Draper and Nagle, 1991; Eberle et al., 1982).

The Rio San Juan Complex (Draper and Nagle, 1991) is divided
into distinct northern and southern parts, which were juxtaposed by
faulting, probably in the Paleogene (Draper and Nagle, 1991; Draper
et al., 1994). The northern part of the inlier consists of serpentinite
and blueschist-eclogite melange with serpentine matrix, faulted
against fine-grained, coherent greenschist-blueschist facies rocks.
The HP/low temperature (LT) metamorphism of the blueschist and
blueschist eclogite is interpreted as having resulted from SW-directed
subduction in the Early to Late Cretaceous (Draper and Nagle, 1991;
Draper et al., 1994). The southern part of the Rio San Juan Complex
(Fig. 1) consists of the Cuaba Gneiss and the Rio Boba Intrusive
Complex. The Cuaba Gneiss is predominantly hornblende gneiss and
hornblende schist. The common mineral assemblage is hornblende +
plagioclase (andesine) + quartz + rutile +/— garnet 4-/— biotite +/
—epidote. Draper and Nagle (1991) suggested a mafic protolith
(basalt/diabase/gabbro) of ocean-crustal origin. Retrograded eclogite
in the Cuaba Gneiss was first reported by Abbott and Draper
(1998). The retrograded eclogite occurs as mm to dm scale layers in
hornblende gneiss. The layers consist of garnet porphyroblasts in
plagioclase-clinopyroxene symplectite (Abbott and Draper, 2007).
The trace element geochemistry of the eclogite is consistent with
MORB. Garnet-ultramafic rocks, which are the subject of this con-
tribution, were first reported by Abbott et al. (2001). The ultramafic
rocks occur as stream boulders (up to 5 m) that were eroded out of
the eclogite in the Cuaba Gneiss (Fig. 1). The ultramafic rocks are
interpreted as minor constituents of the gneiss. Field correlations
favor a Cretaceous age. The Cuaba Gneiss was subsequently intruded

‘ Garnet peridotite

ﬁ Garnet Clinopyroxenite (DR03-12)

Fig. 1. Geology of the southern part of the Rio San Juan Complex. The Island of Hispaniola is shown in the inset. The Cordillera Septentrional occupies the land north of the
Septentrional Fault (SF) in the Dominican Republic. The Septentrional fault (SF) forms the southern margin of the Rio San Juan complex. Movement between the North American
Plate and Caribbean Plate is distributed over the Septentrional Fault (SF) and an offshore strongly oblique convergent zone (Jansma et al., 2000; Mann et al., 2002). The study area is
marked by the filled rectangle. The Cuaba Gneiss consists of hornblende schist (Kc1), garnet hornblende gneiss (Kc2), and garnet metadiorite (Kc3). The small, vertically ruled
(shaded) region between Kc1 and Kc2 is serpentinite, unrelated to the Cuaba Gneiss. Filled circles mark sites where UHP ultramafic rocks were observed or sampled from stream
boulders. The Cuaba Gneiss is intruded by the Rio Bobo gabbro complex (g). Younger sedimentary rocks and sediment are Upper Eocene-Miocene clastic sedimentary rocks (Tcs),
Neogene limestones (Tl), and Quaternary alluvium (Q). Reverse faults: bold, toothed lines (teeth, on hang wall). Left-lateral strike-slip faults: bold un-ornamented lines, dashed

where uncertain. S.F. de M. is the city of San Francisco de Macoris.
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by gabbroic to quartz dioritic rocks of the Rio Boba Intrusive Suite
(Draper and Nagle, 1991). The petrogenetic relationship (if any)
between the HP/LT rocks in the northern part of the inlier and HP/UHP
rocks of the Cuaba Gneiss remains unclear.

3. Ultra high pressure (UHP) vs. low-pressure (LP)origin

The UHP hypothesis (Abbott and Draper, 2008; Abbott et al.,
2005, 2006, 2007) and the LP hypothesis (Hattori et al., 2010a,b) are
illustrated in Fig. 2.

3.1. UHP hypothesis

Orthocumulate texture, dikes, pegmatitic mineral segregations,
and the sequence of mineral assemblages all point to a magmatic
origin for the garnet-bearing ultramafic rocks, (>3.2 GPa, >1500 °C,
Fig. 2A and Appendix A) (Abbott and Draper, 2008; Abbott et al., 2005,
2006, 2007). The magma field is defined by the reaction sapphirine =
garnet + spinel 4 corundum (see Appendix A for details) and the
peridotite solidus (Herzberg et al., 2000; Hirschmann, 2000).
Collectively, the petrology of the ultramafic boulders reveals a
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Fig. 2. Diagrams illustrating different interpretations of the P-T path for the origin of
garnet-bearing ultramafic rocks in the Cuaba Gneiss, northern Dominican Republic.
A. The UHP model (Abbott et al., 2005, 2006, 2007; Abbott and Draper, 2008 and
Appendix A) and the LP model (Hattori et al., 2010a,b) are illustrated. B. Schematic
representation of the Late Cretaceous convergent plate boundary involving the North
American plate and the Caribbean plate, with paths for the UHP model and the LP model
(Hattori et al., 2010a).

liquid-line-of-descent (LLD) from a primary olivine-saturated melt
(e.g., Herzberg and Gazel, 2009) to corundum-bearing garnet-
clinopyroxenite. The LLD involved the following products of fractional
crystallization, from high to low temperature (Abbott et al., 2007):

(I) Olivine-clinopyroxenite (clinopyroxene + olivine +
orthopyroxene),
(II) Garnet-olivine-clinopyroxenite (clinopyroxene + olivine +
garnet),
(IlT) Garnet-peridotite (DR03-10, clinopyroxene + olivine + garnet +
spinel),
(IV) Garnet-clinopyroxenite (clinopyroxene + garnet + spinel),
(V) Pegmatitic garnet-clinopyroxenite (DR03-12, clinopyroxene +
garnet + spinel 4+ corundum).

The LLD is consistent with phase relationships in the system
Mg,Si04-Si0,-CaMgSi,06-CaAl,Si,0g at P>3.2 GPa (Abbott et al.,
2005, 2007; and Appendix A). Unfortunately, details of the original
condition of the rocks have been partially obscured by a protracted
subsolidus history (Fig. 2) (Abbott and Draper, 2008; Abbott et al.,
2006; and Appendix A).

The large, filled circle with error bars (st. dev.) in Fig. 2A represents
THERMOCALC (Holland and Powell, 1998; Powell, 2005; Powell
et al., 1998) results for the subsolidus equilibrium involving garnet +
spinel + clinopyroxene + olivine of the garnet-peridotite (3.4 GPa,
838 °C, assemblage III, DR0O3-12) (Appendix A). According to the UHP
hypothesis (Abbott and Draper, 2008, 2010; Abbott et al., 2005, 2006,
2007), starting from magma (>1500 °C, >3.2 GPa), the subsolidus
history involved three stages (Fig. 2) as follows: (1) approximately
isobaric cooling down to ~850 °C (>3.2 GPa), (2) adiabatic decom-
pression to ~1.5 GPa and ~750 °C, and (3) non-adiabatic decompres-
sion and cooling (mediated by H,0) through crustal conditions to the
surface.

3.2. LP hypothesis

In constrast, prior to stage 2, the LP hypothesis (Abbott and
Draper, 2010; Hattori et al., 2010a,b) involved a very different path of
increasing pressure, starting from a LP plagioclase-bearing igneous
protolith (Fig. 2). The hypothesis is based on a small, positive Eu
anomaly (Hattori et al., 2010a) in the bulk-rock chemistry of two
samples of garnet-peridotite (assemblage III), and REE modeling
involving the REE chemistry of the clinopyroxene. Bulk-rock chemical
analyses of four additional samples (Hattori et al., 2010b) show that
two of the four additional samples have negative Eu anomalies,
another sample has no Eu anomaly, and only one of the four additional
samples has a positive Eu anomaly. The least altered sample (lowest
LOI = 1.5 wt.%, Hattori et al., 2010b) shows a negative Eu anomaly.
The chemistry of the clinopyroxene used in the modeling is com-
promised by late arc-related metasomatism, as evidenced by the
partial replacement of the clinopyroxene by hornblende (Abbott and
Draper, 2010). The major-element chemistry of the clinopyroxene
is also inconsistent with a primary igneous composition. Likewise, the
hypothetical REE chemistry for garnet used in the modeling is
inconsistent with the actual REE chemistry of the garnet presented
in this study (below). The P-T paths for both hypotheses (UHP vs. LP)
are the same for stages 2 and 3, and compatible with the retrograde
P-T history of the eclogite host (Abbott and Draper, 2007).

4. Analytical methods
4.1. Major-element mineral chemistry

Chemical analyses of major-element oxides (Table 1) were
performed at the College of Arts and Sciences Microscope Facility,

Appalachian State University, by scanning electron microscope-
energy dispersive spectroscopy (SEM-EDS). The instrument was an
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Table 1
Major-element mineral chemistry for the garnet-clinopyroxenite.®

No. Garnet Spinel Clinopyroxene Hornblende
analyses Type-1 Type-1' Type-2
17 50 42 17 16 4
Wt
NaO 012 0.04 0.10 na® 0.55 1.21
MgO 596 323 6.06 10.44 16.25 13.19
Al,03 21.66 21.67 22.00 59.39 1.63 14.98
Cry03 bd® bd bd bd bd bd
Si0, 3943 38.78 39.38 037 52.75 45.27
K,0 0.04 0.04 0.06 na 0.07 0.14
Ca0 11.01 1513 13.13 031 24.52 11.54
TiO, 014 0.14 0.15 0.15 0.27 0.17
MnO 067 0.62 0.58 0.28 0.14 0.39
FeO 2097 2035 18,53 29.06 3.83 13.12
Total 100.00 100.00 100.00 100.00 100.00 100.00
Components®
prp 023 012 023 Noted
grs 0.31 0.42 0.36
sps 0.01 0.01 0.01
alm 045 044 0.40
spl 0.42
hc 0.53
mt 0.04
wo 0.48
en 0.44
fs 0.06
jd¢ 0.02

2 Notes: Sample DR03-12. Uncertainty: Tests on standards indicate reproducible
results to within ~1% of the wt.% reported for major oxide-components (MgO, Al,Os,
Si0,, Ca0, and FeO), and to within ~10% of the wt.% reported for minor oxide-
components (Na,0, K50, TiO,, and MnO).

 na = not analyzed. bd = below detection (No counts above background in EDS).

¢ Abbreviations for components conform to guidelines of Kretz (1983).

4 Hornblende: Nag5Ko.02Cay.74Mg2.97Fe1.46Mno,05Tio.02Al2.15Si6.55022(OH), normal-
ized to Mg + Al + Si+ Ca+Ti+ Mn + Fe =15, i.e,, relegating Na + K to the A-site.

€ jd = NagsAlgsSiOs, in order that all pyroxene components are normalized to 3 “0.”

FEI Quanta 200 SEM, fitted with an EDAX EDS. Operating conditions
were: high-vacuum, 35 kV, 2-4 pm spot-size, 50 s counts. U.S. National
Museum standards were used: USNM garnet 110752, USNM ompha-
cite 110607. Data reduction involved proprietary (EDAX) ZAF cor-
rection that constrains the total wt.% oxides to 100 wt.%. Uncertainty is
reported in the footnote to Table 1. Cr,03 is below detection in ED
spectra for all of the analyzed minerals. This is consistent with Hattori
et al. (2010a), who reported only traces of this component in garnet
(0.02 wt.% Cr,0s3), spinel (0.03-0.12 wt.% Cr,03) and clinopyroxene
(0.1-0.21 wt.% Cr,03) from their garnet-wehrlite, which is equivalent
to our garnet-peridotite (assemblage III). We prefer the term peri-
dotite because IUGS terminology provides little guidance for ultra-
mafic rock with 20 vol.% or more garnet and comparable amounts of
hydrated minerals. Peridotite is an acceptable general term (IUGS) that
includes wehrlite, Iherzolite and harzburgite.

4.2. Trace-element mineral chemistry

Garnet and clinopyroxene trace-element concentrations (Tables 2
and 3) were determined at Lamont-Doherty Earth Observatory of
Columbia University by laser-ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) in areas carefully selected away from
inclusions and fractures. The analyses were performed with a UP-193
Excimer laser ablation system from New Wave coupled to a VG PQ
ExCell quadrupole ICP-MS. Samples were ablated in He at a flow
rate of 1.5 L/min. The laser was operated in spot-drill mode at 10 Hz,
at 60% (irradiance of ~1.30-1.90 Gw/cm? and fluency of ~7-10 J/cm?).
The laser spot size was ~100um. Data was collected for 120s,
including 60 s of background when the laser was off. Dwell time for
most elements was 10 ms, except the rare earth elements, Hf, Pb, Th,

and U (dwell time of 50 ms). Laser data were acquired in time-
resolved mode, and calibrated against United States Geological Survey
standard glasses BHVO-2g, BIR-1g, and BCR-2g, using **Ca as an
internal standard. The average precision for four replicate analyses of
BIR-1g was <10% RSD for all elements. Cr-Augite pyroxene, San Carlos
olivine and K-23 in-house garnet standard were analyzed together
with the unknowns for comparison and the data are available upon
request. For more details about the LA-ICP-MS methods please see
Cooper et al. (2010).

5. Results
5.1. Pegmatitic garnet-clinopyroxenite unique mineral composition

This study focuses on the mineralogy of pegmatitic garnet-
clinopyroxenite (assemblage V, sample DR03-12). The rock consists
of clinopyroxene megacrysts (up to 3 cm) in a garnet matrix (Fig. 3).
Late hornblende forms narrow rims (typically <1 mm) on the
clinopyroxene, and also occurs in profusion as pum-scale inclusions
in the clinopyroxene. Microinclusions (<0.1 mm) of spinel (var.
hercynite) and corundum occur in garnet, but not in the clinopyrox-
ene. The garnet occurs in three texturally (Fig. 3B) and composition-
ally (Fig. 4A and Table 1) distinct forms: Type-1 garnet (low Ca, high
Mg) has microinclusions of both spinel and corundum and is not
associated with clinopyroxene or hornblende. Type-1’ garnet (high
Ca, low Mg) forms the bulk of the garnet, with few inclusions of spinel
and very rare inclusions of corundum. Type-1’ garnet is generally not
associated with clinopyroxene or hornblende. Locally type-1’ garnet
displays crystal faces (Fig. 3B). Type-2 garnet (intermediate Ca, high
Mg, low Fe + Mn) is associated with hornblende near clinopyroxene
and is most conspicuously associated with hornblende as over-
growths on crystal faces of type-1’ garnet. Type-2 garnet has neither
inclusions of spinel nor inclusions of corundum. Opaque minerals
include pyrite and pentlandite.

5.2. Major-element mineral chemistry

Chemical analyses of type-1 garnet and type-1’ garnet compare
favorably with phase relationships at P>3.2 GPa (Fig. 4B) (Abbott
and Draper, 2008; Abbott et al., 2005). In the phase relationships,
the projected locus of liquids (silicate melt) coexisting with garnet +
clinopyroxene + spinel (assemblage IV) is shown as a bold, straight,
black bar in Fig. 4B (Abbott et al., 2005). The locus represents a very
small cooling interval, <30 °C (Abbott et al., 2005). At the high-tem-
perature end of the locus (farthest from Al,05), the liquid is saturated
with respect to olivine (assemblage III). At the low-temperature
end of the locus (closest to Al,03), the liquid is saturated with respect
to corundum (assemblage V). Experimentally determined composi-
tions of the minerals (Milholland and Presnall, 1998) coexisting with
a similar “low-temperature” liquid are close to the apices of the open
triangles in Fig. 4B (Abbott et al., 2005). According to the UHP hy-
pothesis, the corundum-bearing pegmatitic garnet-linopyroxenite
(Fig. 3A,B) (assemblage V) crystallized from such a liquid.

Type-1 garnet approaches the solidus composition for garnet at
P>3 GPa (Fig.4B), and type-1’ garnet is close to the solidus composition
for clinopyroxene (high-Al, Fig. 4B). Abbott and Draper (2008, 2010)
postulated that the type-1’ garnet formed approximately isochemically
from UHP magmatic clinopyroxene as a result of subsolidus processes.
Two multivariant reactions are relevant, expressed in terms of com-
ponents in clinopyroxene and garnet:

lpxCpx + 1ptsCpx =1 gnGn (1)
and
3pts ™ = 1grt™ 4 2Cm, )
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Table 2
Trace-element analyses, garnet-clinopyroxenite (DR03-12)".
Type-1 Garnet Type-1" Garnet
Sample 15 32A 32B 47-56 1 28 29 33 46 46B
Li 0.596 0.950 0.839 3.30 0.041 0.036 0.094 bd 0.050 0.064
Sc 1.87 3.26 6.49 2.97 1.26 1.42 3.02 1.55 1.38 2.53
TiO,, wt. % 0.011 0.009 0.028 0.011 0.009 0.009 0.017 0.010 0.008 0.010
\% 18.87 18.95 41.90 21.31 21.06 20.69 51.90 21.72 18.80 21.08
Cr 5.50 3.25 30.22 6.30 423 438 4,08 5.17 441 3.50
Co 47.73 46.93 48.04 38.51 49.54 48.56 57.01 50.45 42.18 51.48
Ni 0.533 1.18 2.04 4.04 bd bd 0.755 0.298 0.324 0.634
Cu 0.585 0.123 0.209 0.117 0.037 0.059 0.157 0.157 0.093 0.165
Zn 1043 9.07 13.04 8.99 9.67 8.92 9.46 9.46 8.92 9.47
Rb 0.015 0.005 0.006 0.142 bd bd 0.003 bd 0.002 0.003
Sr 0.353 12.48 5.44 0.206 0.086 241 0.642 5.68 43.60 5.41
Y 113 1.76 1.39 1.52 0.444 0.561 1.16 0.612 0.701 0.665
Zr 0.292 0.171 0.291 0.337 0.087 0.127 0.276 0.125 0.126 0.146
Nb 0.002 bd 0.002 bd bd bd bd bd bd bd
Ba 0.068 0.102 0.037 0.278 0.021 0.028 0.005 0.042 0.445 0.041
La 0.007 0.113 0.012 0.029 0.031 0.075 134 0.142 0.554 0.144
Ce 0.014 0.211 0.017 0.033 0.047 0.107 2.69 0.207 0.973 0.263
Pr bd 0.038 0.003 0.007 0.011 0.016 0.476 0.031 0.162 0.044
Nd 0.043 0.286 0.065 0.109 0.090 0.099 2.86 0.169 0.825 0.262
Sm 0.273 0.664 0.138 0.234 0.483 0.445 3.52 0.447 0.546 0.460
Eu 0.704 1.33 0.160 0.269 1.22 1.12 6.51 1.09 1.16 1.08
Gd 1.18 2.17 0419 0.844 1.66 1.62 10.89 1.48 1.40 1.61
Tb 0.126 0.204 0.084 0.141 0.133 0.142 0.687 0.130 0.123 0.140
Dy 0.486 0.682 0.525 0.636 0.333 0.351 1.09 0.364 0.376 0.403
Ho 0.058 0.093 0.078 0.086 0.026 0.031 0.070 0.035 0.040 0.037
Er 0.131 0.188 0.128 0.153 0.037 0.053 0.098 0.05 0.065 0.058
Tm 0.014 0.020 0.014 0.016 0.005 0.005 0.011 0.004 0.005 0.006
Yb 0.089 0.123 0.065 0.093 0.033 0.035 0.074 0.035 0.031 0.035
Lu 0.011 0.016 0.009 0.014 0.004 0.004 0.012 0.006 0.005 0.006
Hf 0.009 0.009 0.011 0.012 0.006 0.005 0.031 0.007 0.008 0.011
Ta bd bd bd bd bd bd bd bd bd bd
Pb 0.048 0.040 0.036 0.018 0.013 0.016 0.032 0.025 0.195 0.044
Th bd bd bd bd bd bd 0.033 0.007 0.001 0.004
U 0.006 0.012 0.005 0.005 0.005 0.003 0.050 0.004 0.031 0.008
Type-2 Garnet Clinopyroxene
Sample A10 A70 24 24B 38 P1b Plc P2b P2c
Li 2.80 0.372 0.729 0.090 bd 4.22 4.39 13.33 9.22
Sc 7.49 5.21 5.25 10.31 5.44 1441 105.2 232.1 257.7
TiO,, wt. % 0.010 0.007 0.008 0.006 0.007 0.201 0.096 0.512 0.784
\Y 23.76 22.89 20.78 18.83 18.44 336.3 2789 1170 1287
Cr 6.16 7.22 5.52 5.30 5.10 1016 888.3 3448 3525
Co 44.83 28.16 30.74 3143 31.07 38.36 36.12 118.2 116.9
Ni 6.34 0.584 1.25 0.636 0.552 72.97 77.59 373.2 396.8
Cu 0.183 0.138 0.159 0.202 0.160 4,57 6.92 51.56 45.26
Zn 4.46 2.66 2.87 2.83 292 1835 19.22 49.87 71.92
Rb 0.034 0.092 0.046 0.008 0.002 2.22 1.78 13.71 16.46
Sr 0.092 0.054 0.101 0.051 0.153 65.33 43.70 195.0 214.7
Y 6.64 6.20 6.19 8.70 5.77 343 1.21 7.81 833
Zr 0.684 0.780 0.763 0.944 0.606 0.873 0.521 435 4.20
Nb bd bd 0.002 bd bd 0.011 0.006 0.092 0.095
Ba 0.046 0.059 0.059 0.004 0.011 53.41 33.10 195.6 224.6
La 0.035 0.025 0.041 0.008 0.001 0.038 0.031 0.275 0.369
Ce 0.048 0.043 0.068 0.019 0.011 0.169 0.116 0.881 0.926
Pr 0.016 0.016 0.019 0.012 0.008 0.051 0.026 0.257 0.233
Nd 0.309 0.346 0.360 0.372 0.253 0413 0.177 1.95 1.51
Sm 1.20 1.33 1.27 1.50 1.04 0.267 0.100 1.34 0.933
Eu 0.547 0.570 0.396 0.454 0.344 0.121 0.061 0.513 0.431
Gd 3.03 3.07 3.12 3.46 2.51 0.512 0.173 1.67 1.67
Tb 0.420 0413 0.357 0.438 0.307 0.098 0.032 0.269 0.280
Dy 223 2.11 1.98 2.51 1.68 0.697 0.231 1.70 1.80
Ho 0.347 0.332 0.322 0.445 0.296 0.151 0.051 0.342 0.355
Er 0.675 0.615 0.636 0.961 0.611 0.405 0.143 0.884 0.895
Tm 0.071 0.056 0.060 0.103 0.065 0.053 0.021 0.111 0.116
Yb 0.353 0313 0.329 0.585 0.391 0.358 0.133 0.752 0.815
Lu 0.044 0.040 0.037 0.085 0.052 0.055 0.021 0.114 0.104
Hf 0.018 0.018 0.016 0.018 0.015 0.091 0.065 0.343 0.400
Ta 0.001 bd bd 0.002 bd bd bd 0.003 0.004
Pb 0.023 0.016 0.016 0.023 0.015 6.42 2.47 2.62 2.11
Th bd bd bd bd bd 0.004 0.006 0.007 0.009
U 0.007 0.015 0.008 0.006 0.006 0.010 0.008 0.025 0.036

'Analyses in ppm, unless otherwise indicated, bd = below detection. Data with enough significant figures to represent the 1-10% precision.
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Table 3
Trace-element analyses, garnet-peridodite (DR03-10)".
Garnet Clinopyroxene Olivine

Sample Grt-1 Grt-2 Grt-3 Cpx-1 Cpx-2 Cpx-3 0l-1 01-2 0l-3
Li 0.218 0.200 0.524 1.27 1.57 1.40 15.18 14.93 5.54
Sc 9.25 1.81 1.49 126.8 136.8 128.6 17.49 2242 6.64
TiO,, wt. % 0.037 0.010 0.010 0.234 0.228 0.226 0.005 0.007 0.002
\% 32.79 438 4.02 283.2 284.3 289.3 1.23 1.19 0.347
Cr 15.88 2.65 3.91 1028 1723 1674 27.15 36.70 10.32
Co 34.71 5422 29.30 33.21 33.75 31.34 2251 2930 843.3
Ni 8.34 47.63 7.06 66.32 69.55 65.13 5370 6843 1984
Cu 0.257 0.370 0.333 1.62 131 1.16 11.47 14.03 4.60
Zn 21.06 258.8 8.22 18.79 19.28 21.33 191.2 313.0 80.8
Rb 0.024 0.100 0.004 0.103 0.381 0.231 bd 0.362 2.92
Sr 1.61 1.07 0.249 15.35 16.92 12.23 1.55 1.52 0.593
Y 1.50 0.910 0.756 4.96 4.75 427 bd bd 0.037
Zr 1.02 0.160 0.132 222 2.28 2.40 0.147 0.146 1.81
Nb 0.002 bd 0.006 0.007 0.006 0.006 0.010 bd 0.007
Ba 0.487 1.00 0.262 1.70 6.17 0.919 1.26 1.22 4.52
La 0.012 0.010 0.015 0.149 0.164 0.175 0.010 bd 0.038
Ce 0.023 0.020 0.013 0.570 0.566 0.570 bd 0.066 0.127
Pr 0.002 bd 0.001 0.133 0.124 0.123 0.006 0.024 0.007
Nd 0.017 0.020 0.009 0.928 0.843 0.797 bd bd 0.066
Sm 0.034 0.030 0.050 0.496 0.430 0.394 0.040 0.077 bd

Eu 0.064 0.020 0.029 0.180 0.179 0.167 bd bd 0.009
Gd 0.254 0.140 0.258 0.807 0.769 0.727 0.030 bd 0.007
Tb 0.050 0.030 0.043 0.144 0.140 0.126 0.010 bd bd
Dy 0.340 0.200 0.244 0.997 0.953 0.850 bd 0.011 0.005
Ho 0.066 0.040 0.034 0.207 0.195 0.177 0.003 0.002 0.004
Er 0.158 0.100 0.072 0.560 0.540 0.483 0.034 bd bd
Tm 0.020 0.010 0.009 0.078 0.073 0.061 0.007 0.002 bd
Yb 0.141 0.080 0.043 0.462 0.470 0.430 bd 0.016 0.007
Lu 0.023 0.010 0.005 0.073 0.071 0.065 bd bd bd
Hf 0.027 bd 0.004 0.122 0.134 0.122 bd bd 0.082
Ta bd bd bd 0.001 0.001 bd 0.003 bd bd

Pb 0.025 0.070 0.858 0.051 0.393 0.138 0.121 0.334 0.830
Th 0.002 0.010 0.011 0.009 0.014 0.015 bd bd 0.007
U 0.003 0.010 0.025 0.008 0.019 0.012 0.005 0.011 0.019

Analyses in ppm, unless otherwise indicated, bd = below detection. Data with enough significant figures to represent the 1-10% precision.

where px = (Ca,MgFe),Si,0 (generalized pyroxene component)
and pts = (Ca,Mg,Fe)AlSiOg (generalized tschermak component in
clinopyroxene), grt = (Ca,Mg,Fe)s;Al,Siz01, (generalized garnet com-
ponent), and Crn = corundum. If the clinopyroxene is more aluminous
than garnet, the transformation to type-1’ garnet would involve the
production of corundum in trace amounts [reaction (2)].

The composition of the clinopyroxene megacrysts (Table 1) plots
close to diopside-hedenbergite, Ca(Mg,Fe)Si,0g, within the 900 °C-
subsolidus field for clinopyroxene (Fig. 4B). The megacrysts are
chemically homogeneous from core to rim (Abbott and Draper, 2008;
Abbott et al, 2006,2007). We interpret the clinopyroxene to be
secondary, as the product of late retrograde hydration of the cores of
primary magmatic phenocrysts. The composition of the hypothetical,
primary cores would have been less aluminous than the final mag-
matic clinopyroxene (~50 mol% pts) of assemblage V. In the limiting
case of a liquid coexisting with clinopyroxene + olivine + garnet +
spinel (assemblage III), at the high-temperature end of the projected
locus of liquids in Fig. 4B (black bar), the composition of the
clinopyroxene would be at the clinopyroxene apex of the projected
field for garnet+ clinopyroxene + olivine in Fig. 4B, with ~25 mol%
pts (~12 mol% Al,03). We suggest (also see Abbott and Draper, 2008,
2010) that this amount of pts-component was tolerated in the
primary clinopyroxene, albeit metastably, down to relatively low
pressures and temperatures, within the field of stability for horn-
blende (P<2.5 GPa, Abbott and Draper, 2008, 2010; Abbott et al.,
2006). Introduction of H,O then mediated the breakdown of this
hypothetical, primary clinopyroxene (~25 mol% pts) to hornblende
and the observed secondary clinopyroxene (Abbott and Draper, 2008,
2010).

5.3. Trace-element mineral chemistry

The proposed magmatic origin for the garnet-bearing ultramafic
rocks depends on a UHP origin for type-1 and type-1’ garnets, and on
evidence for the now missing aluminous clinopyroxene. REE data
presented here (Fig. 5, Table 2) reveal a UHP signature for both types
of garnet, and more interestingly the data reveal the chemical
signature of the missing clinopyroxene-precursor to the type-1’
garnet. Chondrite-normalized (McDonough and Sun, 1995) REEs for
all three types of garnet show unusual humped or weakly sinusoidal
patterns (upwardly convex), depleted in both heavy REEs and light
REEs relative to middle REEs (Fig. 5A, B). None of the garnet shows
the expected, typical monotonically positive slope in REEs. All three
types of garnet show greater variability in the light REEs than in the
heavy REEs, consistent with the former having been affected by late
fluid interactions. For both type-1’ and type-1 garnets, the highest
REE ratio is for Eu (Eu/Eu*>1, where Eu/Eu*=2Eu/(Sm+ Gd)). The
REE pattern for the late type-2 garnet shows an unusual negative
Eu anomaly (Eu/Eu*<1) in an otherwise upwardly convex pattern.
REE ratios in clinopyroxene (Fig. 5A, Table 3) are similar to those
determined for clinopyroxene (Hattori et al., 2010a) in closely related
DR garnet-peridotite (assemblage IIl), and otherwise not unusual.

6. Discussions
6.1. Humped to weakly sinusoidal REE patterns in the garnet

The humped and weakly sinusoidal (terminology consistent with
Banas et al., 2009) REE patterns for garnet from the DR garnet-
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Fig. 3. Photographs of garnet-clinopyroxenite (DR03-12). A. Polished slab of the rock,
showing megacrysts of clinopyroxene up to 3 cm in a matrix of garnet. The
clinopyroxene megacrysts are mantled by thin (typically <1 mm) rims of hornblende.
The hornblende also fills cracks and fractures in garnet and clinopyroxene, indicating
that the hornblende formed after the garnet and clinopyroxene. Microinclusions
(typically <0.1 mm) of spinel and corundum occur in garnet but not in clinopyroxene.
The white flecks are products of weathering. B. Three types of garnet. Type-1 garnet (far
right) is not associated with clinopyroxene or hornblende. Type-1’ garnet forms the
bulk of the garnet, and is generally not associated with clinopyroxene or hornblende.
Locally type-1' garnet displays crystal faces (e.g., left side of the image, just above
the “B”). Type-2 garnet is associated with hornblende near clinopyroxene and is most
conspicuously associated with hornblende as overgrowths on crystal faces of type-1’
garnet.

clinopyroxenite (DR03-12) are very unusual (Fig. 5A, B), but similar
to REE patterns for garnet in corundum-rich garnetite from the UHP
Sulu terrane (Zhang et al., 2004) in China (Fig. 5C). The geochemistry
and association of the Sulu garnet suggest crystallization from a melt
that originated by partial melting of mantle peridotite (Zhang et al.,
2004). For comparison we also show new data on garnet from DR
garnet-peridotite (Fig. 5D, Table 3, assemblage I, DR03-10), which is
closely related to the garnet-clinopyroxenite(assemblage V), and also
shows a weakly sinusoidal REE pattern. Garnet inclusions in diamond
(Banas et al., 2009; Shimizu and Sobolev, 1995; Stachel et al., 2004)
and garnet from kimberlite in South Africa (Hoal et al., 1994) also
show humped or sinusoidal REEs, but the highest normalized values
are generally shifted towards the light REEs. Humped and sinusoidal
REE patterns seem only to occur in garnet from demonstrably UHP
mantle environments.

One explanation for garnet with humped or sinusoidal REE pat-
terns involves incomplete equilibration with a late, light REE-enriched
metasomatic fluid (Hoal et al., 1994; Zhang et al., 2004). In effect,
Stachel et al. (2004) offer the same explanation for “harzburgitic”
garnet inclusions in diamond (see also Banas et al., 2009). Fig. 6
illustrates the model, adapted directly from Hoal et al. (1994),
wherein the upwardly convex REE patterns resulted from the fluid-
interaction with hypothetical precursors (dashed) to the observed
type-1 and type-1’ garnets (solid). The light REEs (relatively mobile)
for both types of garnet approach equilibrium with a hypothetical
metasomatic fluid (Fig. 6) enriched in light REEs, and in this case,
possibly arc-related. The heavy REEs (relatively immobile) for both
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Fig. 4. Chemistry of garnet and clinopyroxene, garnet-clinopyroxenite (DR03-12).
A. Molar proportions of Mg, Ca and (Fe+Mn) in the three types of garnet and in
clinopyroxene. For each mineral, the number of analyses is indicated in parentheses.
B. Chemical analyses of garnet and clinopyroxene superimposed on 3.5-GPa CMAS
phase relationships (Abbott and Draper, 2008; Abbott et al., 2005) inferred from 3.0-GPa
experimental data (Abbott et al., 2005). Compositions are projected from spinel onto
the Al,05-(Fe, Mg)SiO3-CaSiOs plane. The subsolidus field for clinopyroxene (shaded)
contracts dramatically with decreasing temperature, according to the temperature
contours. Except for the solidus contour (1550 °C), the contour interval is 100 °C. The
temperature-contours are based on 3-GPa experimental data: 1550 °C CMAS solidus
(Abbott et al., 2005), 1200 °C subsolidus contour (Boyd, 1970), and CaAl,SiOg
(tschermak clinopyroxene) (Hays, 1966). It is assumed that the clinopyroxene field is
not significantly different up to 3.5 GPa. Solidus clinopyroxene can be very aluminous,
stoichiometrically equivalent to garnet or even more aluminous (1550 °C). The
straight bar (with ends marked III and V) is the projected locus of liquids coexisting
with garnet + clinopyroxene + spinel (assemblage IV) (Abbott et al., 2005). Type-1
garnet plots close to the composition of garnet coexisting with liquid 4+ corundum +
aluminous clinopyroxene. Type-1’ garnet plots close to the composition of aluminous
clinopyroxene coexisting with liquid 4 corundum + garnet. Chemical analyses of the
observed clinopyroxene plot close to diopside-hedenbergite, within the 900 °C-field for
subsolidus clinopyroxene.

types of garnet remain unaffected, by virtue of low diffusivity and
reduced gradient in chemical potential. The middle REEs between the
highest observed normalized REE value (Eu) and the heaviest REEs
preserve varying states of partial equilibrium with the metasomatic
fluid. Therefore, the REE values were preserved from the time when
the chemical system became close with respect to REE-diffusion or
when fluid-flow ceased.

Observations on garnet from South African kimberlites (Hoal
et al., 1994) indicate that the final composition of the garnet depends
largely on the REE composition of the original garnet. Distinct REE
patterns for the type-1 and type-1’ garnets also relate to distinct
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Fig. 5. Chondrite-normalized mineral REE data (Tables 2, 3). A. Clinopyroxene and
Type-2 garnet from garnet-clinopyroxenite (DR03-12). For each mineral the average
REE values are plotted (bold, solid line); maximum and minimum values bound the
shaded region. Note the unusual negative Eu anomaly in the REE ratios for type-2
garnet. B. Type-1 garnet and type-1’ garnet from the garnet-clinopyroxenite (DR03-
12). For each mineral the average REE values are plotted (bold, solid line); maximum
and minimum values bound the shaded region. Overlap of the ranges for type-1 and
type-1’ garnets appears orange. C. UHP garnet, Sulu terrane, China (Zhang et al., 2004).
Also shown are preliminary data for garnet from DR garnet-peridotite (assemblage III,
DR03-10), which is closely related to the DR garnet-clinopyroxenite (assemblage V,
DRO03-12). D. REE partitioning between the average type-1’ garnet and the average
type-1 garnet of the garnet-clinopyroxenite (DR03-12). Shaded regions represent high-
temperature (1260-1380 °C) and low temperature (960-1080 °C) clinopyroxene-
garnet REE partitioning from mantle xenoliths (Schmidberger and Francis, 2001). REE
partitioning between type-1’' garnet (near isochemically from magmatic high-Al
clinopyroxene) and type-1 garnet plots close to experimental data for clinopyroxene-
garnet REE partitioning at 1475 °C (3 GPa) (Tuff and Gibson, 2007).

major-element chemistries of the these garnets, inasmuch as REE-
partitioning depends on the major-element chemistry (Hoal et al.,
1994). We suggest that a light REE-enriched fluid, very likely arc-
related (Hattori et al., 2010a), was the same fluid responsible for
(1) the production of hornblende and type-2 garnet, (2) the variation
in light REEs in the type-1 and type-1’ garnets, and (3) the meta-
somatism of clinopyroxene. The very narrow range of heavy REE
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Fig. 6. Model for fluid interaction, modified from Hoal et al. (1994). Observed type-1
and type-1’ garnets (Fig. 5B) are illustrated as solid lines; the hypothetical original
compositions for the type-1 and type-1’ (near isochemically from magmatic high-Al
clinopyroxene) garnets are illustrated as dashed lines.

ratios for each of the different types of garnet indicates that the heavy
REEs were not significantly affected by the late fluid interaction.

6.2. REE partitioning

In mantle rocks the partitioning of REEs between clinopyroxene
and garnet (Cpx/Grt) depends on temperature and atomic number
(Schmidberger and Francis, 2001) (Fig. 5D). Element ratios for Cpx/
Grt decrease with increasing temperature for light REEs, and increase
with increasing temperature for the heavy REEs. Thus, the negative
slope of the partitioning (Cpx/Grt) vs. atomic number (Fig. 5D)
becomes less steep with increasing temperature. Three-GPa experi-
mental data (Tuff and Gibson, 2007) on clinopyroxene/garnet
partitioning at 1475 °C (Fig. 5D) are consistent with this relation-
ship. Fig. 5D shows that the partitioning of REEs between the average
type-1’ garnet (interpreted as nearly isochemical with magmatic
high-Al clinopyroxene, Section 5.2) and the average type-1 garnet
is consistent with clinopyroxene-garnet equilibrium at ~1475 °C
(3 GPa). This partitioning is consistent across the whole spectrum
of REEs, strongly supporting the observation that the partitioning of
the REEs between the average type-1’ garnet and average type-1
garnet was relatively unaffected by the late fluid metasomatism
(Fig. 6). Therefore, the REE composition of the average type-1 garnet
is consistent with our interpretation of having equilibrated with a
clinopyroxene of a composition now preserved in the type-1’ garnet.
Assuming this is correct, the gentle negative slope of the REE
partitioning suggests a very high equilibrium temperature (~1475 °C),
close to the solidus temperature ~1500 °C (P>3.2 GPa) (Abbott et al,
2005, 2007; Abbott and Draper, also see Appendix A for details).

Also, Mg-Fe partitioning between type-1 garnet and spinel
suggests high temperatures, 1326 °C (SD +/—139 °C, n=6), in the
closely related garnet-peridotite(assemblage III, Abbott and Draper,
2010; Abbott et al., 2007). We therefore infer that the equilibration of
REEs between an aluminous clinopyroxene (precursor to the type-1’
garnet) and type-1 garnet took place during subsolidus cooling, and
was largely concluded at a closure-temperature as high as ~1475 °C.
The transformation of the hypothetical aluminous clinopyroxene
to type-1’ garnet took place at a lower temperature. Three-GPa
experimental data (Boyd, 1970) indicate that type-1’ garnet would
be stable at ~1200 °C. Type-2 garnet formed with hornblende during
late, low-pressure hydration (Abbott and Draper, 2008, 2010). This
late fluid interaction altered the light REEs for both type-1 garnet
and type-1’ garnet without significantly affecting the concentrations
of the heavy REEs, hence without significantly affecting the partition-
ing of REEs between the average compositions of the two types of
garnet. The REE ratios for the type-2 garnet possibly reflect available
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reactant minerals (clinopyroxene, type-1' and type-1 garnet) in a
system that was open with respect to at least H,0, Na, Ca, Mg, and
Fe (Abbott and Draper, 2010). The negative Eu anomaly in the REE
ratios for the type-2 garnet may reflect mobilization of Eu (34 ) under
these late, oxidizing conditions. Clinopyroxenes from the garnet-
clinopyroxenite (assemblage V) and the related garnet-peridotite
(assemblage III) (Fig. 7 and Table 3) show “spiky” extended trace-
element patterns, suggesting that the late fluid interaction was arc-
related. Metasomatism by arc-related fluids produced the expected
enrichment of fluid-mobile elements (e.g., Ba, U, Pb, and Sr) relative
to high-field strength elements (e.g., Nb, Ta, and Zr) in the clinopyr-
oxenes (Fig.7), affecting also the bulk rock composition.

6.3. Environment of formation and exhumation

From a primitive magma composition it is possible to determine
the melting conditions. This information is a key to determine the
tectonic environment of formation of a magma. For example, melts
formed under normal ambient mantle conditions, typical of the mid-
ocean ridge system will yield potential temperature Tp of 1350 + 50 °C
(e.g., Herzberg et al, 2007; McKenzie et al., 2005). On the other
hand magmas formed in a restricted thermal anomaly, like a mantle
plume, will compute potential temperatures >1400 °C (Herzberg and
Asimow, 2008; Putirka, 2005). Temperatures calculated from arc-
derived magmas are generally within ambient mantle estimates
(1350-1400 °C), unless there is clear evidence of plume-subduction
interaction (see discussion in Gazel et al., 2011).

The very high P-T conditions recorded in the garnet-ultramafic
rocks require a magmatic mantle-plume environment. Geodynamic
reconstructions (Pindell and Kennan, 2009) and geochemical correla-
tions suggest that the DR garnet-ultramafic rocks may be related
to the ancestral Galapagos Plume (Hoernle et al., 2004; Pindell and
Kennan, 2009). The very high temperatures reported here are sup-
ported by four independent lines of evidence: (1) the intersection of
the peridotite solidus and the sapphirine-out reaction (Fig. 2A),
(2) phase relationships at P>3.2 GPa (Fig. 4B), (3) garnet-spinel Mg-
Fe partitioning (Abbott and Draper, 2010; Abbott et al., 2007), and
(4) REE partitioning between the hypothetical magmatic high-Al
clinopyroxene (precursor to the type-1’ garnet)and type-1 garnet
(Fig. 5D). Mantle potential temperatures (1500-1600 °C) (Herzberg
and Gazel, 2009) calculated for Cretaceous (95-80 Ma) plume-related
Caribbean lavas are in good agreement with the high temperature
recorded in the garnet-ultramafic rocks. Therefore, we suggest that
the garnet-ultramafic rocks may represent “fossil” fragments of the
mantle plume responsible for the formation of a large part of the
Caribbean Plate.
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Fig. 7. Pyrolite mantle-normalized (McDonough and Sun, 1995) extended trace-
element “spider” diagram for clinopyroxene in garnet-clinopyroxenite (assemblage V)
and garnet-peridotite (assemblage III) (Tables 2, 3). The spiky character shows the
effect of the late arc-influenced fluid-interaction.

Once formed, the garnet-ultramafic rocks were probably delivered
to the subduction zone (Stage 1, Fig. 2B) by forced convection (corner-
flow) in the mantle wedge, coupled with erosion of the hanging
wall of the mantle wedge. Fragments of the garnet-ultramafic rocks
were then incorporated into the eclogite (deep-subducted ocean
crust) at the subduction zone. The eclogite, with fragments of garnet-
ultramafic rock onboard, was then uplifted (Stage 2, Fig. 2B) by a
still poorly understood mechanism involving reverse flow up the
subduction zone (Gerya and Yuen, 2003; Gerya et al., 2002; Gorczyk
et al., 2007; Krebs et al., 2008). Final uplift through the crust (Stage 3,
Fig. 2B) involved transpressional tectonics.

Our interpretation suggests that an active part of a mantle plume
interacted with a subduction zone. Current recontructions of the
origin and evolution of the Caribbean Plate (e.g., Hoernle et al., 2004;
Pindell and Kennan, 2009) suggest that this type of interaction was
possible.

7. Conclusions

The Dominican example is the only known UHP garnet-ultramafic
suite exhumed at an ocean-ocean convergent plate boundary.

The garnet-ultramafic rocks contain the first reported occurrence
of coexisting garnet + spinel + corundum (Abbott et al., 2005; and see
Appendix A), indicative of very high pressure.

The humped or sinusoidal REE patterns in the garnet are the
second example reported from an orogenic setting (Sulu, China, being
the first example, Zhang et al., 2004), and the only example from an
oceanic setting. Otherwise, humped and sinusoidal REE patterns for
garnet are well known only from garnet inclusions in diamond and
garnet in kimberlite.

The petrological and geochemical evidence presented here suggest
that these rocks crystallized at P>3 GPa and T approaching 1500°C
(the highest T reported in a UHP orogenic setting), providing evidence
for an origin in a mantle plume.
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Appendix A
Al. Magmatic conditions

Previous estimates of magmatic conditions (P>3.4 GPa and T>
1550 °C, Abbott et al., 2005, 2007) were based on experimental
determinations in two simple systems, relating respectively to the
following:

(1) The stability of sapphirine at high pressure. The sapphirine-out
reaction Spr= Grt+ Spl + Crn in the MAS system (Ackermand
et al.,, 1975) defines the minimum pressure for the observed
assemblage Grt+ Spl + Crn in the garnet-clinopyroxenite (V).

(2) The solidus for garnet-peridotite (Ill) and garnet-clinopyroxenite
(V). High pressure (3 GPa) melting experiments in the CMAS
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system (Milholland and Presnall, 1998) show a field of stability
for sapphirine, which at higher pressure must disappear where
the solidus intersects the sapphirine-out reaction.

The minimum P-T conditions for melt coexisting with Grt-+
Spl+ Crn(+Cpx) correspond to the intersection of the garnet-
clinopyroxenite (+ Spl+ Crn) solidus and the sapphirine-out reac-
tion, Spr=Grt + Spl+ Crn (Abbott et al., 2005, 2007). In the CMAS
system, the conditions at this intersection are P~3.4 GPa, T~1550 °C
(open circle in Fig. A1). Thus, the magmatic conditions in CMAS
are P>3.4 GPa, T>1550 °C. Below we explore the effects of other
components on the solidus and sapphirine-out reaction.

Al.1. Solidus: garnet-peridotite-garnet-clinopyroxenite

Non-CMAS components, in particular Fe and Na, influence the
solidus in ways that are difficult to quantify. Milholland and Presnall
(1998) argue that addition of Na and Fe has little effect on the phase
relationships and temperature of the solidus in the CMAS system.
With regard to Fe, this is corroborated experimentally by Herzberg
and coworkers (Herzberg and Zhang, 1997; Herzberg et al., 2000) in
detail for equilibria involving combinations of olivine, orthopyroxene,
clinopyroxene and garnet, at P >2.7 GPa. Rather than debate the
combined effect of non-CMAS components on the temperature of
the solidus, the present strategy uses the experimentally determined
solidus for natural compositions. Three experimental determinations
of the garnet-peridotite solidus are shown in Fig. A1 (Herzberg et al.,
2000; Hirschmann, 2000; Walter, 1998). At P>2.4 GPa, the solidus
determined by Hirschmann (2000) is slightly lower in temperature
than the other two experimental determinations (Herzberg et al.,
2000; Walter, 1998). At 3 GPa, the Hirschmann (2000) solidus is
approximately 50 °C lower than the haplo garnet-peridotite solidus in
the CMAS system (Milholland and Presnall, 1998).

In the garnet-bearing ultramafic rocks from the Dominican
Republic, Fe—-Mg partitioning between spinel and garnet coexisting

P (GPa)

1300 1500 1700
T (°C)

Fig. A1l. Minimum P-T conditions for garnet-clinopyroxenite. Previously estimated,
minimum P-T conditions (open circle, ~3.4 GPa, ~1550 °C, Abbott et al., 2005) refer to the
CMAS system. The new estimate of the minimum P-T conditions (filled circle, ~3.2 GPa,
~1500 °C) takes into account the effects of non-CMAS components and tschermak
substitution. Experimentally determined peridotite solidus: 1 = Hirschmann (2000), 2 =
Walter (1998), 3 = Herzberg et al. (2000). Experimentally determined sapphirine-
out reaction: 4 (solid line) = MAS system (Ackermand et al., 1975), and 4’ (wide, solid
band) = adjusted for Mg# of hypothetical sapphirine coexisting with observed com-
position of spinel. THERMOCALC results for sapphirine-out reaction: 5 (dashed)=
sapphirine of composition MgssAlgSi; 5020, and 5’ (wide, dashed band) = adjusted for
hypothetical Mg# of sapphirine coexisting with observed composition of spinel.

with olivine (Abbott et al., 2007) is consistent with very high temper-
atures (up to 1500 °C), approaching magmatic conditions at P>3 GPa.
By analogy with relationships in the CMAS system (Milholland and
Presnall, 1998), the temperature of the solidus for solidus for garnet-
peridotite (IIl, Ol 4+ Cpx 4 Grt + Spl), but not by more than ~30 °C at
any pressure (Abbott et al., 2005). For the practical purposes of the
present work, the solidus for natural garnet-peridotite, as determined
by Hirschmann (2000), offers an adequate representation of the
solidus for both the Dominican garnet-peridotite (II, Ol+ Cpx +
Grt+Spl) and garnet-clinopyroxenite (V, Cpx+ Grt+ Spl+Crn),
acknowledging that the solidus for the latter is in fact slightly lower
in temperature (<30 °C lower) than the solidus for the former.

A1.2. Sapphirine-out reaction

Fe’" is the most important substituent in sapphirine, and
presumably its effect is commensurate with the limited tolerance of
sapphirine for that element (in nature Mg#s,.>75 and generally >90,
Ackermand et al., 1975). Variation in Al-content is accommodated by
tschermak substitution, Al,Mg_{Si_; (Ackermand et al., 1975; Das
et al., 2006). Calculations using THERMOCALC (Holland and Powell,
1998; Powell, 2005; Powell et al, 1998) show that tschermak
substitution in sapphirine has little or no effect on the pressure
(~3.1 GPa) of the sapphirine-out reaction at ~1400 °C. At higher
temperatures, tschermak substitution tends to increase the pressure
of the sapphirine-out reaction, but not by more than ~0.2 GPa at
1550 °C. Experimental determination of the sapphirine-out reaction
(4, Fig. A1) (Ackermand et al., 1975) is consistent with THERMOCALC
estimates for tschermak-substituted sapphirine of composition Mgs 5
AlgSi1 5090 (5, Fig. A1) at ~1500 °C (~3.3 GPa). At temperatures
higher than ~1500 °C, the pressure of the experimentally determined
sapphirine-out reaction (Ackermand et al, 1975) is between
THERMOCALC results for sapphirine of compositions Mg4AlgSi;059
(not shown in Fig. A1) and tschermak-substituted Mgs sAlgSi; 5020 (5,
Fig. A1), but much closer to the sapphirine-out reaction for the latter
composition (5, Fig. A1). Other substituents that enter sapphirine in
minor amounts (i.e., Fe>™, Be, B, Ca, Cr, and Ti; Podlesskii et al., 2008)
raise the pressure of the sapphirine-out reaction (Ackermand et al.,
1975; Das et al., 2006). Sapphirine coexisting with Ca-clinopyroxene,
presumably saturated with respect to Ca, in 3-GPa melting experi-
ments (Milholland and Presnall, 1998) contains only 0.7 wt.% CaO
(0.086 Ca per 20-oxygen formula unit).

Of particular interest is the composition of a hypothetical
sapphirine that would coexist with the observed compositions of
garnet and spinel in the Dominican garnet-peridotite. The composi-
tion of sapphirine can be estimated from Fe-Mg partitioning between
sapphirine and spinel (Das et al., 2006). Spinel in the Dominican rock
ranges from splgshcssmagos, Mg#sp,) 64, to splyshcssmagos, Mg#sy, 44
(Abbott et al., 2006). The former composition, Mg#s;, 64, relates to
assemblage III (Ol + Cpx + Grt+Spl); the latter, Mg#s, 44, relates
to the assemblage V (Cpx + Grt + Spl + Crn). For spinel of Mg#s, 64,
coexisting sapphirine would have Mg#sp, 95 at 1300 °C and Mg#sp,
97 at 1500 °C (Das et al., 2006). For spinel of Mg#sp, 44, coexisting
sapphirine would have Mg#s,, 90 at 1300 °C and Mg#s,, 93 at 1500 °C
(Das et al., 2006).

THERMOCALC (Holland and Powell, 1998; Powell, 2005; Powell
et al., 1998) cannot be used directly to calculate the sapphirine-out
equilibrium for the hypothetical sapphirine (Mg#sp, 90-95, 1300 °C;
Mg#spe 95-97, 1500 °C) because the relevant composition for the
garnet cannot be anticipated independently. However, for tschermak-
substituted sapphirine of composition (Fe,Mg)3 5AlgSi; 5020 THERMO-
CALC does provide data for both Fe- and Mg-end member sapphirine-
out reactions. Assuming near ideal Fe-Mg solid-solution (Das et al.,
2006), the sapphirine-out reaction for intermediate Mg#-sapphirine
can be linearly estrapolated between the Fe- and Mg-end member
reactions. The results of such an exercise are shown in Fig. Al as
the broad, dashed band (5, Mg#sp, 90-95, 1300 °C; Mg#sp,r 95-97,
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1500 °C), which is displaced relative to the Mg-end member reaction
to lower pressure by approximately 0.10-0.20 GPa at 1500 °C. The
solid, dark band (4') in Fig. A1 shows the same magnitude of an effect
(i.e.,0.10-0.20 GPa lower P, at 1500 °C) applied to the experimentally
determined sapphirine-out reaction in MAS (4, Fig. A1) (Ackermand
et al., 1975). In the critical region of the solidus, the P-T conditions
for the sapphirine-out reactions are essentially the same, whether
referred to hypothetical (Mg,Fe)s 5AlgSii 5020 (5’, Fig. A1) or Mg-Fe
sapphirine (4’, Fig. A1) extrapolated from experimentally produced
Mg-sapphirine (Ackermand et al., 1975). Thus, the intersection of
the solidus (garnet-peridotite or garnet-clinopyroxenite) and the
sapphirine-out reaction (Mg#sp, 90-95 at 1300 °C and Mg#s,, 95-97,
1500 °C) is at ~3.2 GPa, ~1500 °C, regardless of the how sapphirine
is modeled. For the Dominican garnet-peridotite and garnet-
clinopyroxenite, the magmatic conditions were therefore P>3.2 GPa
and T>1500 °C. The revised conditions and earlier estimated conditions
(Abbott et al., 2005, 2007) are shown in Fig. Al.

A2. Subsolidus P-T conditions: garnet-peridotite

Average P-T conditions were calculated for the garnet-peridotite
(1, Ol+ Grt + Cpx + Spl) using THERMOCALC (Holland and Powell,
1998; Powell, 2005; Powell et al., 1998). Activities of mineral
components in garnet (grs, prp, and alm), olivine (fo and fa), and
clinopyroxene (di and hd) were calculated using the program AX
(Holland and Powell, 2000). The activities of spl (MgAl,04) and hc
(FeAl,O4)were calculated for disordered spinel (Pavese et al., 1999),
using the formulations, ashi~X3he(1/3)rer.(2/3)3cc, Where X3k =Mg/
(Mg +Fe®*); and ai?' ~Xp'(1/3)rer.(2/3)3et, Where Xp2'=Fe?*/(Mg +
Fe?*t). The calculated conditions are P=3.4 (+/—0.7) GPa and T=
838 (4/—170) °C, where the uncertainty expresses the standard
deviation. The conditions (Fig. 2) reflect subsolidus equilibrium,
consistent with the presumed pressure of isobaric cooling from
magmatic conditions.
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