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Abstract

High-pressure, low-temperature (HP-LT) rocks from a Cretaceous age subduction complex occur as tectonic blocks in ser-
pentinite mélange along the Motagua Fault (MF) in central Guatemala. Eclogite and jadeitite among these are characterized
by trace element patterns with enrichments in fluid mobile elements, similar to arc lavas. Eclogite is recrystallized from
MORB-like altered oceanic crust, presumably at the boundary between the down-going plate and overlying mantle wedge.
Eclogite geochemistry, mineralogy and petrography suggest a two step petrogenesis of (1) dehydration during prograde meta-
morphism at low temperatures (<500 °C) followed by (2) partial rehydration/fertilization at even lower T during exhumation.
In contrast, Guatemalan jadeitites are crystallized directly from low-7 aqueous fluid as veins in serpentinizing mantle during
both subduction and exhumation. The overall chemistry and mineralogy of Guatemalan eclogites are similar to those from the
Franciscan Complex, California, implying similar P—T—x paths.

Li concentrations (<90 ppm) in mineral separates and whole rocks (WR) from Guatemalan and Franciscan HP-LT rocks are
significantly higher than MORB (4-6 ppm), but similar to HP-LT rocks globally. Li isotopic compositions range from —5%, to
+5%, for Guatemalan HP-LT rocks, and —49, to +19, for Franciscan eclogites, overlapping previous findings for other HP—
LT suites. The combination of Li concentrations greater than MORB, and Li isotopic values lighter than MORB are inconsistent
with a simple dehydration model. We prefer a model in which Li systematics in Guatemalan and Franciscan eclogites reflect reequil-
ibration with subduction fluids during exhumation. Roughly 5-10% of the Li in these fluids is derived from sediments.

Model results predict that the dehydrated bulk ocean crust is isotopically lighter (8’Li < +1 4 3%,) than the depleted mantle
(~+3.5 £ 0.5%,), while the mantle wedge beneath the arc is the isotopic complement of the bulk crust. A subduction fluid with
an AOC-GLOSS composition over the full range of model temperatures (50-600 °C) gives an average fluid 8'Li (~+7 & 5%,
1o) that is isotopically heavier than the depleted mantle. If the lowest temperature steps are excluded (50-260 °C) as too cold to par-
ticipate in circulation of the mantle wedge, then the average subduction fluid (8’Li = +4 & 2.3%, 1o, is indistinguishable from
depleted mantle. Because of the relatively compatible nature of Li in metamorphic minerals, the most altered part of the crust
(uppermost extrusives), may retain a Li isotopic signature (~+5 £ 39,) heavier than the bulk crust. The range of Li isotopic values
for OIB, IAB and MOR B overlap, making it is difficult to resolve which of these components may contribute to the recycled com-
ponent in the mantle using 3’Li alone.
© 2010 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Earlier work on lithium (Li) concentrations and isotopic
compositions focused on its use as a tracer for crustal recy-
cling (e.g., Elliott et al., 2004). However, the discovery of
sometimes significant 8’Li disequilibrium inter- and intra-
mineral in some mantle xenoliths, granulite xenoliths and
ophiolites has shifted that focus to processes such as melt-
rock interaction and diffusion (e.g., Ludstrom et al., 2005;
Tang et al.,, 2007; Rudnick and Ionov, 2007; Jeffcoate
et al., 2007; Teng et al., 2008). Several recent studies and
experiments have shown that kinetic fractionation of Li
via diffusion can be effective in generating Li isotopic vari-
ability at high temperatures (Richter et al., 2003; Ludstrom
et al., 2005; Teng et al., 2006). These experiments, which
show °Li diffusing up to ~3% faster than 'Li (Richter
et al., 2003), have been used to support observations of
3’Li disequilibrium measured in xenoliths from San Carlos
(Jeffcoate et al., 2007), eastern Russia (Rudnick and Ionov,
2007), nakhlite meteorites (Beck et al., 2006) and from the
Trinity Ophiolite (Ludstrom et al., 2005). However, lonov
and Seitz (2008) noted that 8’Li inter-mineral disequilibria
in xenoliths from their study and the literature did not ap-
pear to be linked to tectonic setting, or chemical composi-
tion of the xenolith, but rather to the type of volcanic
rock hosting the xenolith. In other words, 3’Li tended to
be in equilibrium in xenoliths hosted by rocks that cooled al-
most instantaneously, like pyroclastic rocks, while 8’Li dis-
equilibrium was common in xenoliths hosted in massive
basalts, which cooled slowly post-eruption, providing time
for Li to diffuse between the xenolith and host lava. This
observation suggests that perhaps some of the 8'Li disequi-
librium measured to date is generated during post-eruptive
processes, rather than exclusively in the mantle. Li isotopes
measured in quick quenching mid-ocean ridge basalt
(MORB) glasses (e.g., Elliott et al., 2006; Tomascak et al.,
2008; Simons et al., 2008) appear to avoid a lot of theses
post-eruptive complexities, with good correlations between
3’Li other geochemical tracers for data sets with high preci-
sion (better than +0.49 ). However, the recognition that Li
isotopes are susceptible to high-T kinetic fraction under cer-
tain circumstances has lead to some skeptism about the use-
fulness of Li isotopes as a tracer for crustal recycling.

Most studies of 8’Li prior to the wide-spread recogni-
tion of Li diffusion, focused on the volcanic output of Li
associated with MORB (Chan et al., 1992, 2002a; Moriguti
and Nakamura, 1998a; Elliott et al., 2006; Nishio et al.,
2007; Tomascak et al., 2008), ocean island basalts (e.g.,
Chan and Frey, 2003; Ryan and Kyle, 2004; Nishio et al.,
2005; Chan et al., 2006b, 2009) and subduction zones
(e.g., Moriguti and Nakamura, 1998a; Benton and Tera,
2000; Tomascak et al., 2000, 2002; Chan et al., 2001,
2002a; Benton et al., 2004; Leeman et al., 2004; Agostini
et al., 2008). While several studies have addressed the input
of Li at subduction zones in the form of altered oceanic
crust (e.g., Seyfried et al., 1984; Ryan and Langmuir,
1987; Chan and Edmond, 1988; Chan et al., 1992, 2002b;
Decitre et al., 2002) and sediments (Chan et al., 1994,
2006a; You et al., 1995; You and Chan, 1996; Chan and
Kastner, 2000; Bouman et al., 2004), more work is neces-

sary to better understand the distribution of 3’Li through
the ocean crust. Surprisingly little is known about the
behavior and budget of Li within the subduction zone itself,
and there are few published measurements of 8’Li in ex-
humed high pressure subduction mélanges (e.g., Zack
et al., 2003; Marschall et al., 2007b). Furthermore, while
a heavy 8'Li signature in the overlying mantle wedge (and
conversely a light 8’Li slab) has been predicted and/or ob-
served by some (e.g., Zack et al., 2003; Elliott et al., 2004;
Bouman et al., 2004; Brooker et al., 2004), the majority
of data on 8’Li in convergent margins continues to come
indirectly from measurements of arc lavas, with most values
overlapping those of MORB and ocean island basalt (OIB).
Thus in order to evaluate the usefulness of 8'Li as a tracer
of subduction processes, it is necessary to collect more data
on high-P, low-T rocks to assess how Li behaves during
dehydration, and to determine the role of diffusion during
subduction.

We report new high precision measurements of Li abun-
dances and isotopes on blocks of eclogite, jadeitite and
amphibolite from Guatemala and California, which pro-
vide constraints on the Li systematics of the down-going
slab, mantle wedge, and the range of 8’Li subducted to
the deep mantle.

1.1. Tectonic Setting

The Motagua fault (MF) is an active left-lateral strike-
slip fault that marks the northern boundary of the Carib-
bean plate in Central America (Fig. 1). It is the central
and most active fault among three parallel faults that define
the Guatemala suture zone (GSZ). Serpentinite-matrix
mélanges exist on both sides of the MF, for over 100 km
on the north side and some 50 km on the south. Meter-size
blocks of eclogite, jadeitite, albitite, amphibolite and/or
blueschist are found in dismembered outcrops and as boul-
ders in stream beds traversing these serpentinite—matrix
mélanges (e.g., Harlow et al., 2004). Northern and southern
belts can be further divided on the basis of mineralogical
and petrographic differences, and estimated equilibration
P-T conditions. The northern belt represents a hotter sub-
duction geotherm (7-10 °C/km; <500-600 °C at ~2 GPa)
and consists of amphibolite, amphibolitized eclogite, jadei-
tite and albitite, while the southern belt represents a very
cold geotherm (~5 °C/km;) with lawsonite eclogite, jadei-
tite, blueschist and mica schist (Tsujimori et al., 2004,
2006a,b). Eclogites from both belts give Sm—Nd mineral
isochron ages of ~130-140 Ma (Brueckner et al., 20095),
but differ in *°Ar/*Ar geochronology of phengite and
amphibole, suggesting that the northern side was reset by
a later metamorphic event at ~65-77 Ma (Harlow et al.,
2004; Brueckner et al., 2007). This event was therefore
warm enough to reset the Ar systematics and overprint
the northern eclogites to amphibolite facies, but not hot
or wet enough to transform (retrogress) the jadeitites or re-
set the Sm—Nd systematics of the eclogites. Therefore
southern rocks are the best representatives of the coldest
and deepest P-T conditions during subduction.

The prograde mineral assemblage for Guatemala’s
southern eclogites is composed mainly of Omphacite
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Fig. 1. Map of the Caribbean showing the Guatemala suture zone with its three major strike-slip faults, the Motagua Fault (MF) being the
central of these and the focus of this study. The inset shows a closer view of the MF and the distribution of HP-LT rock types within the
serpentinite bodies (in green) north and south of the MF. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

(Omp) + Garnet (Grt) (50-80%) + Lawsonite (Lws) +
Rutile (Rt) + Quartz (Qtz) 4 Chlorite (Chl) 4 Phengite
(Phe) + Glaucophane (Gln) £ Ilmenite (Ilm), suggesting
that deformation of eclogites initiated at 7'= ~300 °C and
P>1.1GPa and continued to 7=~470°C and
P = ~2.5 GPa (Tsujimori et al., 2006a). A cold, wet blue-
schist facies retrograde recrystallization is suggested by the
surviving mineral assemblage (GIln + Lws + Chl + Phe +
Titanite (Ttn) 4+ Qtz 4 rare Ab). Retrograde deformation
most likely occurred at shallower levels in the subduction
system upon exhumation, with estimates of ~1.8 GPa and
~400 °C, and perhaps as low as P=~0.7GPa and
T < ~300 °C (Tsujimori et al., 2005). Retrograde metamor-
phism may also be responsible for the hydration of perido-
tite to serpentinite (antigorite) associated with the
high-pressure rocks in the mélange. The presence of antigor-
ite suggests a temperature in the reacting peridotite greater
than at least 350 °C, perhaps closer to 400 °C (Evans,
2004). Metasomatic rocks, such as jadeitite and omphacitite,
are also likely to be synchronous with the retrograde
blueschist facies stage, precipitating from subduction fluids
over a range of P(0.6-1.0 GPa) and 7'(300-400 °C; Harlow,
1994; Harlow et al., 2003; Harlow and Sorensen, 2005;
Tsujimori et al., 2006a). Mineralogy, petrography, and

alteration of Guatemalan HP-LT rocks are discussed
further in Appendix A.

The petrology and mineralogy of Franciscan eclogites
are similar to those of Guatemala. Franciscan eclogites ana-
lyzed in this study are from rock powders, however, sam-
ples are described in detail in Sorensen et al. (1997).
Eclogite blocks come from different areas within the Fran-
ciscan (e.g., near Mt. Hamilton in the Diablo Range, Cen-
tral Melange Belt at Healdsburg and Ring Mt. Tiburon
Peninsula). A generalized eclogite block mineralogy con-
sists of Grt+ Omp + Gln (+Act, barroisite) + Phe + Rt
+ Chl + Ttn + Ep + Qtz + Zir (Oh and Liou, 1990; Soren-
sen et al., 1997). Coarse-grained blocks have been variably
overprinted by blueschist facies minerals like Chl + Phe and
minor blue amphibole (Page et al., 2003). Others have
metamorphic rinds of Act =+ talc + Chl formed during
metasomatic reactions with serpentinizing peridotite (Oh
and Liou, 1990). P-T estimates from Page et al. (2003)
for Healdsburg eclogite blocks (e.g., GL-14) give peak pro-
grade conditions of 400-475 °C and 1.1-1.4 GPa, which are
similar to those for the Ward Creek eclogite (480-540 °C
and 1.0-1.15 GPa) from Oh and Liou (1990). Giaramita
and Sorensen (1994) estimate similar P (~0.9-1.5 GPa)
for blocks from the Tiburon Peninsula and Mt. Hamilton
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(T90-1b, T90-5, MH90-1), but at slightly higher T
~650 + 55 °C. Overall, the similarities in petrology, miner-
alogy and P-T conditions between Franciscan and Guate-
malan eclogites suggest similar P-7-x paths, and
therefore rocks from these two locals will be directly com-
pared in this study.

Jadeitites from four locations outside of Guatemala
have been measured to compare to those from Guatemala.
These include Myanmar (MJE00-CJ1 and MJE(02-3-15),
Kazakhstan (AMNH102029), Ketchpel River, Polar Urals
(AMNH104278) and Kotaki-gawa, Itoi-gawa Japan
(OKJO00-4-1). Jadeitites from all locations share similar
mineralogy, petrography and P-T conditions to those de-
scribed above for Guatemala (Harlow and Sorensen,
2005; Sorensen et al., 2006; Harlow et al., 2007). All local-
ities involved subduction of oceanic crust, followed by a
collisional event involving at least one continental block.

1.2. Physical model

Previous studies (e.g., Tsujimori et al., 2005; Sorensen
et al., 2006; Harlow et al., 2007) have established that these
HP-LT assemblages form as the result of complex multi-
stage processes during subduction and exhumation. Guate-
malan eclogites and many other HP-LT rocks, can be
modeled most simply by a two-stage process of prograde
dehydration and retrograde hydration. Stage one involves
normal subduction, dehydration and metamorphism of
the oceanic plate which leads to the transformation of
basaltic crust into blueschist and eclogite. Stage two in-
volves exhumation of the blocks and serpentinized matrix
and geochemical overprinting (fertilization) by subduction
fluids channeled along the shear zone as the collision
proceeds.

The collision of the Maya and Chortis continental
blocks at approximately 130 Ma, initiated a change in re-
gional tectonics that eventually lead to the formation of
the GSZ, and the exhumation of the HP-LT rocks pre-
sented in this paper. It is likely that the change in geometry
of subduction, as a consequence of the collision, enabled
blocks from the top of the metamorphosed slab to be trans-
ferred (sheared) into the shear zone mélange that lies be-
tween the down-going slab and overlying mantle wedge.
Various authors have suggested that development of a
shear zone in the hanging wall along the interface with
the down-going slab is likely a zone of focused fluid flow
where rocks become geochemical hybrids with strong fluid
overprints (e.g., King et al., 2006; Bebout et al., 2007). Geo-
chemical hybridization results from both mechanical mix-
ing, as well as metasomatic fluid flow, which enhances the
stability of key metamorphic and metasomatic phases dur-
ing subduction (Bebout and Barton, 1993, 2002; King et al.,
2006). Hybridization is supported by studies of O-H-N iso-
topes which become pervasively homogenized in these mél-
ange zones along with extensive redistribution of trace
elements (Bebout, 1991, 1997, Bebout and Barton, 1993,
2002). These fluids may be generated locally from dehydra-
tion of the slab directly below the subduction channel (ver-
tical fluid flow), or fluids may travel along the channel from
deeper in the system. A strong fluid overprinting, as is evi-

dent in the geochemistry of Guatemalan and Franciscan
eclogites and blueschists, means that although these blocks
were originally part of the down-going slab, upon collision—
exhumation they were infiltrated and recrystallized in the
presence of fluids in the subduction channel at moderate
to shallow depths (e.g., <75 km). Similar fluid overprinting
during exhumation has been recognized for other eclogite
localities such as Trescolmen (Zack et al., 2001) and Syros
(Marschall et al., 2006), and was suggested as a mechanism
to explain B enrichments and isotopes for lawsonite eclog-
ites from the Central Pontides area of Turkey (Altherr
et al., 2004). Vein crystallizations such as jadeitite are even
more useful in constraining fluid compositions, as they have
no protolith and are formed by direct precipitation of sub-
duction derived fluids permeating the mélange and frag-
ments of the mantle wedge. Thus Guatemalan eclogites,
blueschists and jadeitites may be excellent recorders of the
composition of subduction fluids present at the interface
between the down-going slab and overlying mantle wedge.
Given the similarities in overall P-T conditions, mineralogy
and geochemistry between Franciscan and Guatemalan
eclogites, a similar two-stage process is assumed for the
Franciscan HP-LT assemblages. We will examine Li con-
centrations and isotopic compositions in the context of this
two-stage model for the origin of HP-LT rocks.

2. METHODS
2.1. Lithium isotopes

Our chemistry and column procedure follows Tomascak
et al. (1999a), with some modifications. This chemistry is
based on the efficient separation of Li from other interfer-
ing elements (particularly Na) using a cation exchange resin
and a mixture of nitric acid and methanol to achieve max-
imum separation. The method was first developed by Stre-
low et al. (1974) and has been the basis of the chemistry of
many other groups (e.g., Moriguti and Nakamura, 1998b;
Tomascak et al., 1999a; Nishio and Nakai, 2002; Pistiner
and Henderson, 2003; Ryan and Kyle, 2004). We have
modified the original column procedure of Tomascak
et al. (1999a) to include an optional second column, which
serves to remove any organics or resin that leaked through
the first column, and further separates Na from Li if
necessary.

Samples were run on a VG Axiom Multi-Collector ICP-
MS, and were introduced via an all Teflon PFA spray
chamber, a 20 pl/min nebulizer and a peristaltic pump, to
ensure a consistent flow of sample into the plasma. The
advantages of the Axiom-PFA set-up, compared to the
standard ICP-MS desolvating nebulizer (e.g., Aridus) meth-
od, are (1) stability, (2) very efficient washout between sam-
ples and (3) minimal matrix effects. In-run precision for
block averages is between 0.03%, and 0.079, (20). The
external precision was determined by calculating the aver-
age and 20 standard deviation of multiple runs of standards
IRMM-016, UMD-1 and L-SVEC, as well as natural stan-
dards JB2 and seawater, over the course of 13 months.
External precision is £0.49,, (20) or better for isotopic anal-
yses, and +7% for Li concentration (2¢). This method pro-
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duced a fast, efficient washout with little to no drift for the
average run. Thus we make no corrections to the measured
ratios apart from bracketing of standards. Matrix tests
using the Axiom-PFA set-up resulted in no deviations of
"Li/°Li over the range of Na/Li investigated (<50;
Fig. 2). This result is similar to other Li isotopic studies
using ICP-MS instruments without desolvating membranes
(e.g., Kosler et al., 2001; Bryant et al., 2003; Rosner et al.,
2007), and is an improvement over the matrix problems re-
ported for methods that include a desolvating membrane
(e.g., Jeffcoate et al., 2004; Nishio and Nakai, 2002;
Fig. 2). A more detailed description of the methods used
here are available in Appendix B.

2.2. Trace elements

Trace element compositions were measured via [CP-MS
at Harvard University, and were digested and run by two
separate methods. The first method used a HNOs;-HF
digestion, the second a LiBO, fusion. The HNOs;-HF meth-
od employed an overnight digestion in a picotrace dissolu-
tion unit, using 2 mL of 8 N HNOj3 and 0.5 mL of HF at
150 °C and then evaporated to dryness. To ensure complete
dissolution, there was a second digestion step using 2 mL of
8 N HNO:s at 150 °C overnight and then evaporated to dry-
ness. Dried samples were re-dissolved in 4 mL of 4 N HNO;
and transferred to HDPE bottles with 50 g of Internal Stan-
dard solution containing 50 ppb Ge, 25 ppb Rh, In, 25 ppb
Tm and 25 ppb Bi, and diluted with de-ionized water to
1:5000 the original sample weight. The second method used,
sample digestion by fusion, gives complete recovery of all
trace elements by ensuring that all phases are digested. This
second method was necessary as the HNOs;-HF digestion
did not completely break down all of the zircon, apatite
and ferroglaucophane in some of the Guatemalan eclogite
whole rocks. LiBO, flux is combined with the sample to
lower the melting point of the powder or rock chips. Sam-
ples were then re-dissolved in HNO;3; and used the same
internal standard solution from the previous HNO;-HF
digestion for analysis on the ICP-MS. The fusion method
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is similar to the one described by Ramsey et al. (2005).
Trace element concentrations affected by incomplete diges-
tion in the HNO3;-HF method (e.g., Zr, Hf, P), were com-
pletely recovered by the fusion method. All other trace
elements not affected by incomplete digestion are reproduc-
ible within 7% between the two methods.

Trace element compositions were measured using a
Thermo Xseries. Within an ICP-MS run, each sample was
measured twice to allow an estimate of in-run uncertainty.
Standard K 1919 was use to monitor instrument drift during
each run. Raw data were first blank-corrected, then drift-
corrected using K1919 and Internal Standard elements.
The reproducibility of replicate analyses is generally better
than 2% for the REE and elements such as Sc, V, Cr, Sr, Y,
Zr, Nb and U, and better than 5% for the others (Cs, Rb,
Ba, Th, Ta, Pb, Hf).

3. RESULTS
3.1. Guatemalan and Franciscan trace elements

A full suite of trace elements was measured in Guatema-
lan eclogites and jadeitites, and Franciscan eclogites. Rep-
resentative trace element patterns are shown in Fig. 3,
trace element data are reported in Appendix C, and Li data
are reported in Tables 1 and 2.

Relative to MORB, Guatemalan eclogites and jadeitites
are strongly enriched in fluid mobile trace elements (Cs, Rb,
Ba, Pb, and Li), and moderately enriched in Th and U.
Concentrations of HFSE (Nb, Ta, Zr, Hf) and HREE are
within ~20% of the reference N-MORB (Sun and McDon-
ough, 1989). Trace element patterns for the jadeitites are
broadly similar to those of the eclogites, but with higher
concentrations of Pb, U and Ba, and lower concentrations
of REE (Fig. 3). Both eclogites and jadeitites have flat to
slightly LREE-enriched trace element patterns compared
to MORB, and with the exception of Eu, REE are always
the most depleted trace elements in the jadeitites (~0.3x
MORB). Franciscan eclogites share similar trace element
patterns with their Guatemalan counterparts, with slightly
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less enrichment in the most incompatible elements (Rb, Ba
and Cs), and higher concentrations of REE, with flat to
slight LREE-enriched patterns (Fig. 3). Complete discus-
sion of the origin of these rocks is beyond the scope of this
paper, however, existing work on major elements (Sorensen
et al., 1997) and radiogenic isotopes (Nelson, 1991, 1995;
Brueckner et al., 2005; Simons, 2008), together with trace
element data from Sorensen et al. (1997) and new trace ele-
ment data presented here, support a MORB protolith for
these HP-LT eclogites.

3.2. Distribution of Li and Li isotopic compositions

3.2.1. Guatemala and the Franciscan

Almost all phases investigated in Guatemalan rocks
have moderate to high Li concentrations (Table 1, Fig. 4).
Overall, jadeite, omphacite and phengite have the highest
Li concentrations (<90 ppm), with garnet and a clinopy-
roxene separate in serpentinite having the lowest
(~0.5 ppm). Measured and calculated whole rock values
for Guatemalan eclogites average 34.0 + 2.5 ppm lo. Con-
centrations of Li in Franciscan rocks are also high, with
whole rock values averaging 30.0 + 6.5 ppm 1o (Table 2).
These Li concentrations for Guatemalan and Franciscan
rocks are comparable to, but on average higher than, other
subduction related HP rocks from Trescolmen (Zack et al.,
2003), China, Greece, Germany, Norway and other loca-
tions in the Alps (Marschall et al., 2007b).

High Li concentrations in Guatemalan and Franciscan
rocks are not surprising as most low-T subduction related
eclogites have higher Li concentrations than their high-T
equivalents. Woodland et al.’s (2002) study of Li (whole
rock and separates) in eclogites and garnet clinopyroxenites
from around the world found that Li is preferentially incor-
porated into eclogite minerals in the order clinopyrox-
ene > phengite > garnet, and that when present, glau

cophane had Li concentrations comparable to clinopyrox-
ene. This sequence is similar to the findings of Marschall
et al. (2006) and is the same mineral order found for Gua-
temalan separates. Woodland et al. (2002) also found that
metabasites from HP-LT (7 < 700 °C) terrains consistently
had higher Li concentrations (14 422 ppm) than high-T
eclogites (880-1370 °C) from kimberlites and mantle xeno-
liths (1.2 + 4.5 ppm). Taken together, these data show that
high Li concentrations in low-T eclogites are a world-wide
phenomenon. Li concentrations in HP-LT rocks may
therefore play an important role in understanding the fluid
exchange processes that occur in subduction zones.

In contrast to the large range of Li concentrations in
mineral separates from Guatemala, the range of isotope ra-
tios is small (Table 1, Fig. 4). The total isotopic range of
8’Li for all HP-LT Guatemalan rocks in this study is
~109%,, with a mean of —0.1 £ 4.5%, 20 There is no corre-
lation between Li concentration and 8’Li (Fig. 4). The aver-
age (measured and calculated) Guatemalan whole rock
jadeitite (8"Li=+0.6 4 2.0%, lo, n=4) is only slightly
heavier than the average whole rock eclogite (3'Li=
—0.5+1.8%, lo, n = 6), although the averages do overlap.
The average 8’Li for Franciscan whole rock eclogite (n = 4)
is —2.1 +2.3%, lo, which overlaps with published values
(—1%, to +2%,; Penniston-Dorland et al., 2008). Franciscan
eclogites also shows no correlation between isotopes and
concentration (Table 2).

3.2.2. Global jadeitites

Jadeitites (n = 5) from four other locations (Myanmar,
Kazakhstan, Polar Urals, Japan) were measured for Li con-
centrations and 8’Li. Concentrations and isotopes overlap
the range of Guatemalan and Franciscan HP-LT rocks re-
ported in this study, however, Li concentrations in individ-
ual jadeitites vary by approximately a factor of five (Table
2). Jadeitites from Myanmar have the highest Li concentra-



Lithium isotopes in Guatemalan and Franciscan HP-LT rocks 3627

Table 1
Lithium concentrations and 8’Li for mineral separates and whole
rocks for Guatemalan HP-LT rocks.

Table 2
Lithium concentrations and 8’Li for mineral separates and whole
rock values for Franciscan eclogites, and global jadeitites.

Sample Location Li 87Li
(ppm)

Eclogites

MVEO04-7-2 omphacite S 45.0 —1.48
MVEO04-7-2 omphacite replicate —1.52
MVEO02-14-6 omphacite S 48.0 -3.79
MVEO02-6-3 omphacite S 42.0 -3.15
MVEO04-44-6 omphacite N 84.9 +0.11

MVEO04-44-6 omphacite replicate +0.14

MVEO04-44-6 whole rock N 32.0 —0.06
MVE04-44-6 garnet N 3.7 —5.23
MVEO04-44-7 omphacite N 86.3 —1.00
MVEO04-44-7 whole rock N 37.0 —0.82
MVEO04-44-7 garnet N 2.7 —4.10
BCG12 whole rock S 37.0 —4.00
BCG13 whole rock S 33.0 +0.83
MVE04-14-3 whole rock S 333 +0.75
ACGO03-01 omphacite S 49.5 +1.12
ACGO03-01 omphacite replicate S 50.2 +1.0
ACGO03-01 glaucophane S 36.3 +2.91
ACGO03-01 phengite S 10.3 +0.03
ACGO03-01 garnet S 1.6 +2.7
ACGO03-17 omphacite S 59.0 +0.40
ACGO03-17 phengite S 9.8 —0.94
ACGO03-17 garnet S 3.1 +1.10
Jadeitites and albitites

MVE03-76-3 jadeite S 20.0 —1.16
MVE03-76-3 chlorite/magnetite S 12.0 +3.10
vein

MVEO03-76-3 pumpellyite S 2.5 +5.36
MVEO02-8-5 jadeitite whole rock S 34.0 —0.88
MVEO04-44-2 jadeitite whole rock N 84.0 +2.85
JJEO1-3-2 jadeite N 50.0 —1.10
JJEO1-3-2 phengite N 30.0 —0.81
MVJ84-9B jadeite N 67.0 —1.14
MVJ84-9D jadeite (later vein) N 51.0 —0.06
MVIJ87-14-1 omphacite N 52.8 +2.39
MVJ84-56-4 albite N 12.0 —-0.79
MVJ84-56-3 albite N 37.0 —1.50
MVJ84-3-2 phengite N 12.0 +3.94
MVJ84-29-1 phengite N 16.0 +1.22
Serpentinite

MVJ03-84 Cpx N 0.5 +0.20
Amphibolite

MVE04-14-4 glaucophane S 22.0 nd?*

% No data.

tions (44 + 10 ppm 1o) and lightest 8’Li (—0.70 =+ 0.20%,
o). Jadeitites from the Urals and Kazakhstan have similar
Li concentrations (254 3 ppm lg) and the heaviest 8'Li
(+2.35 £ 0.15%, 1o). The Japanese jadeitite has moderate
Li concentrations and isotopes, and is bracketed by the
other samples. A calculation of average global jadeitite
(including Guatemala) yields a Li concentration
~39 420 ppm and 8’Li=~+0.554+ 1.70%, lo, similar to
Guatemalan and Franciscan eclogites.

It is interesting to note that these HP-LT rocks have
8’Li values mostly at or below 0%,, which is uncommon

Sample Li (ppm) 87Li (%)
Franciscan eclogites (whole rock)

T90-1b 25.3 +1.30
GL14-2 39.1 —3.90
MHO90-1a 25.0 —3.25
T90-5C 31.0 —2.50
Global jadeitites (location and sample name)

Myanmar MVE2-3-15 36.0 —0.59
Myanmar CJ1 51.0 —0.83
Urals 104278 27.0 +2.46
Japan OKJ00-4-1 28.0 +0.35
Kazakhstan 102029 23.0 +2.24

for mafic rocks. The vast majority of MORB, OIB and is-
land arc basalt (IAB) lavas are between 8’Li of +29%, and
+6%, (Tomascak et al., 2002, 2008; Elliott et al., 2004; Ryan
and Kyle, 2004; Tomascak, 2004; Chan et al., 2006b). Like-
wise, altered oceanic crust (8'Li ~—1 to +209%,) and sedi-
ments (8’Li ~0 to +12%,) overlap that of mantle and
MORB values generally ranging to heavier rather than
lighter isotopic values (Chan et al., 1992, 2002c, 2006a;
Bouman et al., 2004). HP-LT rocks from Guatemala, the
Franciscan and global jadeitites presented here do overlap
with 8’Li from other HP-LT terrains (Zack et al., 2003;
Marschall et al., 2007b), suggesting they all underwent sim-
ilar processing.

4. MODELING

Re-creating the subduction path of HP-LT terrains is
challenging because of the many variables involved. Both
Guatemalan and Franciscan rocks show evidence for com-
plex metamorphic histories involving fluid metasomatism
over a range of depths. Complex fluid histories have also
been demonstrated for jadeitites globally (e.g., Sorensen
et al., 2006). Below we show that a single stage dehydration
model cannot explain the eclogite data. We then develop a
simple two-stage approach of (1) prograde dehydration flo-
wed by (2) retrograde hydration/recrystallization or precip-
itation. We also show that retrograde hydration requires
that a small but significant percent of Li be derived from
a sediment component. A full discussion of the determina-
tion of fractionation factors and partition coefficients used
in the modeling can be found in Appendix D.

4.1. Stage 1 — Prograde dehydration of the altered ocean
crust

4.1.1. Composition of the AOC

The altered ocean crust (AOC) contains the majority of
water in the down-going slab (because it is volumetrically
larger than the sedimentary layer), so it is reasonable to as-
sume that it contributes significant Li during dehydration.
Estimates of Li concentrations in AOC vary. The upper-
most extrusives are probably best represented by the
super-composite of site 801 from Kelley et al. (2003), with
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an average Li concentration of ~14 ppm. An estimate for
8’Li in the upper crust is more difficult, as there are few
comprehensive studies of the AOC. Estimates range from
~+4.5%, from DSDP Hole 595 (Rosner et al., 2005) to
~+109, for the upper extrusives from 504B (Chan et al.,
2002c). We use an average starting composition of
~+7.5 + 39, as an approximation for the Li isotopic com-
position of the uppermost crust (Table 3). Estimating &’Li
for the entire AOC is even more difficult, as there are even
fewer measurements of the lower (below extrusive) portions
of the ocean crust. Of the few measurements that exist (e.g.,
ODP holes 504B and 1256), most are drilled into younger
Pacific crust (Chan et al., 2002c; Cooper et al., 2004a;
Gao et al., 2007). Data from these holes suggest that once
below the extrusive portion of the crust (usually the most
altered) and into the transition zone and dikes, Li concen-

Table 3
Starting composition for basalt and sediment components.

C, (ppm) 87Li; (%,)

Basalt source

Bulk AOC 3.6 +3.6
Upper AOC 14.0 +7.5
Sediment source

Tonga 15 +7.0
Lesser antilles 65 —0.3
GLiMM 43 +3.0

Starting composition for bulk AOC is an integrated mean of the
ocean crust without gabbro from ODP Hole 504B, eastern Pacific
(Chan et al., 2002c). The upper AOC Li concentration is from the
super-composite of Kelley et al. (2003), with an average 5’ Li from
the uppermost extrusives of holes 504B (Chan et al., 2002c), and
DSDP hole 595 (Rosner et al., 2005), western Pacific. Sediment
source compositions and GLiMM (global Li mass weighted mean)
from Chan et al. (2006a) and Bouman et al. (2004).

trations and 8’Li generally decrease as water/rock ratios de-
crease, becoming similar to that of fresh MORB. Thus a
weighted average of the upper ~2 km of crust at 504B
shows an average Li concentration and 8'Li very similar
to that of fresh MORB (Li ~3.6 ppm and 8’Li ~3.6%,).
If a weighted average were calculated for the whole crust
assuming that Li values below the dikes, where water/rock
ratios are low, are similar to average MORB, then even a
large degree of alteration in the upper extrusives would
not significantly move the average of the AOC away from
MORB. Therefore, we use the weighted average of hole
504B as an approximate starting composition to represent
the bulk crust (Table 3).

4.1.2. AOC dehydration model parameters

The AOC dehydration model was run in nine tempera-
ture steps, with partition coefficients and fractionation fac-
tors changing at each step (50, 150, 260, 350, 400, 450, 500,
550 and 600 °C). Dehydration estimates are from Schmidt
and Poli (2003) and assume that the slab started with
~8 wt% H,O, losing most of it (~4-6 wt%) over the blue-
schist facies and blueschist-eclogite transition. Estimated
partition coefficients and fractionation factors for Li (Table
4), and the equation for Rayleigh Fractionation, allows for
the calculation of Li concentration and 8’Li remaining in
the slab during dehydration, using the following equations:

8" Ligona = [(8"Li), + 100011 — 1000 (1)
Cootia = Co(1 = F)'/P! (2)

where (3’Li); is the initial or starting isotopic composition,
o 1s the fractionation factor, C, is the initial or starting con-
centration of Li, D is the bulk partition coefficient, ftracks
the fraction of Li lost from the system as a ratio of Cygjiq/
C,, and F'is the fraction of liquid relative to the fraction
of solid it is in equilibrium with (<1). For example, 1 wt%
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Table 4

Model parameters for dehydration of the altered oceanic crust.

HZO (Wtu 0) T (OC) o dchlorile dsmectite domp/jade dcpx dgrl dpheng Dimegraled
0.50 50° 1.012 1.7 2.4 h 0.2 b - 0.35
0.75 150° 1.0085 0.80 2.3 - 0.2 - 0.25 0.27
1.00 260° 1.0063 0.35 1.9 - 0.2 - 0.25 0.23
1.25 350° 1.0050 0.10 1.3 1 0.2 0.008 0.25 0.28
1.50 4004 1.0044 0.02 - 1 0.2 0.008 0.25 0.32
0.80 450° 1.0039 0.01 - 1 0.2 0.008 0.25 0.36
0.50 500" 1.0035 0.005 - 1 0.2 0.008 0.25 0.36
0.36 5508 1.0031 0.004 - 1 0.2 0.008 0.25 0.35
0.34 600 1.0028 0.004 - 1 0.2 0.008 0.25 0.35

AOC dehydration path is calculated over multiple temperature intervals. Fractionation factors and percent dehydration change with each
temperature step. Dingrated 15 the partition coefficient used for the model, and varies as mineral proportions change with temperature.
Individual mineral partition coefficients from Brenan et al. (1998), Berger et al. (1988), including extrapolated data from Berger et al. (1988)
for chlorite and smectite, and partition coefficients estimated in this paper. Fractionation factors from Chan et al. (1992, 1993, 2002c¢),
Magenheim et al. (1995), Chan and Kastner (2000) and Wunder et al. (2006).

% 91% cpx, 7% chlorite, 2% smectite.

® 87% cpx, 7% chlorite, 1% smectite, 5% phengite.

© 43% cpx, 3% chlorite, 7% phengite, 17% omphacite, 30% garnet.
924% cpx, 3% chlorite, 8% phengite, 25% omphacite, 40% garnet.
¢ 19% cpx, 3% chlorite, 8% phengite, 30% omphacite, 45% garnet.
" 6% cpx, 3% chlorite, 8% phengite, 33% omphacite, 50% garnet.
& 3% cpx, 2% chlorite, 7% phengite, 33% omphacite, 55% garnet.
b Not applicable.

H,O equilibrating with 100% of the solid is F = 0.01. Model
results are listed in Appendix D.

Fig. 5A shows the initial low-7 hydration and calculated
solid dehydration paths for the top of the crust and bulk
AOC. Dehydration is characterized by a continuous de-
crease in both 8"Li and Li concentration. By the time that
8’Li decreases from its initial bulk crustal value of
~+3.69%, or upper extrusive value of ~+7.5%, to Guatema-
lan- and Franciscan-like values of ~09%,, the Li concentra-
tions left in the crust are ~3ppm and ~I12ppm,
respectively (~14-16% Li loss), which is far less than the
average Li concentration in Guatemalan and Franciscan
rocks (~30 ppm). This is less of a Li loss than the 50% esti-
mated by Marschall et al. (2007a), but agrees with previous
findings that the majority of Li is likely to remain in the
crust (Woodland et al., 2002; Savov et al., 2005; Marschall
et al., 2007a). These calculated residual solid paths there-
fore cannot recreate the range of Guatemalan and Francis-
can HP-LT data (Fig. 5A).

Trace element compositions of Guatemalan and Fran-
ciscan HP-LT rocks suggest that they are not direct repre-
sentatives of the dehydrated slab, but rather record the
influence slab fluids, therefore it is more appropriate to cal-
culate the fluid in equilibrium with the solid paths calcu-
lated previously. An instantaneous fluid in equilibrium
with the solid crust can be calculated for any step along
the solid path using the following equations:

67Liﬂuid = O((IOOO + 57Li(solid)) — 1000 (3)
Cl= C,/D x (1 — F)/P~D (4)
where the symbols are the same as Egs. (1) and (2).

The starting composition, fractionation factors and par-

tition coefficients remain the same as in the previous calcu-
lations. An instantaneous fluid in equilibrium with either

the bulk AOC or the topmost part of the crust, at temper-
atures relevant to these rocks (7" ~500 °C), does not have
the right combination of high Li concentrations and light
isotopic values to reproduce the Guatemalan and Francis-
can datasets (Fig. 5B).

4.1.3. Comparison to previous prograde dehydration models

Previous studies (Zack et al., 2003; Bouman, 2004) have
modeled Li in the dehydrating ocean crust using simple
Rayleigh fractionation models with constant partition coef-
ficients and fractionation factors. Both studies arrived at
similar conclusions, with very heavy 8’Li leaving the slab
and metasomatizing the overlying mantle wedge, leaving
behind a Li depleted, isotopically light residual slab to be
subducted into the deep mantle. More recently Marschall
et al. (2007b) modeled the evolution of Li and Li isotopes
using the more sophisticated approach of changing 7, P,
D and o over the course of the calculation, similar to the
model presented here. As with previous models, Marschall
et al. (2007b) used 8’Li estimates for average AOC (+10%,)
and altered AOC (+11.8%,) that are isotopically heavier
than our estimates for bulk crust. Only considering the
most altered portions of the AOC will tend to skew results
to heavy 8’Li values for dehydrating fluids. Including the
lighter 8’Li averages measured in the lower volcanics
(~+4.6%,), the transition zone (~+1.6%,), and the upper
and lower dikes (~+1.89,) from 504B (Chan et al.,
2002c), produces a weighted bulk AOC that has very simi-
lar Li systematics to fresh MORB, and is our preferred
starting composition. Average 8’Li starting compositions
similar to those from Marschall et al. (2007b) result in fluid
compositions at intermediate depths (8'Li > +10.5%,) that
are heavier than those sampled in arc lavas. They also con-
trast with lighter 8’Li values measured in fluid metasoma-
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tized samples from Guatemalan and Franciscan HP-LT
rocks, global jadeitites presented in this paper (Table 2),
and other HP-LT eclogites globally (Zack et al., 2003;
Marschall et al., 2007b). Our average calculated fluid com-
position at comparable temperatures (~+29%, to +6%,),
overlaps with most arc lavas, and can explain the large
range in 8'Li (~15%,) from the recent Agostini et al.
(2008) paper with 8’Li down to -4%,. Therefore, while
Marschall et al. (2007b) share some similar modeling
assumptions to this paper, results vary due to different
starting compositions and partition coefficients.

We have shown that Guatemalan and Franciscan HP-
LT rocks cannot represent dehydrated crust, nor can they
represent dehydrated crust metasomatized by an AOC fluid
alone. Thus another source that is both more Li-rich, and
isotopically lighter is needed, which we will show may be
sediment.

4.2. Stage 2 — Exhumation and rehydration

Stage two of a simplified model involves exhumation
and rehydration of eclogites at or prior to 130 Ma. Exhu-
mation of these HP eclogites and blueschists is thought to
have occurred in the shear zone that lies between the
down-going plate and hanging wall. Focused fluid flow
along this boundary (i.e., in the mélange) likely led to the

partial overprinting of the dehydration signal imparted dur-
ing prograde metamorphism. The enhanced fluid flow with-
in the more permeable mélange also may have facilitated
homogenization of the Li isotopic signal (Fig. 4), similar
to what has been seen for O-H-N isotopes in other HP
environments (Bebout, 1991, 1997, Bebout and Barton,
1993, 2002). This retrograde recrystallization then becomes
the dominant geochemical signal in these rocks.

A sedimentary component in the fluid is suggested by
the overall trace element patterns, which share similarities
to Global Subducting Sediment (GLOSS, Fig. 3), and is
supported by Sr and Nd isotope modeling (Simons, 2008).
A sediment fluid model can be generated using the same
fractionation factors and Rayleigh distillation Eqgs. (1)—(4)
used for modeling the AOC. Partition coefficients for the
sediment model are discussed in Appendix D, and starting
compositions are defined below.

4.2.1. Li in sediments

The concentration and 8’Li of marine sediments span a
range of over 70 ppm and ~17%, (8'Li about —2%, to 15%,)
globally (Dean and Parduhn, 1983; Bouman et al., 2004;
Chan et al.,, 2006a). These values reflect sediment type,
provenance and diagenetic processes. Clays consistently
have the highest Li concentrations (Li < 80 ppm), as well
as isotopically light Li (—1.59, to +5%,), making a clay-rich
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(e.g., continentally-derived) sediment an excellent candidate
for adding light Li to a subduction fluid. Marine volcanics
(~14 ppm), and biogenic oozes (<6 ppm) have lower Li
concentrations and generally heavier isotopic values (8'Li
~+69,, to +14.5%,), making these ocean-derived sediments
less important for adding high Li concentrations (Chan and
Kastner, 2000; Bouman et al., 2004; Chan et al., 2006a).

We have compiled sediment data from the literature in
order to determine end-member starting compositions for
Li. Included are cores taken from fore-arcs including the
Marianas, South Sandwich, Lesser Antilles, Tonga and
the Aleutians (Bouman et al., 2004; Chan et al., 2006a).
These sediment averages show a negative correlation be-
tween Li/Y and 8’Li (Fig. 6). The end-members of this
trend are represented by sediment with a strong continental
affinity characterized by high Li/Y and a low &’Li (e.g.,
southern Lesser Antilles), and sediments with little to no
continental affinity characterized by lower Li/Y and heavier
8’Li (e.g., Marianas or Tonga). Calculation of a Global Li
Mass-weighted Mean (hereafter GLiIMM) in these subduc-
tion related sediments has a column integrated concentra-
tion of 43 ppm and 8’Li=3.01%, (Chan et al., 2006a).
The two sediment end-member representatives (southern
Lesser Antilles and Tonga) and GLiMM are used as start-
ing compositions (Table 3) to evaluate the sediments most
likely involved in generating the fluid signatures recorded
by Guatemalan and Franciscan metabasalts.

4.2.2. Sediment dehydration model

Similar to the AOC dehydration model, the sediment
dehydration model consists of multiple steps with increas-
ing T (50, 150, 260, 350, 400, 450, 500, 550 and 600 °C).
Fractionation factors remain the same as the AOC model,
however, partition coefficients (discussed in Appendix D)
vary due to the change in mineralogy. Dehydration esti-
mates for sediments are from Schmidt and Poli (2003)
and assume that the sediment initially had ~3.5 wt% H,O
similar to average low grade metapelites from Teng et al.

(2007). Water from the dehydrating underlying ocean crust
has been added to dehydration estimates of the sediments,
as AOC fluid most likely followed a path through the sed-
imentary layer before metasomatizing rocks in the shear
zone or mantle wedge. Model parameters are listed in Table
5, and results are shown in Appendix D. Fluids that are lib-
erated as a result of sediment dehydration (sediment fluids)
vary as a function of both composition and 7. All model
paths have a characteristic initial slight increase in Li con-
centration and 8’Li due to the bulk partition coefficient
being greater than 1 during the first low-temperature step
(T'=150°C). Bulk partition coefficients change over to
incompatible after the first step, and become progressively
smaller with increasing temperature (Table 5). Sediments
are taken to ~90% dehydration, since some Li is retained
in hydrous minerals like phengite, which break down dee-
per in the system. Sediment derived fluids increase in Li
concentration in the order of Tonga < GLIMM < Lesser
Antilles.

4.3. Jadeitite as a proxy for fluid composition

If jadeitites directly record the composition of fluid at
depth, then global jadeitites (including Guatemala) should
provide constraints on the range of fluid compositions in-
volved in metasomatizing HP rocks for environments where
jadeitite is precipitated. We have shown that jadeitites from
Japan, Kazakstan, the Urals and Myanmar have Li concen-
trations and 8’Li similar those from Guatemala, and that
similarities in mineralogy and petrography (Sorensen
et al., 2006), imply similar processing for these jadeitites
(Harlow et al., 2007). A major difference between jadeitite
for different locations, however, is that Li concentrations
vary by at least a factor of five, suggesting that margins
either incorporated different amounts of sediment and/or
different compositions of sediment. Using the AOC and
sediment fluid results, we have calculated mixing lines be-
tween AOC and sediment fluid as a function of T and sed-
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Fig. 6. Li/Y vs. 8"Li (%,) for averages of marine sediment taken from cores associated with different arcs from around the world (Bouman
et al., 2004; Chan et al., 2006a). GLIMM is the Global Li Mass-weighted Mean calculated by Chan et al. (2006a). There is an inverse
relationship in the data showing that sediments contributing to the open ocean sediment end-member, represented by Tonga/Mariana, are
isotopically heavier and lower in Li concentration than the more continentally influenced sediments derived from South America subducted at
the southern Lesser Antilles. This is because the upper continental crust is a reservoir of isotopically light Li (~0%,; Teng et al., 2004).
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Table 5

Model parameters for dehydration of sediment.

HZO (Wt%) sediment HZO (Wt%)) sediment + crust T (OC) o dchlorile dsmeclile Dphengile Dcarbonale Dinlegruled
0.30 0.80 50% 1.012 1.70 2.40 0.25 0.10 1.13
0.75 1.50 150° 1.0085 0.80 2.30 0.25 0.10 0.82
1.25 2.25 260° 1.0065 0.35 1.90 0.25 0.10 0.46
1.00 2.25 3504 1.0050 0.1 1.30 0.25 0.10 0.22
0.20 1.95 400° 1.0043 0.02 - 0.25 0.10 0.15
0.00 0.80 450¢ 1.0038 0.01 - 0.25 0.10 0.14
0.00 0.50 500° 1.0034 0.005 - 0.25 0.10 0.14
0.00 0.35 550° 1.0031 0.005 - 0.25 0.10 0.14
0.00 0.34 600° 1.0028 0.005 - 0.25 0.10 0.14

Model paths are calculated for three different sediment starting compositions (Tonga, southern Lesser Antilles or GLIMM). Dehydration
paths are calculated over multiple temperature steps, with a different percent dehydration and fractionation factor at each temperature.
Dinicgrated 18 the partition coefficient used for the model, and varies as mineral proportions, and partition coefficients change with temperature.

Individual mineral partition coefficients are estimated in this paper, and from Berger et al. (1988), including extrapolated data from Berger
et al. (1988) for chlorite and smectite. Fractionation factors from the same sources as Table 4.

4 20% chlorite, 30% smectite, 35% carbonate, 15% phengite.
® 20% chlorite, 25% smectite, 35% carbonate, 20% phengite.
¢ 20% chlorite, 15% smectite, 35% carbonate, 30% phengite.
4 20% chlorite, 5% smectite, 35% carbonate, 40% phengite.
€ 20% chlorite, 35% carbonate, 45% phengite.

iment composition (Fig. 7A and B). Fig. 7A shows the re-
sults for these mixing lines as a function of 7" (constant sed-
iment composition). Results suggest that these jadeitites are
formed under a limited set of P-T conditions, as most of
the jadeitites fall between the 400 and 500 °C mixing lines.
In reality, jadeitites sample a variety of fluids during forma-
tion (Sorensen et al., 2006), such that their 8'Li likely re-
cords mixtures of fluids (both higher and lower 7).
Samples lying on the 500 °C mixing line suggest formation
at temperatures roughly 100 °C warmer than the maximum
temperatures calculated for jadeitite formation (Harlow
and Sorensen, 2005; Tsujimori et al., 2006a). This may sug-
gest that either some of the fluids generating the jadeitites
originated from deeper in the system, or that jadeitites pre-
cipitated from a fluid that was isotopically heavier than the
jadeitite solid (i.e., °Li is preferentially incorporated into the
solid phase). In the first scenario, hotter fluids would have
likely traveled down pressure and temperature along the
shear zone between the hanging wall and down-going slab
until they cooled enough to reach saturation, thereby
depositing jadeitite. However, this fluid would have to tra-
vel down temperature ~100 °C without precipitating out
most of its dissolved load along the way. In the second sce-
nario, jadeite and phengite preferentially incorporate °Li
from a fluid phase, such that the jadeitite solid ends up iso-
topically lighter than the fluid it is in equilibrium with.
Wunder et al. (2006) conducted experiments between syn-
thetic spodumene and fluid at 2 GPa and 500-900 °C, and
found that “Li was preferentially partitioned into the fluid
at all temperatures. At 500 °C the A7Lispodumene_ﬂuid is
~—3.5, suggesting that a Li-rich pyroxene like jadeite in
equilibrium with a subduction fluid would be ~3.59%, lighter
than the fluid itself. Extrapolating this experimental rela-
tionship to the assumed max 7 of jadeitite formation
(~400 °C) suggests an offset between spodumene and fluid
of ~—4.49 . Wunder et al. (2007) also determined the par-
titioning of Li isotopes between fluid and mica at the same

P, but lower T (300-500 °C) as the previous experiment.
Again "Li is preferentially partitioned into the fluid phase,
however, the fractionation was determined to be about half
as much as that between spodumene and fluid. Thus, a
jadeitite rock precipitating from an aqueous fluid under
equilibrium conditions at ~400°C would be ~39%, to
3.5%, lighter than the fluid. Stated another way, the mea-
sured jadeitite average of +0.6 +2.0%, for Guatemala
would have been in equilibrium with a fluid that was
~+3.59, to +49%,, which is comparable to the modeled
400 °C mixing line in Fig. 7A. Plotting a fluid composition
in equilibrium with each jadeitite solid (open symbols in
Fig. 7A), shows that all could have precipitated at a temper-
ature of ~400 °C or less, which is in line with the tempera-
tures of formation determined by geothermometry and
mineral assemblages. Therefore, although deeper fluids
could have been incorporated into the jadeitites, it is not
required.

Since jadeitites are formed by similar mechanisms over a
limited P-T range, then varying the proportions of AOC vs.
sediment fluid should reproduce the range of Li concentra-
tions observed. Fig. 7B shows the results of the AOC-sedi-
ment fluid mixtures as a function of composition (7" = 400-
500 °C). Jadeitites from Myanmar suggest the greatest sed-
iment fluid influence with up to 20% of the Li contributed
by a sediment. Jadeitites from Kazakhstan, the Urals and
Japan have a smaller apparent sediment fluid influence of
roughly 5-7%, while Guatemalan jadeitites are between
these other localities with sediment fluid proportions of
~10%. An apparent ~5% sediment fluid contribution for
Japan is consistent with estimates of Moriguti and Nakam-
ura (1998a) who used Li and Pb isotopes to determine a
~3% sediment contribution for Japanese arc lavas. These
mixing proportions are also supported by mixing models
of Sr and Nd isotopes, which point to a well-mixed fluid
for the metasomatism of fresh eclogite, and blueschist min-
eral separates from Guatemala and the Franciscan (Simons,
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Fig. 7. Subduction fluid mixing model showing. (A) Binary mixtures of a sediment fluid end-member and bulk AOC fluid as a function of T
for a single sediment fluid composition (Lesser Antilles). Fluids generated by the uppermost crust alone are shown for comparison. The
mixing model shows that jadeitite solids can be represented by a narrow range of temperatures which are generally greater than those
estimated for jadeitite formation (~400 °C). However, the fluids that precipitated these solids (shown as attached open symbols) are in
agreement with max 7 estimates. (B) Li mixing model results for jadeitites showing binary mixtures between sediment fluid and bulk AOC
fluid end-members, where mixing fields are a function of changing sediment composition at constant 7. The continental sediment field
represents the Lesser Antilles end-member, while the oceanic sediment field represents the Tonga sediment end-member. Arrows show where
mixtures are made up of 20%, 10% and 5% sediment fluid. Jadeites show that subduction fluids are dominated by the AOC. Note change in

scale on x-axis.

2008). The jadeitite mixing model (Fig. 7B) also suggests
that the sediment fluid compositions that best fit the global
jadeitite data are ones with characteristics similar to conti-
nental sediments (e.g., southern Lesser Antilles) and per-
haps GLOSS (GLiMM). This is especially true for
jadeitites from Guatemala and Myanmar, while the Urals,
Kazakhstan and possibly Japan could be modeled with sed-
iment similar to GLOSS. Additional data is needed to con-
firm this.

4.4. Multi-stage model for the origin of HP-LT oceanic
eclogites

Using the insight that jadeitites provide on AOC vs. sed-
iment fluid proportions, and AOC and sediment modeling
results, allows us to model the formation of the Guatema-
lan and Franciscan eclogites in a two-stage process.
Fig. 8A shows mixing paths between a dehydrated eclogite
(bulk crust) at max 7 (500 °C), and subduction fluids that
vary as a function of 7'(500-600 °C), sediment composition

(Tonga, GLiMM and Lesser Antilles) and AOC-sediment
proportion (~5% to 15% sediment). Mixtures are domi-
nated by the fluid end-member because of the higher
concentrations of Li in the fluid. Of the three hybrid
AOC-sediment fluid compositions investigated (Fig. 8A),
Guatemalan and Franciscan eclogites are best modeled as
dehydrated bulk eclogite overprinted by fluids derived from
an AOC-continental-like (Lesser Antilles) sediment, in
which 5-10% of the Li is derived from the sediment fluid
component.

The addition of a field representing the upper ocean
crust (Fig. 8B) extends the range of possible dehydrated
eclogite compositions at 500 °C (all other parameters from
Fig. 8A remain the same). Adding other eclogites of oceanic
origin, like Syros and Tianshan HP-LT eclogites (Marsc-
hall et al., 2007b) shows that they can be modeled as dehy-
drated eclogite plus or minus small amounts of subduction
fluid, most likely added during exhumation. This result is
supported by field evidence from Syros, where meta-igne-
ous blocks are enclosed in mafic—ultramafic schists, and
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have been interpreted as blocks or fragments of oceanic
crust, mechanically separated from the slab, and entrained
into a subduction channel or shear zone with buoyant ser-
pentinite and other exhuming material (Shreve and Cloos,
1986; Engi et al., 2001; Gerya et al.,, 2002; Marschall
et al.,, 2006). Three of the four eclogite localities in
Fig. 8B can be modeled as mixtures between dehydrated
AOC and an AOC-continental-type fluid at 500-600 °C.
Samples from Syros are both eclogite and meta-plagiogra-
nite (Marschall et al., 2007b), and have a wide range of
Li concentrations and isotopic values, making it difficult
to identify a specific sediment type without further details.
Similar to jadeitite model results, Franciscan and Guatema-
lan eclogites show temperatures that are up to 100 °C high-
er than estimates of max 7 from thermometry. Assuming
the partitioning behavior of Li into omphacite is similar
to that of jadeite (Appendix D), then calculating a 8’Li
for the metasomatic fluid in equilibrium with omphacite
produces a new set of data points that are shifted to heavier
8"Li (Fig. 8C). Fluid values are calculated using the results
of Wunder et al. (2006, 2007) and assumes roughly half the
eclogite is composed of pyroxene + phengite for samples
where petrography is not available. This correction pro-
duces a shift in 8’Li of ~+1.5%,, which places the equilib-
rium Guatemalan eclogite fluid within the field generated
by mixtures with an AOC-continental sediment fluid at
400-500 °C, consistent with Guatemalan eclogite max 7T
estimates. Max 7 estimates for some Franciscan eclogites
are slightly higher, which is perhaps why most have lighter
8’Li values. Thus, by using the estimated 8’Li of the fluid
composition in equilibrium with the eclogites, rather than
the eclogite WR solids, we can alleviate the misfit between
the model results and the samples themselves. If this pro-
posed mechanism is correct, then deeper fluids (i.e., those
hotter than ~500 °C) may not be involved in the metasoma-
tism of these HP-LT eclogites during exhumation. How-
ever, a more detailed investigation of how individual
minerals may fractionate Li isotopes as a function of T is
needed in order to fully evaluate this mechanism.

The mixing models presented here demonstrate the
importance of including sediments when modeling Li in a
subduction fluid, as sediment has the potential to provide
greater amounts of Li, and lighter isotopic starting values
than the AOC alone. HP-LT rocks can be explained by
overprinting of dehydrated eclogite with fluids that vary
as a function of T, sediment composition and AOC-sedi-
ment proportion. Sediment and AOC are assumed to be
the major Li reservoirs in the slab, as calculated budgets
for the serpentinized lithospheric mantle appear to be of
less significance (Vils et al., 2008).

4.5. Non-equilibrium fraction of Li

Kinetic fractionation of Li isotopes has been called upon
recently as a possible mechanism for some HP-LT rocks
that seemingly cannot be explained by models using simple
Rayleigh distillation (e.g., Marschall et al., 2007b; Marsc-
hall and Pogge von Strandmann, 2008). However, non-
equilibrium processes, often resulting from diffusion, have
most often been invoked to explain the Li isotopic disequi-
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Fig. 8. Limodel results for HP-LT whole rock eclogites. (A) Fields
are binary mixtures between a dehydrated eclogite solid (bulk
crust) at 500 °C, and fluid end-members that vary as a function of
sediment-AOC proportion (5-15% sediment), 7" (500-600 °C), and
composition. Sediment compositions are represented by an oceanic
sediment end-member (Tonga), a continental-type sediment end-
member (Lesser Antilles) and the global average GLIMM. (B)
Mixing model for eclogites (same as A), with fixed proportion of
sediment fluid (10%). A field is added for the upper AOC, showing
a range of possible compositions for dehydrated residual eclogite.
Individual data points are whole rock eclogites from around the
world thought to have oceanic crust as a protolith, and comparable
facies conditions. Syros, Tianshan and average global eclogite from
Marschall et al. (2007b). (C) Model results for fluids calculated to
be in equilibrium with whole rock eclogites in (B), based on their
proportions of phengite and pyroxene. Fluid fields are calculated
with a fixed sediment composition (continental-type) and propor-
tion (10%) for T'= 400, 500 and 600 °C. Calculated 5’Li of fluids is
in good agreement with thermobarometric estimates (below
600 °C) for these rocks.

librium found inter- and intra-mineral in mantle xenoliths
metasomatized by mantle melts (e.g., Ludstrom et al.,
2005; Tang et al., 2007; Rudnick and Ionov, 2007; Jeffcoate
et al., 2007; etc.). Marschall et al. (2007b) invoked a diffu-
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sion related fractionation to explain high Li concentrations
and very light 8'Li for HP-LT eclogites in their study.
However, extreme values (e.g., ~—229,) were the excep-
tion, with the majority (~80%) of their eclogites falling
within the same total range of 8’Li defined by Guatemalan
samples (~+59%, to —5%,). Additionally, mineral separates
in Guatemalan rocks do not show the same large inter-min-
eral offsets in 8'Li as those often displayed in mantle xeno-
liths (Fig. 4). For example, coexisting minerals with
different mineral structures, like jadeite and phengite in
jadeitite, and omphacite and phengite in eclogite show
small, but consistent offsets in 8'Li (~0.5%, to 1%,). Min-
eral separates and whole rocks occupy a small total range
in 8"Li (—0.1 %+ 4.5%, 26) compared to those in suites where
a non-equilibrium mechanism has been invoked (e.g.,
~<409%,, Jeffcoate et al., 2007). Garnet separates in Guate-
mala are the only exception, as garnet is offset to slightly
heavier 8’Li than omphacite in sample TT03-01 and lighter
8’Li in MVE(04-44-6 and MVE04-44-7 (Table 1). It is
important to note, however, that MVE04-44-6 and
MVEO04-44-7 are northern eclogites which underwent a sec-
ond metamorphic event, and are anomalous in their trace
element patterns and radiogenic isotopes. Additionally,
low concentrations of Li in garnet can be more easily per-
turbed by later geologic events than the higher Li concen-
tration omphacites/jadeites. Thus it is not likely that
diffusion has played a dominant role in modifying Guate-
malan Li concentrations and isotopic compositions for
HP-LT rocks. It is more difficult to assess the role of Li dif-
fusion in Franciscan rocks, as only whole rock powders
were digested, however, the range of 8’Li in Franciscan
eclogites is comparable to not only Guatemalan eclogite
whole rock values, but to the majority (~80%) of HP-LT
eclogites measured (e.g., Zack et al., 2003; Marschall
et al., 2007b). Diffusion in general may be less important
as a mechanism in subduction related rocks recrystallized
under higher water/rock ratios, such as those metasoma-
tized in a shear zone. Thus localized, extreme 8’Li fractio-
nations found in some HP-LT rocks are likely to be the
result of a non-equilibrium process, suggesting that while
kinetic fractionation of Li isotopes may occur in a subduc-
tion setting, it is probably not the major first order process
controlling 8’Li in eclogites.

5. DISCUSSION
5.1. What do exhumed eclogites represent?

Although exhumed HP-LT rocks may provide informa-
tion about prograde and retrograde subduction conditions,
8’Li recorded by HP-LT eclogites with strong retrograde
fluid overprints (e.g., Guatemala), may not be representa-
tive of all subduction zone fluids. This is because HP-LT
eclogites are rocks that were subducted and exhumed, and
therefore likely record the conditions in the subduction
zone just prior to, or during a collision. If these collisions
involved at least one continental block or mature arc, then
isotopically light continental material (~09%,; Teng et al.,
2004) could be introduced at the margin via sediment or
possibly by subduction erosion, skewing the 8’Li of subduc-

tion fluids to lighter isotopic values. Guatemalan and Fran-
ciscan eclogites presented here, as well as other HP-LT
eclogites, like those from Trescolmen with very radiogenic
879r/3%%Sr and enclosed in mica schist (Becker et al., 1999;
Zack et al., 2003), are possible examples of this
phenomenon. Thus these eclogites may have recorded an
end-member subduction fluid, best represented by an
AOC-continental-type fluid (Fig. 8). Given the AOC-sedi-
ment proportions (~90:10) discussed previously, and T
~300-600 °C, an AOC-continental sediment fluid would
generate a range in 8'Li ~—1.5%, to +7.5%,, (Appendix
D). Calc-alkaline lavas from Anatolia (Agostini et al.,
2008) show a similar range in 8’Li (—4 to +89%,), consistent
with the subduction of continental material. The geo-
graphic nature of Anatolia (surrounded by Africa and Eur-
ope), as well as elevated 2’Sr/*°Sr ratios (0.707-0.709) in the
same lavas, support this argument. Thus margins that
incorporate continental materials are likely to have §Li
that range to lighter isotopic values, representing an end-
member in the spectrum of Li isotopic compositions. There-
fore, the best 8’Li approximation for average subduction
fluid may be a mix of AOC and GLiMM (Appendix D).

5.2. Implications for the composition of the mantle wedge and
arc lavas

Arc volcanics have long been recognized to have trace
element patterns characteristic of chemical and mass trans-
fer from the down-going slab to the overlying mantle wedge
over a range of depths. It has been speculated that since Li
is both fluid mobile and a light stable isotope, that 8"Li in
arc lavas should be highly variable, reflecting the changing
fractionation of Li over a range of 7, the regional sedi-
ments, and variably altered ocean crust. However, measure-
ments of Li isotopes in arc lavas globally have not been as
isotopically heavy, nor as variable as expected, with most
overlapping the range of MORB (Fig. 5). The fairly consis-
tent range of 8'Li for arcs world-wide (~+29%, to +6%,),
suggest that Li is being controlled by a common process
or component.

Tomascak et al. (2002) addressed the limited range of 5’Li
in arc lavas by proposing a mechanism that preferentially af-
fected Li more than other trace elements in the slab fluid. The
mechanism, similar to the chromatographic column effect
(e.g., Navon and Stolper, 1987), involves the exchange of
heavy, slab-derived Li with Li from the depleted mantle
wedge (e.g., olivine), thereby obscuring the slab contribution.
The exchange of Li was proposed because Li is only moder-
ately incompatible in many mantle phases and thus easier
to exchange than more highly incompatible elements like B
(Ryan and Langmuir, 1987). We present two alternatives to
this model to explain the fairly constant 8’Li composition
in arc magmas. The first is a mechanism whereby Li in slab
fluids does not effectively reach the arc source region because
it is efficiently trapped by metasomatic minerals in veins (e.g.,
jadeitite), and the second is that there is a component com-
mon to all subduction zone fluids which buffers the range
of Li isotopes metasomatizing the wedge.

We estimate that only a fraction (~15-30%) of the initial
Li subducted leaves the slab during shallow and intermedi-
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ate subduction, because Li is moderately incompatible to
roughly compatible in many metamorphic and metasomatic
minerals commonly formed during subduction (e.g.,
omphacite, jadeite, phengite, amphibole, etc.). This means
that although slab fluids (including sediments) are likely
to have initially high concentrations of Li, once they enter
the chemical disequilibrium of the mantle, processes like
serpentinization are likely to promote the precipitation of
veins with metasomatic minerals that may accommodate
Li. Thus Li may be efficiently trapped in veins before it
reaches the arc source region, thereby diluting the slab Li
contribution, and having the depleted mantle
(~+3.5 +0.5%,; Jeffcoate et al., 2007) dominate the Li iso-
tope signal in arc lavas.

The second alternative relies on a common component
to buffer the range of Li isotopes observed in arcs. Jadeitites
from five different locations presented in this paper point to
AOC fluids as the dominant source (~90-95%) of Li in sub-
duction fluids at the moderate to shallow depths where
jadeitite is generated. This is consistent with proportions
estimated previously using Li and other geochemical tracers
(e.g., Moriguti and Nakamura, 1998a; etc.), and suggests
that the Li budget of the AOC is what buffers 5’Li at arcs
world-wide. If this is the case, the implication is that the Li
budget for most of the ocean crust, when averaged over the
whole crust, is relatively similar, and that age or degree of
alteration in the uppermost crust is less important. There-
fore, even if a wide range of 8'Li in sediments (e.g.,
—0.39%, for S. Lesser Antilles, +3%, for GLIMM and
+79%, for Tonga) is subducted at margins, the dominance
of AOC fluids for Li, especially at greater depths, buffers
the total range of Li isotopes, such that subduction fluids
at moderate depths average out to be similar to that of
the depleted mantle (Appendix D). This could explain
why 87Li values in arc lavas largely overlap with those of
MORB (i.e., mantle) values. Thus, with an AOC buffer,
no large scale exchange of slab Li for mantle Li is needed
since the Li isotopic character of the slab fluid is already
similar to that of the mantle wedge. Although we cannot
eliminate any of these mechanisms for generating fairly
consistent 8’Li in arc lavas, we prefer the AOC fluid buffer
mechanism. However, given the complexity of the system, it
may be a combination of all of the above mechanisms that
operate at subduction zones.

5.2.1. Evolution of & Li with dehydration

Our modeling, similar to previous results, suggests that
8’Li in subduction fluids becomes isotopically lighter as
dehydration proceeds with depth. At shallow depths (i.e.,
T < 300 °C), fluids are isotopically heavier (~+12 + 3%,)
than depleted mantle wedge peridotite, which results in a
shift to isotopically heavier values for the shallow wedge.
These heavy 8’Li values have been recorded in shallow pore
fluids from Costa Rica (Chan and Kastner, 2000) and ser-
pentinite mud volcanoes in the Mariana forearc (Benton
et al., 2004), and likely reflect a variety of processes includ-
ing low-T diagenesis, squeezing out shallow pore fluids, or
mixtures of these with isotopically heavier seawater. At
moderate depths (temperatures in the slab of ~>300 °C),
our modeling suggests that metasomatism of the wedge is

predominantly done by fluids with 8’Li that overlap values
of the depleted mantle (+4 + 39,,), regardless of sediment
type (Appendix D). This result differs from previous models
which continue to have isotopically heavy values (i.e.,
>+10%,) metasomatizing the wedge at moderate depths
and deeper. Our results are supported by the range of
8’Li recorded in Guatemalan and Franciscan HP-LT
rocks, and the fluids calculated to be in equilibrium with
these rocks (—2 to +49,; Figs. 7 and 8C). Guatemalan
and Franciscan values may provide the lower limits to the
range of 8’Li in subduction fluids, as these rocks have been
modeled as having an end-member sediment contribution
from a continental-type sediment. We therefore propose
that the heaviest isotopes (=>-+10%,) primarily metasoma-
tize the forearc and shallow corner of the wedge, and as
dehydration proceeds at deeper levels both slab and fluids
evolve to lighter values. Thus, metasomatism of the mantle
wedge at moderate depths (7> 300 °C) is done predomi-
nantly by fluids with 8’Li that overlap values of the de-
pleted mantle and arc lavas world-wide (~+19, to +79%,).

5.3. Implications for the composition of the dehydrated slab
and recycled component

Model results indicate approximately 3 ppm Li is left in
the bulk crust at 7= 500 °C (~12 ppm for the top of the
slab), which is similar to what has been predicted by the
Marschall et al. (2007b) model (~4 ppm). This represents
a loss of only ~15% of the original Li, suggesting that the
majority of Li could be conserved within the slab and sub-
ducted past subarc depths. Support for deep subduction of
Li comes from studies of Li in diamond inclusions, which
found that lower mantle phases like ferropericlase and mayj-
oritic garnet are sinks for Li with increasing pressure (Seitz
et al., 2003). This suggests that some Li that makes it past
the subduction factory could remain in the deeper mantle.
However, further dehydration of the slab above 500 °C
could lower Li concentrations to those estimated for the de-
pleted mantle (~1-1.5 ppm; Ryan and Langmuir, 1987; Eg-
gins et al., 1998; Seitz and Woodland, 2000). Therefore,
based on our model for AOC dehydration, the concentra-
tion of Li in the recycled bulk ocean crust (~1-3 ppm)
should not be a key characteristic in indentifying this source
in the mantle. The more identifiable characteristic may be
the isotopic composition of the recycled bulk crust
(8’Li < +1 £ 39%,) or perhaps upper crust (~+35 + 3%),
which could be isotopically distinct from the depleted
mantle and may therefore result in mantle Li isotopic
heterogeneity.

Overlapping averages in &'Li between arc lavas
(+4.2 £ 1.4%, 1o) and OIB (+4.9 +0.9%, lo) (Moriguti
and Nakamura, 1998a; Tomascak et al., 1999b, 2000; Chan
et al., 2001, 2002a,b, 2006b; Chan and Frey, 2003; Bouman,
2004; Leeman et al., 2004; Ryan and Kyle, 2004; Nishio
et al., 2005) have been used to suggest a common source;
the metasomatized subarc mantle. Fig. 5 illustrates the
overlap in OIB, TAB and to some extent MORB source re-
gions. However, it is possible that this is not a unique solu-
tion. For example, quantitative trace element modeling
from Donnelly et al. (2004) and Cooper et al. (2004b) sug-
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gest generating the recycled component from a low-degree
melt of the dehydrated slab below the depths of subduction
processing (e.g., >150 km). It is difficult to know if such a
melt would reflect the bulk or upper crust 8’Li values calcu-
lated here, and therefore it is difficult to evaluate this poten-
tial mechanism at this time. Additionally, there is relatively
little comprehensive Li data for ocean island lavas at pres-
ent, so it is difficult to fully resolve the OIB component in Li
isotope space alone. Additional Li isotope data is needed,
and it should be compared with other geochemical param-
eters to address crustal recycling.

6. CONCLUSIONS

e HP-LT rocks in serpentinite mélange from Guatemala
and the Franciscan complex in California represent
blocks of a down-going slab and pieces of the base of
the mantle wedge at two subduction zones. Eclogites
record both prograde and retrograde (dominant) sub-
duction paths. Low retrograde temperatures and
multiple generations of hydrous phases suggest metaso-
matism by an aqueous fluid. Jadeitites are interpreted as
direct precipitates from this fluid (formed in the overly-
ing mantle wedge), and as such best represent the fluid
end-member.

e Trace element patterns for Guatemalan and Franciscan
rocks resemble arc volcanics, with large enrichments in
fluid mobile elements (Cs, Rb, Ba, K, Pb, Li). Enrich-
ments in Th and Ba, as well as the high concentrations
of Li in mineral separates and whole rocks (<90 ppm)
suggest the involvement of sediment. Previous work on
the Franciscan has suggested a MORB protolith, which
is supported by the MORB-like HREE and HFSE con-
centrations for Guatemalan and Franciscan eclogites
presented here.

e Global jadeitites can be modeled as simple mixtures of
AOC fluid (~90-95%) and sediment fluid (~5-10%).
Subduction fluid compositions vary as a function of 7,
sediment type, and proportion of sediment fluid to
AOC fluid, however the AOC fluid appears to be the
dominant component.

e Guatemalan and Franciscan eclogites can be modeled
using a two-stage process involving (1) AOC dehydra-
tion during prograde metamorphism and (2) rehydra-
tion of eclogite blocks by a subduction fluid, primarily
during collision and exhumation. The small total range
in 8’Li along with small inter-mineral 8’Li differences
suggest that greater fluid flow in the shear zone between
the plates may help homogenize the 8’Li signal, and that
kinetic fractionation is less important in this setting.
Metasomatism of dehydrated eclogite blocks at interme-
diate depths reproduces Guatemalan and Franciscan
eclogite data, as well as other HP-LT terrains of oceanic
origin (e.g., Tianshan, China and Syros, Greece).

e Modeling the dehydration (~75%) of the bulk AOC
results in a mantle reservoir that is isotopically light
(~<+1+£39, compared to the depleted mantle, and
relatively low in Li concentration (~<3 ppm). The most
altered part of the crust (uppermost extrusives), may

retain higher Li concentrations (~12 ppm) than the bulk
crust, and an isotopically heavier signature
(~+5 =+ 39,). The complementary reservoir to the bulk
crust is the metasomatized mantle wedge. A subduction
fluid with an AOC-GLOSS composition over the full
range of model temperatures (50-600 °C) gives an aver-
age 8'Li fluid composition (~+7 + 5%, 1o) that is isoto-
pically heavier than the depleted mantle. If the lowest
temperature steps are excluded (50-260 °C) as too cold
to participate in circulation of the mantle wedge, then
the average fluid (8’Li = +4 + 2.3%, lo, is indistinguish-
able from depleted mantle. Given the overlap between
OIB, IAB and MORB in 8’Li space, it is difficult to fully
resolve these components with the current data avail-
able. Additional Li isotope data is needed, and should
be compared with other geochemical parameters to dis-
tinguish between potential recycled sources.
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APPENDIX A. SUPPLEMENTARY DATA

The Supplementary data contains detailed mineralogy
and petrology sample information (Appendix A), a full Li
methods section (Appendix B), trace element compositions
(Appendix C) and modeling results as well as a discussion
of partition coeflicients and fractionation factors used in
the modeling (Appendix D). Supplementary data associated
with this article can be found, in the online version, at
doi:10.1016/j.gca.2010.02.033.
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