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Abstract

Eclogites from the Tian Shan high-pressure/low-temperature (HP/LT) metamorphic belt
show evidence for successively increasing metasomatic alteration with increasing retrograde,
blueschist-facies overprint. To constrain the source(s) of the metasomatizing fluid and to
evaluate elemental and isotopic changes during this overprint, two sequences of eclogite-
blueschist transitions were investigated: A layered transition from eclogite to blueschist (FTS
9-1 sequence) and blueschist-facies overprinted pillow metabasalts (FTS 4 samples).

Geochemical trends based on the relationships of K, Ba, Rb and Th are consistent with
HP metasomatism, but distinct from typical seafloor alteration trends. In contrast, oxygen
isotope ratios in garnet (8**Ov.smow = 7.3-8.7%0) and omphacite (5™Ov.smow = 8.2-9.7%o)
are similar to 8'®0v.smow in bulk low-temperature altered oceanic crust (AOC), suggesting O
isotopic preservation of a seafloor alteration signature. Carbonate crystallization related to the
metasomatic overprint demonstrate CO, mobility during subduction and potential C storage in
HP metamorphic rocks. Carbon isotope ratios in the two sequences differ markedly:
Disseminated calcite in the layered FTS 9-1 sequence has 8"*Cy.ppg = -9.14+0.19%o, whereas
vein-forming ankerite in the pillow metabasalts has §*Cy.ppg = -2.08+0.12%o. The ankerite
reflects an inorganic marine/hydrothermal signature, as observed in ophiolites, whereas the
low 8"*Cy.ppg Values from the calcite point to a contribution of organic carbon.

The time when the metasomatic overprint occurred is estimated to be ~320+11 Ma
based on a Rb-Sr isochron age of six blueschist samples from the pillow metabasalts, which is
in agreement with active subduction in this region. Initial (T=320 Ma) 'Sr/%°Sr ratios for all
HP/LT rocks range from 0.7059 — 0.7085, and eNdszoma Varies from -0.4 to +10.9. Both
eclogite-blueschist sequences have initial Sr isotope compositions (3'Sr/®*Sr ~0.707) that are
significantly higher than those of typical oceanic mantle-derived basalts. They are thought to
derive from a fluid that preserved the Sr isotopic signature of seawater by fluid-rock
interaction with seawater-altered oceanic lithosphere in a subduction channel. Mixing models
between eclogite and various fluids suggest that the contribution of a sediment-derived fluid
was likely less than 20%. A fluid predominantly derived from seawater-altered oceanic
lithosphere is also supported by the calculated O isotope composition of the fluids (10.2 —
11.2%o). It is thus evident that subduction channel fluids carry complex, mixed elemental and
isotopic signatures, which reflect the composition of their source rocks modified by

interaction with various other lithologies.
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1. INTRODUCTION

Fluids play an important role in many fundamental geological processes, including
metamorphism and metasomatism in subduction zones (e.g., Austrheim, 1987; Bebout and
Barton, 1993; Putnis and John, 2010) and the generation of arc magmas (e.g., Hawkesworth et
al., 1993; Stolper and Newman, 1994; Tatsumi, 1989). The direct examination of subduction
zone metamorphic rocks provides insights about slab-derived agents added to arc magma
sources and about element mobility and material transport during the subduction cycle (e.g.
Bebout, 2007; Beinlich et al., 2010; Breeding et al., 2004; John et al., 2004; Sorensen et al.,
1997; Spandler et al., 2004).

Increasing attention has been directed towards metasomatic changes in subducted
high-pressure (HP) rocks caused by fluids released from the subducted slab (e.g., Halama et
al., 2011; Marschall et al., 2009; Miller et al., 2009; Penniston-Dorland et al., 2010) and by
fluid-rock interaction in the subduction channel (Bebout and Barton, 1993; Horodyskyj et al.,
2009; van der Straaten et al., 2008). The subduction channel is defined as the zone of partially
serpentinized mantle peridotite between the down-going slab and the dry mantle wedge and
develops by reaction of slab fluids with the mantle wedge peridotite (Cloos and Shreve, 1988;
Gerya et al., 2002). These metasomatized rocks may constitute new bulk compositions that
can influence the redistribution of major and trace elements (e.g., Bebout, 2007; King et al.,
2006; Putnis and John, 2010; Scambelluri et al., 2006), which may be transported over short
distances (redistribution on cm scale; e.g., Hermann, 2002; Spandler et al., 2003; Hermann et
al., 2006) or long distances (removal from a system on outcrop scale; e.g., Gao et al., 2007;
Zack and John, 2007; John et al., 2008; Spandler et al., 2011). Radiogenic and stable isotope
studies in fluid-overprinted metamorphic rocks can provide information about the extent of
fluid-rock interactions (e.g., Baker et al., 1997; Yui et al., 1997; Zheng et al., 1999) and the
identification of potential fluid sources (e.g., Bebout and Barton, 1993; Halama et al., 2010,
2011; King et al., 2006; Scambelluri and Phillipot, 2001; Sadofsky and Bebout, 2004). In
principle, fluids in the subduction zone may originate from (I) the partly serpentinised,
subducted mantle peridotite underneath the oceanic crust (Hyndman and Peacock, 2003;
Ranero et al., 2003), (I) the altered oceanic crust (AOC; e.g. Becker et al., 2000; John et al.,
2008; Peacock, 1993), (111) subducted marine sediments (Plank and Langmuir, 1993; Ripke
et al., 2002), and (1V) the mélange zone of the slab-wedge interface (Bebout, 2007; King et
al., 2006; Spandler et al., 2008). Fluids circulating in the subduction zone may inherit the



chemical and isotopic signatures of these reservoirs and may in addition get overprinted by
the geochemical signature of the partly serpentinised peridotites of the mantle wedge (van der
Straaten et al., 2008). It has also been demonstrated that fluids in HP metamorphic rocks play
a key role in promoting equilibration of isotopic systems used as geochronometers (Glodny et
al., 2003, 2008). In turn, some isotopic systems may still record the effects of previous
seafloor alteration or the isotopic signature of the precursor rock (Halama et al., 2010, 2011;
John et al., 2011; Miller et al., 1988; Putlitz et al., 2000).

Eclogites typically have a well-defined basaltic composition and mineral assemblages
dominated by nominally anhydrous minerals. Thus, details about the fluid composition and
fluid-induced metasomatic processes can be obtained from metasomatically transformed
eclogites (Halama et al., 2011; Penniston-Dorland et al., 2010; van der Straaten et al., 2008).
Here, two dm to m scale sequences from the Chinese Tian Shan HP belt, displaying gradual
transitions from eclogite to retrograde blueschist, were investigated using C, O, Sr and Nd
isotope data combined with mass-balance calculations to determine protolith compositions,
elemental enrichments and depletions and to constrain the source of the metasomatizing fluid.
The combination of several isotopic systems is used to discern between the effects of seafloor
alteration and HP metasomatism and contributes to a better understanding of metasomatic
processes during the subduction cycle.

2. GEOLOGY AND SAMPLE DESCRIPTION

The samples come from a belt of high-pressure, low-temperature (HP/LT)
metamorphic rocks, which occurs in the Chinese part of the Tian Shan orogen (Fig. 1). The
Tian Shan stretches from NW China to Kirghizia and Tajikistan and is situated along the
southwestern margin of the Central Asia Orogenic Belt (Gao et al., 1995; Sengor et al., 1993;
Volkova and Budanov, 1999). In the Chinese part of the South Tian Shan, the HP/LT belt
extends along the Southern Central Tian Shan suture for at least 200 km, separating the Tarim
craton to the south and the Yili — central Tian Shan block to the north. The belt represents a
subduction/collision zone between Yili-Kazakhstan-Kyzylkum and Tarim-Karakum plates
(Volkova and Budanov, 1999). The HP rocks are interpreted as relics of the Palaeozoic South
Tian Shan Ocean basin, including former seamounts and young arcs, subducted during
Silurian and Carboniferous time (Gao et al., 1998; Seng6ér and Natal’in, 1996; Windley et al.,
1990; Gao and Klemd, 2003; Klemd et al., 2011). Lutetium—Hf ages of four high-pressure
rocks overlap around 315 Ma and date high-pressure garnet growth (Klemd et al., 2011),



which combined with the ~311 Ma cluster of “°Ar—**Ar and Rb—Sr white mica ages (Klemd et
al., 2005) from adjacent rocks imply fast exhumation rates (Klemd et al., 2011). The HP/LT
sequences occur discontinuously within a Paleozoic accretionary wedge (Gao et al., 1995,
1998) and predominantly comprise eclogite-, blueschist-, and greenschist-facies
metasedimentary rocks. Subordinate metavolcanic rocks, ultramafic slices and lenses of
Silurian marble occur as exotic blocks and point towards an origin as tectonic melange (Gao
et al., 1999; van der Straaten et al., 2008). The blueschists occur as lenses, bands or layers
within greenschist facies metasediments and are intercalated with pods (15-25 cm in
diameter), boudins, layers (2-25 cm thickness) or large blocks (2 km?) of eclogite (Gao et al.,
1999). Blueschist occurrences include prograde and retrograde varieties (Gao and Klemd,
2001; Gao et al., 2007; van der Straaten et al., 2008; Beinlich et al., 2010). The retrograde
blueschists are interpreted to have formed by fluid-rock interaction during uplift in the
subduction channel (van der Straaten et al., 2008).

Gradual transitions between prograde blueschist and eclogite suggest that both have
experienced identical peak metamorphic conditions of 480-580 °C, locally up to 700°C, at
1.4-2.1 GPa (Klemd et al., 2002; van der Straaten et al., 2008; Beinlich et al., 2010). UHP
peak metamorphic conditions — confirmed by coesite - of 2.7 GPa at 420-520°C have been
reported for one eclogite boudin (LU et al., 2009), which occurs enclosed in HP and UHP
mica-schist of variable peak metamorphic conditions. Their PT-values are ca. 3.2 GPa at 550-
570°C, ca. 2.2 GPa at 550°C and ca. 2.3 GPa at 540 and 550°C, all of which have been
derived by pseudosection modeling (LU et al., 2008; Wei et al., 2009). However, other
eclogite boudins from the same locality display PT-conditions of 1.8 — 2.5 GPa at 400 to
600°C (Lu et al., 2007). The occurrence of UHP and HP eclogite-facies rocks juxtaposed on a
meter scale is interpreted to have resulted from mixing of eclogite-facies rock from different
depths in the subduction channel (LU et al., 2009), confirming the basic concept of van der
Straaten et al. (2008). This scenario is supported by the fact that some of the Tian Shan
eclogites define a P-T path of decompression associated with retrograde cooling (Gao et al.,
1998; van der Straaten et al., 2008), which is characteristic for uplift in a subduction channel
(Gerya et al., 2002).

Two different sequences comprising a gradual transition from eclogite to blueschist
were investigated in this study: 1) A lithologically layered sequence of eclogite that is laterally
transformed to blueschist (sample sequence FTS 9-1; GPS coordinates: 42°31°48°N,
81°21°30”’E; Fig. 2A). The eclogitic part of this sequence is bordered by a quartz-rich vein
and a meta-acidite. I1) Metabasalts with pillow structures (in the following labeled as “pillow



metabasalt”) with eclogite-facies mineralogy preserved in the pillow cores showing marginal
transformation to blueschist (samples FTS 4-1.1, 4-2.4, 4-3.3, 4-3.5; GPS coordinates:
42°28°59°°N, 81°15°38”’S; Fig. 2B). The FTS 4 samples were the subject of a petrologic and
geochemical study by van der Straaten et al. (2008). For the profiles, drill cores with a
diameter of 2.54 cm and a length of about 10-15 cm were taken to obtain a good spatial
resolution. At both localities, the samples occur as loose, meter-sized blocks, which have
fallen from the steep mountain slopes as rock falls. The in-situ outcrops are either covered by
glaciers or occur on extremely steep walls and are not accessible. The blocks represent a
mixture of various rock types that are now found within and partly covered by quaternary
deposits.

Eclogites and blueschists of the FTS 9-1 sequence contain omphacite + garnet + rutile
+ phengite (partly Cr-rich) + paragonite + glaucophane + titanite + calcite. The eclogitic parts
consist of a fine-grained omphacite matrix with accessory rutile and porphyroblasts of garnet
(Fig. 3a). Omphacite, amphibole, rutile, quartz, phengite and clinozoisite occur as inclusions
in garnet. In the blueschist-facies overprinted parts, omphacite and garnet are replaced by
newly formed glaucophane and paragonite (Fig. 3b). Titanite replaces rutile and grows
poikiloblastically around matrix omphacite (van der Straaten, 2008). Calcite forms distinct
aggregates in the matrix (Fig. 3b). Garnet is increasingly resorbed with increasing overprint
and replaced by chlorite and calcite. The modal amounts of glaucophane, white mica and
calcite increase with increasing blueschist-facies overprint leading to nearly complete
replacement of omphacite in the pure blueschist sample (van der Straaten, 2008).

The mineral assemblage of the pillow metabasalts (FTS 4 series) is garnet + omphacite
+ clinozoisite + rutile + apatite in the eclogite parts. This assemblage was transformed by
fluid-induced retrograde metamorphism from the pillow margins inwards, forming shells of
phengite-ankerite blueschist (outer shell with phengite, glaucophane, ankerite and titanite as
major mineral phases) and glaucophane-dominated blueschist (inner shell). A detailed study
of the petrology as well as major and trace element geochemistry of the pillow metabasalts
was presented by van der Straaten et al. (2008).

For a better evaluation of the geochemical and isotopic variations of the mélange
rocks, several samples from other blocks and boulders were collected. These comprise two
meta-igneous rocks, a coarse-grained eclogite (FTS 1-26) and a glaucophane schist (FTS 5-6),
and two metasedimentary rocks, a garnet-mica-schist (FTS 2-15) and a fuchsite schist (FTS 6-
5B).



3. ANALYTICAL METHODS

3.1 Major and trace elements

Whole rock major element contents of the FTS 9-1 sequence and associated mélange
rocks were analyzed by XRF on fused glass discs with a Philips PW1480 XRF spectrometer
at Kiel University (Table 1). The relative standard deviation (RSD) for all oxides is generally
< 1.3% based on multiple analyses of reference material BHVO-1 (see van der Straaten et al.,
2008, for details on precision and accuracy). For the FTS-9 eclogite-blueschist sequence,
concentrations of 38 trace elements were determined by inductively coupled plasma mass
spectrometry (ICP-MS) using a Agilent 7500c instrument at Kiel University after HF-HNOs-
HCIO, acid digestion in Teflon bombs at 180°C. Details about sample preparation and the
analytical protocol are given by Garbe-Schonberg (1993) and John et al. (2008). Precision
based on the RSD of reference material BHVO-2 and a representative sample solution
measured 5 times is < 4% for most trace elements. Sample powder homogeneity and potential
contamination during sample preparation were evaluated by duplicate analysis of an
unknown, yielding RSD values <5% for all elements except Cr (RSD = 15%). Details about
blank and reference material analyses for samples analyzed during the course of this study are
given in van der Straaten et al. (2008). For the mélange rocks and the neighboring rocks of the
FTS 9-1 sequence, 36 trace elements were analyzed by Acme Analytical Laboratories
(Vancouver, Canada). REE and refractory elements were analyzed by ICP-MS following
lithium metaborate fusion and nitric acid digestion, whereas base metals were analyzed by
ICP-MS after Aqua Regia digestion. Detection limits are 0.01-0.3 ppm for REE, 0.1-0.2 ppm
for HFSE, 0.1-8 ppm for transition metals and 0.1-1 ppm for LILE (see also
http://acmelab.com/). During the course of this study, the standards SO-18, DS7 and
OREAS45PA were analyzed for quality control. Precision based on repeat standard analysis
(n=6) is <5% except for Ni (~8%) and Pb (~13%). All measured values were accurate to the
expected values to about + 6%, with slightly greater deviations for Sm (-10%) and Tb (-8%).

Blank levels were below the detection limits for all elements except Zr (blank = 1.2 ppm).

3.2 C-0O isotopes in carbonates

Carbon and oxygen isotopic ratios were analyzed at the Leibniz-Laboratory for
Radiometric Dating and Stable Isotope Research (Kiel, Germany). Handpicked calcite and
ankerite separates were treated with 100% phosphoric acid at 75°C in an automated carbonate

preparation system (Kiel device) for 6 and 18 minutes, respectively. The liberated CO, gas



was analyzed with a Finnigan MAT 251 mass spectrometer using a dual inlet system. Carbon
and oxygen isotope ratios are expressed in the standard 6 notation in per mil (%o) relative to
the international V-PDB and V-SMOW isotope standards, respectively. The °C and §'%0
values of the carbonate carbon were calibrated against international standards (NBS 19; NBS
20) and several laboratory internal standards. The analytical uncertainty (1o) is < £0.05%o for
83C and < £0.07%o for 8*°0.

Since ankerite is not routinely analyzed for C- and O isotopes, completeness of
reaction was tested by applying reaction times of 18, 26 and 34 minutes. From the ankerite
vein sample 4-2.5, ankerite was separated and divided into 4 subsamples (4-2.5A to -D; see
Table 2). The lack of clear systematic trends in 5°C and §'®0 with increasing reaction time
indicates that ankerite has fully reacted after 18 minutes and that sample inhomogeneities
and/or effects of powdering have likely caused the minor differences just outside analytical

uncertainty.

3.3 O isotopes in silicates

Oxygen isotope measurements of handpicked mineral separates were made at the
Geowissenschaftliches Zentrum, University of Gottingen (Germany) using a laser fluorination
method similar to that described by Sharp (1990). Details of the analytical protocol and the
mass spectrometric measurements are described by Pack et al. (2007). In brief, 1-2 mg of the
separated minerals are loaded in a Ni sample holder and evacuated overnight. Samples are
melted with 50 W CO; laser (A = 10.6 um) and fluorinated with purified F, gas (~20 mbar).
Excess F, reacts with heated NaCl (~150°C) to NaF and Cl; is trapped with liquid nitrogen at
-196°C. The extracted O, is trapped on a 5A molecular sieve at — 196°C before being
transferred into the sample bellows of the spectrometer by heating up the molecular sieve to
+80°C. Isotopic analyses of O, gas are carried out on a Finnigan Delta plus mass
spectrometer, which is equipped with three Faraday cups with 3 x 102, 3 x 10 and 1 x 10 Q
feedback resistors for simultaneous measurement of oxygen with m/z 32, 33 and 34. A
conventional dual inlet system with bottled reference O, of known 80y.smow (+12.5%0) was
used. Results are reported as the per mil deviation from Vienna Standard Mean Ocean Water
(V-SMOW) in the standard o&-notation. Measurements of the UWG-2 garnet reference
material gave 50 = 5.66+0.08%o (1o, n=9), in good agreement with the reference value of
+5.74+0.15%o0 given by Valley et al. (1995). Based on long-term reproducibility, an analytical

uncertainty (1o) of £0.2%o. is assumed for the samples analyzed in this study.



3.4 Sr-Nd isotopes

Strontium and Nd isotopic analyses were carried out at IFM-GEOMAR (Kiel,
Germany), partly using sample solutions from ICP-MS trace element measurements and
partly whole-rock powders. For the former, diluted HNO3 solutions were evaporated and the
sample matrix was converted into chloride form. New whole-rock powders were dissolved for
2 days in a 5:1 mixture of ultrapure HF and HNO3 at 150°C. The ion exchange procedures
followed those described in Hoernle and Tilton (1991). Isotopic ratios were determined in
static multi-collection on a Finnigan MAT262 (Sr) and a Thermo-Finnigan TRITON (Nd)
thermal ionization mass spectrometer (TIMS). Strontium and Nd isotopic ratios are
normalized within run to %Sr/®Sr = 0.1194 and ***Nd/***Nd = 0.7219. Reference material
measured along with the samples during the two analytical periods of this study gave &’Sr/®°Sr
= 0.710237 £ 0.000016 (n = 4) and 0.710222 + 0.000010 (n = 15) for NBS-987 and
Nd/M*Nd = 0.511852 + 0.000003 (n = 5) and 0.511848 + 0.000004 (n=>5) for La Jolla.
Sample data are corrected for the offset from the accepted values (0.710250 for NBS-987 and
0.511850 for La Jolla). Total chemistry blanks were <50 pg for Sr and Nd and are considered
negligible.

4. RESULTS

4.1. Whole-rock geochemistry and constraints on precursor rocks

Major and trace element compositions of the FTS 9-1 sequence and associated
mélange rocks are summarized in Table 1 and Fig. 3. Sample FTS 9-1.6, which is located
furthest within the eclogitic part, has slightly elevated SiO, contents, and it is suspected that
some contamination with the adjacent quartz vein occurred during sample preparation.
Therefore, sample FTS 9-1.5A was chosen as representing the least overprinted eclogite of
the FTS 9 sequence. Sample FTS 9-1.5A shows a relatively flat chondrite-normalized REE
pattern (Fig. 3A) and a N-MORB-normalized trace element pattern with a negative Nb-Ta
anomaly, enrichment of U over Th and positive peaks for Sr, Pb, and Li (Fig. 3B). These
features are typical for oceanic arc basalts in general and the overall trace element
concentrations show significant similarities to a back-arc basin basalt from Vanuatu (Peate et
al., 1997). A slight displacement of sample FTS 9-1.5A from the MORB-OIB array to the
volcanic arc array in the Th/YDb vs. Nb/Yb diagram (Pearce, 2008) is also consistent with an

arc-related basaltic precursor (Fig. 3C). Sample FTS 9-1.1, which represents the most



overprinted blueschist in the FTS 9-1 sequence, is characterized by a small depletion in
HREE, a strong depletion in LREE and MREE and correspondingly more pronounced peaks
for Sr, Pb, Li and U compared to the eclogite FTS 9-1.5A (Fig. 3A,B). These peaks are partly
intensified during the blueschist-facies metasomatic overprint. Since the blueschist formed
from the eclogite, its basaltic precursor must have had an affinity to back-arc basin basalts as
well. The variety of precursor rocks occurring in the HP/LT belt is illustrated by samples FTS
1-26 and FTS 5-6. The first (FTS 1-26) is an eclogite with a N-MORB-type REE pattern and
no negative Nb-Ta anomaly, suggesting N-MORB-like basalt as precursor, although small
enrichments of some incompatible elements may indicate a minor arc influence. Relative
depletions in Sr and P may be explained by minor metasomatic overprint or preceding
igneous fractionation. The second (FTS 5-6) is a blueschist with REE and trace element
patterns almost identical to a typical tholeiitic OIB from Hawaii.

For the pillow metabasalts (FTS 4 samples) van der Straaten et al. (2008) showed that
the eclogite domains have a basaltic to trachybasaltic composition and normalized REE and
trace element patterns similar to tholeiitic OIB. LREE are enriched over HREE and
incompatible trace elements are enriched compared to N-MORB. The scatter of FTS 4
eclogites around the tholeiitic OIB on the Th/Yb vs. Nb/Yb diagram confirms the OIB affinity
(Fig. 3C).

4.2. Carbon and oxygen isotopes

Carbon and oxygen isotope compositions of carbonate and silicate minerals are
presented in Table 2 and Fig. 5. Calcite from the FTS 9-1 sequence shows homogeneous C
(8"3C = -9.4 10 -9.0%o0) and O (5'%0 = +11.4 to +11.8%o) isotopic compositions. Ankerite from
pillow metabasalts and the associated apatite-ankerite vein is considerably heavier and
slightly more variable in 8*3C (-1.6 to -2.2%o) and has somewhat higher but very homogenous
880 values (+12.8 to +13.3%o0). The carbonates of the Tian Shan HP rocks are distinct in their
C-O isotope composition from values that are commonly assumed to represent pristine mantle
carbon (Fig. 5A). Metamorphic calcite with C-O isotope compositions similar to the FTS 9-1
rocks were found in metabasalts and metasediments in the Catalina Schist (Bebout, 1995).
Calcite from various ophiolites (Alps, Corsica) and from metabasalts and calcite veins from
the Franciscan overlap with ankerite compositions of the FTS 4 samples.

For the silicates, all minerals from the eclogite-blueschist sequences have §'%0 values
that are higher than typical values for mantle-derived rocks based on measurements of olivine
and fresh glass (5.3-6.2%o; Eiler et al., 1997; Eiler et al., 2000). The individual mineral O



isotopic compositions overlap with those from eclogite-facies metabasalts from Greece and
Ecuador and fall into the range of low-temperature AOC (Fig. 5B). Minerals from the FTS 9-
1 sequence have generally lower §'®0 values than the corresponding minerals in the pillow
metabasalts.

Mineral-mineral O isotopic equilibria (Fig. 6, Table 2) were evaluated by comparison
to equilibrium fractionation calculated based on the modified increment method (Zheng,
1993a,b). For solid solution minerals omphacite, garnet, sodic amphibole and white mica
(phengite in FTS 4, paragonite in FTS 9-1), fractionations were calculated for the known
composition based on mineral chemical data (van der Straaten et al., 2008; van der Straaten,
2008) assuming linear relationships between the end-member compositions.

In the FTS 9-1 sequence, blueschist-facies glaucophane and paragonite are in O
isotopic equilibrium with each other and with garnet and calcite (Fig. 6A). Based on the O
isotope fractionation between these four minerals, an average equilibration temperature of
60622 °C for the blueschist-facies overprint was determined. The paragonite-glaucophane
pair was ignored in this calculation because temperatures calculated using this mineral pair
are very susceptible to analytical uncertainty due to the very small equilibrium isotopic
fractionation (<0.6%o0 at the relevant metamorphic temperatures). Regarding the eclogite-
facies assemblage in sample FTS 9-1 (Fig. 6B), the measured phengite-omphacite
fractionation (0.32%eo) is close to the calculated equilibrium fractionation at 600 °C (0.39%o).
The measured O isotope fractionations between omphacite and garnet (0.89%o) and between
phengite and garnet (1.21%o) are significantly different from the calculated fractionations
(1.58%0 and 1.97%o, respectively, at 600 °C), suggesting that the O isotope composition of
garnet re-equilibrated during the blueschist-facies overprint.

For the pillow metabasalts (FTS 4 samples), both equilibrium fractionation and
variable displacement from calculated equilibrium values can be observed (Fig. 6C, D).
Minerals from samples that contain both eclogite-facies and blueschist-facies domains
(samples FTS 4-2.4, 4-3.3 and 4-3.5) tend to show more pronounced deviations from
equilibrium. An entirely overprinted blueschist (sample FTS 4-1.1) shows consistent O
isotope equilibria between garnet, glaucophane and phengite. The temperature of the
blueschist-facies overprint was calculated for sample FTS 4-1.1 based on O isotope
fractionation between ankerite, garnet, phengite and glaucophane (Fig. 6C). Note that
phengite belongs to the blueschist-facies paragenesis in sample FTS 4-1.1 but paragonite is
the blueschist-facies white mica in the sample sequence FTS 9-1. Ignoring the phengite-

glaucophane pair, an average temperature of 59616 °C is obtained. This temperature is in



good agreement with a temperature of 580£10 °C for the retrograde path of phengite-ankerite
blueschist determined from phase equilibria (van der Straaten et al., 2008).

4.3. Sr- Nd isotopic data and age determinations

Strontium and Nd isotope data for Tian Shan rocks are listed in Table 3. To evaluate
equilibration during metamorphism, the two eclogite-blueschist transition sequences were
plotted in Rb-Sr and Sm-Nd isochron diagrams using Isoplot/Ex 3 (Ludwig, 2003; Fig. 7).
Blueschist-facies pillow metabasalts (FTS 4 samples) yield a well-defined Rb-Sr isochron
(MSWD = 0.97) with an age of 320+11 Ma and an initial *’Sr/*®Sr ratio of 0.70635+0.00014
(Fig. 7A). The eclogite-facies pillow metabasalts yield a Rb-Sr errorchron (MSWD = 15) with
an age of 30850 Ma and an initial 8 Sr/*®Sr ratio of 0.70629+0.00021 (Fig. 7B), overlapping
the respective values of the blueschist-facies samples. All pillow metabasalts samples together
give an errorchron (MSWD = 5.8) with an age of 322+11 Ma and an initial ®’Sr/*°Sr of
0.70627+0.00010. In the Sm-Nd isochron diagram (not shown), FTS 4 pillow metabasalts are
characterized by a very limited spread in **’Sm/***Nd, resulting in a poorly defined errorchron
age of 330+120 Ma. The initial ***Nd/***Nd of the errorchron corresponds to an eNdszo ma
value of +2.7, similar to the eNdspo ma Values calculated for the individual blueschist and
eclogites samples (Table 3). All these dates seem to have reasonable age significance as they
overlap within error with the ~315 Ma age of high-pressure peak metamorphism for the Tian
Shan inferred from Lu-Hf garnet growth dating (Klemd et al. 2011) and the successive
retrograde reequilibration of white mica around ~311 Ma (Klemd et al., 2005).

Samples from the FTS 9-1 blueschist-eclogite transition did not yield reliable and
reasonable Rb-Sr isochron ages because 8’ Rb/*Sr ratios are quite low and span a very limited
range. For the Sm-Nd system, an errorchron yielding an age of 600140 Ma with an initial
3Nd/**Nd ratio corresponding to eNdsgo ma = +7.9 was obtained. Hence, initial ' Sr/*°Sr
ratios and €Nd values for the FTS 9-1 sequence were calculated for 600 Ma as well as for 320
Ma to allow for a comparison with the FTS 4 samples (Table 3). It has to be noted that the
~600 Ma “age”, possibly representing a crystallization age, is quite uncertain. In particular,
the loss of Nd during the metasomatic overprint likely affected the Sm/Nd ratios. All data
points for the meta-igneous Tian Shan rocks are displaced from the mantle array towards
higher Sr initial isotopic ratios (Fig. 8). The FTS 9-1 blueschists and eclogites fall onto a
trend defined by increasing seawater alteration. For t=600 Ma, 8'Sr/%Sr initial ratios cluster at
~0.707 and eNd values fall into a narrow range from +7.1 to +8.5. Because of the very low

8"Rb/®sr ratios, there are no significant differences between the Sr isotopic compositions of



the FTS 9-1 samples calculated at 600 and 320 Ma. The elevated ¢Nd values are similar to a
Tian Shan eclogite analyzed by Gao and Klemd (2003) with ¢Nd = +8.9. Considering the
isotopic compositions at 320 Ma, FTS 4 pillow metabasalts define a very small field in Sr-Nd
isotope space. Initial 3’Sr/%°Sr and eNd vary from 0.7059 to 0.7065 and +2.1 to +2.7,
respectively. Other rocks from the Tian Shan mélange show more variability, in particular for
€Nd320 va (-0.4 to +6.7).

5. DISCUSSION

5.1. Distinction between geochemical changes related to seafloor alteration

and blueschist-facies metasomatism

A fluid that was in equilibrium with a rock of a specific composition can adopt the
chemical characteristics of the rock in its major and trace element composition. On the other
hand, the chemical composition of a rock would shift towards the fluid composition during
fluid-rock interaction, and thus the rock would inherit a “fingerprint” of the infiltrating fluid
(e.g., Bebout, 1991; Sorensen and Grossman, 1989; Zack and John, 2007). Hence, a
comparison of the blueschist-facies, metasomatically altered domains with the less altered
eclogitic parts will provide information about the chemical load of the fluid and about fluid
source rocks and/or the rocks the fluid equilibrated with.

All of the Tian Shan eclogites and blueschists derive from oceanic basalts. Hence, it
has to be evaluated if and to what extent they have been affected by seawater alteration and
whether any geochemical signatures of seafloor alteration have been preserved. Pillow basalts
are especially susceptible to alteration, since the space between the pillows and associated
cooling cracks serves as a fluid pathway and facilitates seawater access. Bebout (2007) used
changes in trace element concentrations and trace element ratios involving K, Rb, Ba, Th, Nb
and U to distinguish between seawater alteration and mobility during high-pressure
metamorphic fluid/rock interaction. Enrichment of K and Rb is a distinct feature of seawater
alteration in oceanic basalts (Becker et al., 2000; Staudigel, 2003), whereas Ba is usually not
enriched during this process (Bebout, 2007). On the K/Th vs. Ba/Th and Ba/Rb vs. K
diagrams (Fig. 9A,B), the FTS 9-1 sequence follows the trends typical for HP/UHP
metasomatism and is clearly distinct from seafloor alteration trends. The direction of the
trends with increasing degree of blueschist-facies overprint for the FTS 9-1 rocks is similar to

the trends from eclogite towards blueschist in the FTS 4 pillow metabasalts. Importantly,



there is a systematic increase in the degree of metasomatic alteration seen in the diagrams
with increasing degree of blueschist-facies overprint based on the petrographic observations.
It is therefore highly unlikely that the characteristic enrichments of Rb, K and Ba in the
blueschist domains of the FTS 9-1 sequence are inherited from seafloor alteration. Instead, the
elemental changes with increasing metasomatic overprint for both the FTS 9-1 sequence and
the pillow metabasalts are attributed to a HP metasomatic event. Any previous effects of
seafloor alteration on the trace element systematics, which may have been present, have been

obliterated.

5.2. Characterization of the elemental changes related to metasomatism

Before the metasomatic changes of the blueschist overprint in the FTS 9-1 sequence
are discussed in detail, the metasomatic effects in the pillow metabasalts are briefly
summarized from van der Straaten et al. (2008). The metasomatic overprint of eclogite pillow
metabasalts under blueschist-facies conditions caused an overall volume and mass loss
characterized by the loss of Ca, P, Sr, Pb, U, REE and Y due to dissolution and breakdown of
apatite, clinozoisite (major reservoir of LREE) and garnet (major reservoir of HREE). In
addition, Na, Li and V were lost due to omphacite breakdown during retrogression. Gain of
transition metals (Co, Ni, Cu, Zn), Mg, H,O and CO; in the blueschist domains is related to
the incorporation of these elements into newly formed glaucophane and ankerite. Formation
of blueschist-facies phengite facilitated bulk addition of LILE and H,O.

In the FTS 9-1 sequence, there is a correlated, successive enrichment of Ba and K
from eclogite via mixed eclogite/blueschist domains towards the blueschist (Fig. 9C). LILE
are generally assumed to partition into the fluid phase during dehydration processes and
reactive fluid flow within AOC and sediments (Kessel et al., 2005; John et al., 2008), in
particular if LILE-bearing minerals such as phengite break down and do not recrystallize.
Similar enrichments of these fluid-mobile elements were reported from eclogites and
blueschists from California (Horodyskyj et al., 2009; Catlos and Sorensen, 2003; Giaramita
and Sorensen, 1994). The gain of LILE may be ascribed to a fluid derived from sediments or
by reaction with sediments (Horodyskyj et al., 2009; van der Straaten et al., 2008), but intense
leaching of AOC may cause similar enrichments in the passing fluids. The FTS 9-1 eclogite-
blueschist transition sequence also shows a correlated and systematic gain in the transition
metals Co and Ni (Fig. 9D). This enrichment trend points towards the compositions of
depleted mantle and orogenic serpentinites. In ultramafic mantle rocks, both Co and Ni are

highly enriched relative to mantle-derived basalts because of their compatibility in olivine.



Similar enrichments were observed in retrograde eclogites, which were interpreted to have
interacted with serpentinites during exhumation in a subduction channel (e.g., Horodyskyj et
al., 2009; van der Straaten et al., 2008).

Evaluating the behavior of the various elements in relation to the mineral phases
present provides insight into why certain elements are gained/lost during blueschist-facies
overprint in the FTS 9-1 sequence. The addition of LILE can be associated with the formation
of paragonite, as white mica is a major host of LILE (e.g., Zack et al., 2001). The gain of CO,
and P is accommodated by the formation of calcite and apatite, respectively, which both can
incorporate Pb and Sr as well (Gao et al., 2007; Spandler et al. 2003). Blueschist-facies
glaucophane is able to accommodate Co and Ni (van der Straaten et al., 2008). The loss of
MREE and HREE can be attributed to the breakdown of omphacite and garnet. Since apatite
is lacking from the FTS 9-1 eclogite, there is no loss of Sr, Pb and P related to apatite
breakdown, opposite to what is observed in the pillow metabasalts.

To evaluate the geochemical changes with increasing blueschist overprint in the FTS
9-1 sequence more thoroughly, trace element concentrations are normalized to the
composition of eclogite sample FTS 9-1.5A, which represents the least affected rock (Fig.
10A). The systematic increase in LILE and the systematic decrease in Th, U and LREE with
increasing metasomatic overprint suggest that the samples analyzed show a real trend related
to the metasomatic process as opposed to randomly showing variable elemental enrichments
and depletions related to the modal composition. HFSE cluster around a ratio of 1, consistent
with relative immobile behavior. Trace element ratios, such as Ba/Th, U/Th and Pb/Ce (Fig.
10B), which are commonly used as tracer for slab fluids in volcanic as well as metasomatized
mantle wedge and subducted oceanic crustal rocks (Elliott, 2003; Halama et al., 2009; John et
al. 2004; Kessel et al., 2005) show increasing values towards the most overprinted rocks,
demonstrating that the relative mobility of these elements is similar to that in subduction-
related volcanic systems. The most completely overprinted blueschist (FTS 9-1.1) and
eclogite FTS 9-1.5A were then compared in an isocon plot (Fig. 10C) following the procedure
of Grant (2005) for a quantitative assessment of elemental changes. Gains and losses of
individual elements during the metasomatism were calculated by assuming a reference frame
of immobile elements that are neither added nor lost. Following Grant (2005), the isocon is
based on the slope C;*/C;® (Ci* and C;° are the concentrations of species “i" in the altered and
in the original rock, respectively), so that scaling is irrelevant to the slope and can simply be
used to improve visualization. In Fig. 10C, the data are first sorted on C;° into two groups,

oxides and trace elements, and then scaled to even values in decreasing concentrations, except



for H,O and K,O that are scaled to low values because of the drastic changes (see
supplementary data). As immobile species, TiO,, P,Os, Zr, Hf, Nb and Ta were chosen. These
elements fulfill two important criteria that justify their choice as immobile species. First, the
individual slopes in the isocon diagram to the respective data points of these elements cluster
near 1. Slopes near 1 are expected for immobile elements if the overall mass change of the
system were small. Second, these elements are known to usually behave in an immobile
manner in many different environments. Taken together, the average slope for these 6
elements is 1.0149, indicating a very small mass loss of the total system causing a small
passive enrichment of the immobile species. Compared to the eclogite, the blueschist domain
of the FTS 9-1 sequence has gained volatiles (CO,, H,0), LILE (Cs, Ba, Rb, K), Sr, Pb, Mg
and some transition metals (Ni, Co, Zn), whereas REE, in particular LREE, Ca, U, Th and
other transition metals (V, Sc, Cu) were lost (Fig. 10C). The highest elemental gains are
observed for K, Rb and Ba (~250% relative to FTS 9-1.5A) and the volatiles. Cobalt and Ni
show relative gains of ~50%. The most significant mass loss of up to ~90% is observed for
the LREE.

Besides the gain in Ni and Co, contemporaneous gain of Mg and loss of Ca and REE
also point to a metasomatic fluid that equilibrated with a rock of peridotitic composition prior
to infiltration. As for the FTS 4 pillow metabasalts, which show similar enrichment-depletion
trends (van der Straaten et al., 2008), the infiltrating fluid likely interacted with mantle wedge
peridotite or the subducted peridotite of the slab. For the enrichment in LILE, however, it is
not possible to distinguish between interaction of the fluid with sediments or leaching from
AOC. The gain of CO; and the formation of calcite in the FTS 9-1 blueschists can be related
to CO, derived from subducted carbonate-rich sediments or from carbonates precipitated by
hydrothermal activity in AOC or serpentinized slab mantle (Schroeder et al., 2002; Da Costa
et al., 2008; Eickmann et al., 2009). Carbonates are usually quite stable at HP conditions in
subduction zones (Molina and Poli, 2000), but during open-system fluid flow, CO, stored in
secondary carbonates in metamorphosed mafic oceanic rocks can be released during prograde
metamorphism. For instance, the transformation of carbonate-bearing blueschists into
prograde eclogites (in the Tian Shan as well) due to high fluid fluxes at open-system
conditions caused the release of up to 95% CO, (John et al., 2008). More information on the
source of CO, may be gained from C-O isotope data.

5.3. Stable isotope constraints on nature and role of fluids



Stable isotope studies in metamorphic rocks can provide information about rock
protoliths, if a primary signal is preserved, and about processes affecting the rock during its
metamorphic history. For metamorphosed carbonates, the processes of Rayleigh
devolatilization and infiltration of external fluids were recognized using C- and O-isotopic
systematics (Nabelek et al., 1984; Bebout and Carlson, 1986). However, the identification of
fluid sources is complicated because of the large variations in C-O isotopic compositions for
disseminated and vein carbonate from metamorphic rocks (Fig. 5A). In case of the Tian Shan
samples investigated here, carbonates were added during the blueschist-facies overprint and
are related to a fluid infiltration event. An origin as residual carbonate, as proposed for
carbonates in eclogites from Norway (Agrinier et al., 1985), is therefore unlikely. A
significant contribution of mantle C can be excluded based on the distinct 8*3C values and the
relatively low C contents in the mantle. Ankerite from FTS 4 samples with 8*3C of about -2%o
has a sedimentary inorganic carbon signature because of the overlap in §°C with unaltered
marine limestones (8*3C = -2 to +4; Sharp, 2007). Carbonates from ophiolites, ranging from -
4 to +3%o in 8*3C, were also interpreted to reflect a marine C isotope signal, either by
derivation from calcareous metasediments (Cartwright and Barnicoat, 1999) or inherited from
early seafloor alteration (Miller et al., 2001). The &C signature of the carbonates that
represent the C source of the fluid may have been slightly modified by metamorphism,
because devolatilization produces a moderate decrease in §°C and a significant decrease in
8*80 in the residue due to the release of high-5'®0 CO, by decarbonation reactions (Agrinier
et al., 1985). Hence, an ultimately marine sedimentary source for C in the vein-forming fluid
that formed the apatite-ankerite vein and the associated disseminated ankerite in the pillow
metabasalts is indicated. For the origin of the low &*3C values of calcite in the FTS 9-1
blueschists (8°C = -9.1+0.2%), two scenarios will be evaluated: 1) Mobilization of C from
previously devolatilized sedimentary inorganic carbonate with an initial §*3C of 0%, and 2) a
contribution of organic carbon. In the first case, >90% of devolatilization is required to reduce
8C from an original value of 0%o to values < -9%o if a temperature of 600°C and an
accordant CO,-calcite fractionation factor o = 1.00372 (Scheele and Hoefs, 1992) are
assumed. This scenario appears unlikely because it is difficult to explain why the first 90% of
devolatilized CO,, constituting the bulk of available C, should not have precipitated in the
blueschist as carbonate with 8*3C values between -9 and 0%o. Hence, a contribution of CO; to
the metamorphic fluid from oxidation of organic C is considered more likely. Organic C has

been detected in eclogites, where §'*C values as low as -26%o were interpreted to reflect the



isotopic composition of C in the eclogite precursors (Zheng et al., 2000). Relatively light §°C
values (-13 to -6%o) of calcite veins in the Catalina Schist, similar to those of the FTS 9-1
calcite, were also interpreted to have formed from fluids that equilibrated with carbonaceous
matter of organic origin (Bebout and Barton, 1993). For FTS 9-1 calcite, the origin of C is
therefore attributed to a mixture of organic C and inorganic marine sedimentary/hydrothermal
C, mobilized during subduction and later reprecipitated during the blueschist-facies overprint.
Based on mobilization and transport of C in subduction zones (Beinlich et al., 2010; Gao et
al., 2007; John et al., 2008;), its subsequent sequestration in HP metamorphic rocks as seen in
this study demonstrates that subducted C may not entirely be transported into the deep mantle
beyond subarc regions, but can be transported back towards the Earth’s surface in the
subduction channel.

Based on the O isotopic compositions of constituent minerals, whole rock §'%0 values
of the Tian Shan eclogites and blueschists can be estimated to range between 8 and 10%eo.
These &0 values are significantly higher than those of mantle-derived basaltic rocks (5.2-
6.3%o; Eiler et al., 1997; Eiler et al., 2000). This observation cannot be explained by
dehydration, because common dehydration reactions lead to decreasing 820 values in the
residual rock. Moreover, the fraction of O remaining in the rock is relatively large (> 0.9), so
such reactions cannot change 'O values by more than a few per mil (Sharp, 2007).
Therefore, elevated §'®0 values may be related to inherited effects of low-temperature
seawater alteration from the precursor rock, or to the metasomatic fluid itself (Putlitz et al.,
2000; Halama et al., 2011). Both possibilities will be discussed in turn.

It is well established that seawater alteration of basaltic rocks on the ocean floor
increases the 80 values at low temperatures (<150°C) (Gregory and Taylor, 1981). At
greater depth and higher temperatures (100-400°C), §*%0 values decrease to values lower than
that of the typical mantle composition (Mihlenbachs and Clayton, 1976; Gregory and Taylor
1981). Due to higher whole rock &0 values (11-14%o) in HP rocks compared to fresh
MORB, an oxygen isotope signature indicative of seawater alteration was proposed for
several occurrences of subduction-related metamorphic rocks (Miller et al., 1988; Putlitz et
al., 2000; Halama et al., 2011). In the Tian Shan samples, there are two features that point
towards a pre-subduction seafloor alteration. First, preserved inter-mineral O isotope
disequilibria in samples containing eclogite remnants suggest incomplete equilibration with
metasomatic fluids (Fig. 6B, D), but none of the minerals analyzed has §'%0 values within the
range for fresh oceanic basalts. Instead, they fall into the range observed for low-T AOC.

Second, garnet in transitional eclogite-blueschist samples FTS 4-2.4 and FTS 4-3.5 is higher



in '80 than garnet from the most overprinted and well-equilibrated blueschist sample FTS 4-
1.1, suggesting that these samples had even higher §'®0 inherited from seafloor alteration
before the retrograde metasomatic overprint.

Elevated §'®0 values can also result from fluid-rock interaction during burial and
metamorphism (Chamberlain and Conrad, 1991). The O isotope composition of the fluid that
equilibrated with blueschist sample FTS 4-1.1 can be estimated using known fractionation
factors between minerals and water for 600°C (Zheng, 1993a,b). The four minerals analyzed
yield very homogenous 5'80fuig values with an average of ~11.2%o. If the same calculation is
performed for those minerals that yield a well-defined O isotope temperature in sample FTS
9-1 (garnet, glaucophane and paragonite), a 8**Ofyig value of ~10.2%o is obtained. Regarding
the inventory of subducted material that may have acted as a potential fluid source, oceanic
sediments are isotopically heavier (80 = +11.5 to +28.5%0; Savin and Epstein, 1970),
whereas serpentinized peridotites are lighter (50 = +1.2 to +8.1%o; Cartwright and
Barnicoat, 1999; Frueh-Green et al., 2001; Miller et al., 2001). The best overlap between
potential subducted material and calculated fluid compositions occurs for pillow lavas and
metabasalts as observed in ophiolites from the Alps and Corsica (5'%0 = +4.4 to +15.6%o;
Cartwright and Barnicoat, 1999; Miller et al., 2001). Clearly, the devolatilization of subducted
oceanic crust and mantle can yield a wide range in O isotopic compositions of the released
fluids. The Tian Shan O isotope data suggest that on the one hand, the HP rocks have
inherited a seafoor alteration signal, preserved in the eclogites. On the other hand, the
blueschist-facies rocks indicate that fluids derived from dehydrating high-pressure equivalents
of AOC played a major role in the retrograde overprint of the investigated samples, although
small contributions from ultramafic or sedimentary sources cannot be excluded. This
interpretation is supported by increasing Ba/Th ratios with increasing metasomatic overprint
(Fig. 10B) because elevated Ba/Th ratios can be attributed to a fluid component from mafic
AOC (Elliott, 2003).

5.4. Constraints from Sr-Nd isotopes on seafloor alteration and the source of

the metasomatizing fluid

Combined Sr and Nd isotope ratios are a sensitive indicator of seawater alteration in
oceanic basalts and peridotites because Sr isotopic ratios are increased, whereas Nd isotopes
are not significantly affected (McCulloch et al., 1980; Staudigel et al., 1995; Hoernle, 1998;

Staudigel, 2003). For the eclogites and blueschists from the Tian Shan, eNd values are



consistent with the interpretations of precursors based on trace element signatures. The
positive eéNd values of the FTS 9-1 sequence and of eclogite sample FTS 1-26 overlap with
depleted mantle values and are consistent with back-arc basin basalt and N-MORB,
respectively, as precursor. Moderately positive eNd values agree well with the OIB trace
element signature of the FTS 4 pillow metabasalts. In contrast, Sr isotopic ratios are displaced
from the mantle array and shifted to high (> 0.706) values (Fig. 8). This shift may be
explained by an unusual precursor composition, by alteration on the ocean floor or by influx
of a metasomatic fluid. These three possibilities will be discussed in turn.

To test whether the Tian Shan eclogites just reflect an unusual precursor Sr-Nd isotope
composition, they are compared to OIBs that are characterized by radiogenic Sr isotope
signatures (Fig. 8). FTS 9-1 samples and eclogite FTS 1-26 have €Nd values that are several
e-units higher than basaltic lavas from Samoa, which are interpreted to contain a recycled
crustal component (Jackson et al., 2007). Since these Tian Shan samples plot far away from
any unaltered oceanic basalt composition, they cannot purely reflect the composition of their
magmatic precursor rocks. The eNd values of the FTS 4 pillow metabasalts and blueschist
FTS 5-6 are similar to OIB from the Kerguelen, but the data are displaced towards higher
87Sr/%8Sr ratios in the Sr-Nd isotope diagram, suggesting a trend similar to alteration of
oceanic crust. Although these Tian Shan samples overlap with Samoan OIB, several trace
element features that are typical for the Samoan basalts, such as negative Ti, Eu, Sr and Nb-
Ta anomalies and positive Zr-Hf anomalies, are absent or only of minor significance. In
summary, it can be concluded that the Tian Shan samples do not solely reflect their protolith
composition, but have been affected by varying degrees of seafloor alteration and/or
metasomatic overprint.

The well-defined Rb-Sr isochron age of 320+11 Ma with an initial Sr isotope ratio of
0.70635+0.00014 for the FTS 4 blueschist-facies pillow metabasalts (Fig. 7A) suggests that
Sr isotopes have re-equilibrated during the blueschist-facies overprint, in agreement with the
geochemical evidence for HP/UHP metasomatism. Similar ages and initial ratios obtained
from the eclogitic parts of the metabasalts only (Fig. 7B) also suggest Sr isotope
homogenization. Homogenization of Sr isotopes by HP fluid-rock interaction was previously
recognized for eclogite- and amphibolite facies fluid infiltration events and used to date HP
fluid-rock interaction (Glodny et al., 2003, 2008). The existence of the FTS 4 isochron
strongly points to a metasomatic fluid infiltration event that caused resetting of the isotopic
system in the Tian Shan pillow metabasalts because of two reasons: First, from seawater

alteration alone a wide range of initial Sr isotope compositions would be expected, as



observed for seawater-altered eclogites (e.g., Miller et al., 1988; Halama et al., 2011). Second,
it is highly unlikely that if seawater alteration had homogenized Sr isotopes, the resulting
isochron age would be similar to the time of HP metamorphism. Instead, the age of ~320 Ma,
which is in good agreement with the age of the high-pressure metamorphism of ~315 Ma
(Klemd et al., 2011), overlaps within error the age range for a blueschist-facies, post-peak
metamorphic stage during exhumation (323-303 Ma), which was determined using K-Ar,
OAr-*Ar and Rb-Sr white mica chronology (Klemd et al., 2005). Sr isotopic ratios of the FTS
9-1 sequence, corrected to 320 Ma, cluster tightly (¢’Sr/®*Sr ~ 0.7071), indicating isotopic
equilibration. Maximum ®Sr/®®Sr values of the precursor seawater-altered crust and of a fluid
derived from altered oceanic lithosphere can be estimated from the Sr isotopic composition of
seawater during Ordovician to Carboniferous times (0.7075-0.709; Veizer, 1989), i.e. during
the time the protoliths formed and subduction started. All FTS 9-1 metabasalts have initial Sr
isotope ratios that are lower than these values and hence consistent with both, seawater
alteration and infiltration of fluid derived from dehydrating seawater-altered oceanic
lithosphere (SAOL). The term SAOL is used here to combine altered crust and
altered/serpentinized mantle and to simultaneously separate the sediments from the
lithospheric portion of the slab.

Fluid-rock interaction in Sr-Nd isotope space is modeled based on the assumption that
the metabasalts reflect the Nd isotope composition of their precursor (Fig. 11). Model
parameters are listed in Table 4. Mixing of FTS 4 precursor basalt with two end-member
sediment-derived fluids shows a rapid change in the infiltrated rocks to lower eNd values. A
significant sedimentary input to the metasomatic fluid that equilibrated with the pillow
metabasalts is therefore not permitted. In contrast, the mixing trend with fluid derived from
SAOL goes right through the FTS 4 data points. The choice of the SAOL end-member
composition is based on the observation that intensely altered peridotites reflect the Sr-Nd
characteristics of seawater (Snow and Reisberg, 1995). A distinction between altered
peridotites and altered basalts as the dominant fluid source is not possible on the basis of Sr-
Nd data. Due to the low Nd contents and the relative preference of Nd for the rock (Table 4),
fluids derived from SAOL will always have little effect on e¢Nd values of the basalt,
independent of whether the SAOL source has completely inherited the seawater Sr-Nd
signature (as modeled) or not. Slab fluids, assumed to consist of 80% SAOL-derived fluid and
20% sediment-derived fluid, largely inherit the Nd isotope signature of the sediment. Even if
a positive eNd value is assumed for the SAOL-fluid, the slab fluid’s eNd will not deviate

significantly from the sediment value. For the proportions of sediment and SAOL in the slab



fluid, even a change of 10 &Nd units for the SAOL-fluid would not change ¢Nd of the slab
fluid by more than 1 ¢Nd unit. This allows an estimate of how much sediment-derived fluid
was incorporated into the slab fluid that caused the retrograde overprint in the pillow
metabasalts. One can conclude that the sediment fluid addition was less than 20%, and that
the metasomatic fluid was predominantly derived from altered oceanic lithosphere, supported
by alteration trends seen in oceanic crust and oceanic peridotites (Figs. 8 and 11). A
simplification of the model is that it does not consider loss of Nd during HP metamorphism,
which occurs in both, the FTS 9-1 sequence and the FTS 4 pillow metabasalts. However,
since Nd loss would only increase the susceptibility of the eclogite e€Nd values to
modification, one can conclude that sediment-derived fluid addition to the mixed fluid was
likely significantly less than 20%. Thus modeling strongly suggests that overprinting of the
FTS 9-1 sequence was also largely derived from seawater-altered oceanic lithosphere with

little influence from sedimentary fluid sources.

6. SUMMARY AND CONCLUSIONS

Oceanic basalts from the Tian Shan HP/LT metamorphic belt show laterally (dm to m
scale) a retrograde, blueschist-facies overprint of pre-existing eclogite-facies rocks. Two
eclogite-blueschist transitions, which were investigated in detail, show elemental enrichment
trends that are typical for HP/UHP metasomatism with increasing degree of blueschist-facies
overprint. In both sequences, loss of Ca, V, U and REE and enrichment of LILE, volatiles,
Mg and some transition metals, such as Co and Ni, are observed in the blueschist-facies parts
relative to the preserved eclogitic parts. The coupled enrichments of Co and Ni point to fluid
interaction with ultramafic mantle rocks, consistent with the assumed exhumation in a
subduction channel. Addition of LILE suggests a sedimentary contribution, although leaching
of altered oceanic crust and mantle rocks may have similar effects. C-O-Sr-Nd isotopic data,
which were obtained to constrain protolith composition and to distinguish between the effects
of seafloor alteration and HP metasomatism, result in the following conclusions:

1. Carbon isotopes in carbonates formed in the blueschist-facies parts indicate a
contribution of organic C for the FTS 9-1 sequence and show an inorganic
sedimentary/hydrothermal carbonate signature for the pillow metabasalts. The latter overlap
in their C-O isotope signature with ophiolites and various metabasalts, suggesting that C was

probably stored in altered oceanic crust because marine carbonates typically have higher §**0



values. The contribution of organic C shows that an integrative signal of mixed organic and
inorganic C sources can be precipitated in carbonates during HP metasomatism. This
indicates that CO, can be mobilized during subduction and that it can remain sequestered in
the subduction zone without being transported deeper into the mantle or expelled in the
volcanic arc.

2. Oxygen isotope compositions of silicate minerals are heavier than typical mantle
values, and the overlap with low-T altered oceanic crust suggests inheritance of a seawater
alteration signal. Oxygen isotopic equilibrium from eclogite-facies conditions is only partly
preserved (omphacite-phengite in FTS 9-1). During the blueschist-facies overprint,
equilibrium has been attained between glaucophane, white mica (FTS 9-1: paragonite; pillow
metabasalts: phengite), garnet and carbonates, yielding equilibration temperatures of 580-630
°C. Estimates of 8%0 for the metasomatic fluids that equilibrated at blueschist-facies
conditions range from +10.2%o to +11.2%., for which the best overlap with possible source
rocks exists for pillow lavas and metabasalts from ophiolites, further pointing to the influence
of altered oceanic crust in the generation of the fluids.

3. A Rb-Sr isochron for the FTS 4 pillow metabasalts yields an age of 32011 Ma,
consistent with previous determinations for the age of metamorphism. This indicates full
isotopic equilibration during the blueschist-facies metasomatic event. Modeling alteration of a
hypothetical basaltic protolith, originally plotting on the mantle array, with various potential
fluids indicates that the fluid that metasomatized the pillow metabasalts is largely derived
from seawater-altered oceanic lithosphere with a sedimentary contribution of less than 20%.

In summary, the metasomatized rocks provide evidence for reactive fluid flow through
the oceanic slab during exhumation at the slab-wedge interface (Fig. 12). The metamorphic
fluids infiltrating the eclogites were predominantly derived from mafic and ultramafic rocks
of the seawater-altered oceanic lithosphere with smaller contributions from metasediments.
Thus, the fluid interacted with various lithologies that all contributed to the observed
elemental and isotopic changes (Fig. 12). Individual isotope systems often yield equivocal
results for the potential fluid source. The combination of several isotopic systems, coupled
with a good characterization of the rocks in terms of major and trace element geochemistry, is
required to disentangle the effects of protolith heterogeneity and various fluid source
components. This integrated approach allows the complexity of fluid flow and associated
metasomatic changes in subduction zones to be fully appreciated.
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Figure captions

Fig. 1: Simplified geological and metamorphic map of the Chinese South Tian Shan modified

after Gao et al. (1999). Stars indicate sample areas.

Fig. 2: Field photographs and sketches of blueschist-facies overprinted eclogites from the
Chinese South Tian Shan. A) Eclogite and blueschist sample sequence FTS 9-1 in the
Akanzayi River valley (left) and schematic illustration of drill holes (right). Note the whitish
quartz vein at the contact of eclogite to meta-acidite. B) Pillow metabasalts in the Atantayi
River valley (left) and schematic drawing of the eclogite and two distinct blueschist shells

(right). Used samples are not displayed in Figure.

Fig. 3: Photomicrographs of eclogite and blueschist overprint of the FTS 9-1 sample
sequence. A) Eclogite-facies assemblage of garnet (Grt), omphacite (Omp), rutile (Rt) and Cr-
rich phengite (Phe). Beginning blueschist-facies overprint assemblage consists of amphibole
(Amph), paragonite (Pg) and titanite (Ttn). B) Advanced blueschist-facies overprint with
formation of paragonite, glaucophane (GlIn), calcite (Cal) and titanite at the expense of garnet,

omphacite and rutile.

Fig. 4: A) Chondrite-normalized (chondritic values from Boynton, 1984) REE diagram and
B) N-MORB-normalized (values from Sun & McDonough, 1989) trace element diagram
representative HP metamorphic rocks from the Tian Shan. Tholeiitic OIB (BHVO-1;
preferred values from the GeoReM website) and back-arc basalt (BAB; sample MLM-7 from
Vanuatu; Peate et al., 1997) are shown for comparison. Note the similarities of samples FTS
9-1.5A, FTS 1-26 and FTS 5-6 with BBB, N-MORB and tholeiitic OIB, respectively. C)
Th/Yb vs. Nb/YDb diagram to identify the tectonic setting of metabasalts after Pearce (2008).
N-MORB, E-MORB and alkalic OIB are from Sun & McDonough (1989), oceanic island arc
basalt (IAB) is from Kelemen et al. (2003) and other comparative compositions as above.
Note that the pillow metabasalts (data from van der Straaten et al., 2008) plot near the

composition of tholeiitic OIB.

Fig. 5: A) C-O isotope diagram for carbonates from Tian Shan (TS) HP metabasalts and other
subduction-related metamorphic rocks. The field for mantle carbon is from Des Marais and

Moore (1984) and Kyser et al. (1982). The average 8"*C of sedimentary inorganic carbon is



from Sharp (2007). Note that organic carbon typically has 8**C values from -40 to -20%o
(Sharp, 2007). Cc = calcite. Data sources: Norwegian (NOR) eclogites: Agrinier et al. (1985);
Catalina Schist (CS): Bebout (1995); Calcite veins, Franciscan: Sadofsky and Bebout (2004);
Alpine ophiolites: Cartwright and Barnicoat (1999); Corsican ophiolite: Miller et al. (2001);
Calcite from AOC: Alt et al. (1985). B) §*°0 values of mineral separates from the Tian Shan
rocks (filled black circles) compared to separated minerals from HP metabasalts from the
Cyclades (grey circles; Putlitz et al., 2000) and Ecuador (open circles; Halama et al., 2011).
Data for low-temperature AOC are from Gregory and Taylor (1981) and Cocker et al. (1982).
The composition of fresh MORB glass is from Eiler et al. (2000).

Fig. 6: Oxygen isotope thermometry for blueschist-facies (A, C) and mixed eclogite-
blueschist-facies (B, D) mineral assemblages of the Tianshan samples. Blueschist-facies
assemblages of samples FTS 9-1 (A) and FTS 4-1.1 (pillow metabasalt, C) yield average
temperatures of ~600 °C. No reasonable temperatures can be obtained for the mixed
assemblages of FTS 9-1 (B, including eclogite-facies phengite and omphacite) and FTS 4-2.4
and FTS 4-3.5 (D). Fractionation curves between mineral pairs were calculated based on the
mineral-water fractionation factors from Zheng (1993 a, b). In A and C, thick black lines
represent the average temperature of the three carbonate-silicate equilibria and the white
mica-garnet and glaucophane-garnet equilibria. The temperature of the white mica —
glaucophane pairs was not considered in the calculation of the average because of the very
small equilibrium fractionation at these temperatures, which translates into a significant error
(>100 °C) of the calculated temperature due to the analytical uncertainty (= 0.2%o). The width
of the rectangles in A and C reflects the uncertainty in the fractionation. Thin grey lines show
+ 1 standard deviation of the average temperature. For B and D, the labels in italics denote the
mineral pairs analyzed. Grey symbols indicate mineral pairs that are too far from equilibrium
to yield a meaningful temperature estimate. Note the different temperature scales in B and D

compared to A and C.

Fig. 7: Isochron diagrams of FTS samples. A) Rb-Sr-isochron diagram of blueschists from the
pillow metabasalts, yielding a well-defined isochron age of 320+11 Ma. B) Rb-Sr-isochron of
eclogites from the pillow metabasalts, yielding an errorchron with a slope corresponding to an
age of 308450 Ma. Both Rb-Sr-isochrons were calculated using errors of 5% for ®’Rb/%Sr
and 0.0025% on ®'Sr/%Sr. C) Sm-Nd isochron diagram of eclogites and blueschists from the
FTS 4 pillow metabasalts. The errorchron age of 330£120 Ma is consistent with the Rb-Sr



ages, indicating equilibration of the Sm-Nd system at the time of metamorphism. D) Sm-Nd
isochron diagram of blueschists and eclogites from the FTS 9-1 sequence. The data yield an
errorchron age of 600£140 Ma. For both Sm-Nd-isochrons, assumed errors are 1% on
17Sm/***Nd and 0.001% on **Nd/***Nd.

Fig. 8: Sr-Nd isotope diagram for Tian Shan samples. Initial isotopic ratios for all mélange
rocks and the FTS 4 samples (pillow metabasalts) were back calculated to 320 Ma. Note that
initial isotopic ratios for the FTS 9-1 blueschist-eclogite transition are shown for 320 and 600
Ma. Isotopic ratios of recent oceanic basalts were not back calculated, but doing so would
move the fields to the left and hence increase the isotopic differences to the Tianshan rocks.
The composition of the depleted mantle (DM) at 320 and 600 Ma was calculated assuming a
linear evolution for eNd (Goldstein et al., 1984) and using a present-day composition of
8"Rb/%sr = 0.046 and ®Sr/*®Sr = 0.7026 (Taylor and McLennan, 1985). The composition of
the Chondritic Uniform Reservoir (CHUR) was recalculated using (*'Sr/®°Sr)gse to0ay=0.7045
and (*’Rb/*°Sr)ase today=0.0827 (DePaolo, 1988). Sources of comparative data: Oceanic island
basalts (OIB), Kerguelen — Yang et al., 1998 and Xu et al., 2007; OIB, Samoa — Jackson et
al., 2007; AOC, Canary lIslands — Hoernle, 1998; Clinopyroxene and whole rocks data from
oceanic peridotites — Snow et al., 1994 and Snow and Reisberg, 1995. Uncertainties in the

isotopic values are smaller than the symbol size.

Fig. 9: A) and B) Trace element diagrams of Tian Shan HP rocks commonly used to
distinguish between HP/UHP metasomatic effects and seafloor alteration (after Bebout 2007).
C) Ba vs. K;O diagram illustrating the geochemical similarity of the blueschist-facies
overprint in the FTS 9-1 sequence to the enrichment of these elements in island arc rocks
compared to N-MORB. D) Enrichment of Ni and Co in overprinted FTS 9-1 rocks compared
to eclogitic precursors and typical orogenic serpentinites. Data for the FTS 4 samples are from
van der Straaten et al. (2008). N-MORB and OIB compositions are from Sun & McDonough
(1989). AOC 417/418 and AOC 801 are the super composites from Staudigel et al. (1996) and
Kelley et al. (2003), respectively. The composition of the Depleted MORB mantle (DMM) is
from Salters and Stracke (2004), serpentinite data are from Hattori and Guillot (2003). EC =
Eclogite, PAB = Phengite-ankerite blueschist, GBs = Glaucophane-dominated blueschist.

Fig. 10: A) Systematic enrichment and depletion of certain trace elements with increasing

blueschist-facies overprint in the FTS 9-1 sequence. B) Systematic increase of trace element



ratios used as slab fluid tracers with increasing metasomatic overprint in the FTS 9-1
sequence. C) Isocon diagram using eclogite FTS 9-1.5A as least overprinted precursor and
blueschist FTS 9-1.1. as most intensely overprinted rock. The slope of the isocon is based on
immobility of Ti, P, Zr, Hf, Nb and Ta. Elements are scaled following the approach of Grant
(2005), with the major element oxides on the right side, except for K;O, and generally
decreasing abundances from right to left.

Fig. 11: Model calculations for mixing of hypothetical precursor basalt with sediment-derived
fluid (SED; red lines), fluid derived from seawater-altered oceanic lithosphere (SAOL,; dashed
lines) and slab fluids. Slab fluids are assumed to consist of 80% SAOL fluid and 20%
SED1/SED2 fluid. The precursor compositions of the basaltic ocean crust are based on
compositions of the eclogitic parts for [Sr], [Nd] and €Nd. Initial Sr isotope compositions of
the precursor basalts were estimated by assigning values that plot on the mantle array at the
given eNd values. The two sediment end-members chosen for modeling are clay and chert
from the Kurile arc (SED1) and terrigenous sediments from the Southern Antilles trench
(SED2). The composition of seawater-altered oceanic lithosphere is taken from the estimated
composition of seawater (Veizer, 1989; Shaw and Wasserburg, 1985). See Table 4 for details
about the model parameters used in the calculations. Tick marks denote 10% steps. Data
sources: Global subducted sediment — Plank and Langmuir, 1998; East Indonesian sediment —

Vroon et al., 1995; Altered oceanic crust from the Samail ophiolite — McCulloch et al., 1980.

Fig. 12: Sketch illustrating the complexity of chemical and isotopic variations in the various
lithologies present in the subduction channel at the slab-wedge interface and summarizing the
contributions to the fluid-induced metasomatic overprint in the FTS 9-1 sequence (based on
Bebout, 2007; Bebout and Barton, 1989; Breeding et al., 2004).



Table 1: Major and frace element data of Tian Shan metamorphic rocks

Sample name FTSe11 FTS912 FTS91.38 FTS913A FTS914 FISS-158 FISe154 FIS9-16 FIS9-18 FIS9-18 FIS9111 FTSS112 FTS 1-26 FTS 215 FTSS-6  FTSESB
Rock type Blueschist  Blueschist EC/BS EC/BS EC/BS EC/BS Eclogite Eclogite Vein Meta-Acidite Meta-Acidite Meta-Acidite Eclogite Grtmica-schist  Blueschist Fuchsite schist
Trace element analysis cAY caU cAu caU cau cAY cau ACME ACME ACME CME ACME
Major elements (wWt.%)

510, 4723 39.43 3643 4203 4117 4365 4975 55.14 87.97 67.29 64.02 88.70 4956 67.97 46.58 5126
Tioz 0565 075 044 0.58 068 059 064 023 013 0.52 050 042 135 059 202 07s
= 1326 1277 9.48 1215 1260 1.93 1252 10.66 538 13.03 15.01 12.94 1233 1232 1245 19.33
Fe0; 823 1084 927 8.65 681 2.30 794 733 23 6.65 734 845 1216 824 1148 1253
MnO 011 035 023 017 022 024 020 0.14 0.06 0.08 007 0.16 02 012 013 023
MgO 1029 1030 1228 1123 969 927 759 6.8 059 291 349 245 617 283 812 256
ca0 656 986 11.90 867 1142 "2 1228 11.80 115 485 310 40 1272 243 733 467
Naz0 556 410 4186 488 478 509 594 6.05 103 333 404 278 472 336 421 1.08
Ka0 028 031 0.16 024 015 0.10 0.08 0.02 0.07 014 106 0.15 0.05 031 026 3686
P05 001 001 001 0.05 001 0.01 0.01 0.05 011 0.03 0.01 0.15 0.02 018 027 047
€Oz 734 178 na 11.48 1084 880 337 178 na na na na na na na na
Hy0 =LOI-CO; 168 047 na 134 0.50 034 010 006 na. na. na na. na na na na
Lol 9.02 1223 1781 12.82 1144 914 347 184 087 139 107 049 020 082 821 415
Total 101.29 100.88 101.97 101.47 100.67 101.02 100.42 100.14 99.70 100.32 99.70 100.70 99.08 100.07 100.06 100.41
Trace elements {ppm)

L 423 30.2 320 1237 85 336 377 53.0 na na. na na. na na na na
Se 257 835 197 200 4238 228 386 19.8 na na na na na na na na
v 178 173 162 173 205 176 205 140 1% 100 na na. 399 97 191 293
cr 1120 1206 763 1080 1147 993 1188 192 nd. 6 nd. nd. 130 nd 185 750
Co 492 0.9 556 56.6 484 471 324 311 29 9.1 na na. 306 129 403 362
Ni 389 396 361 420 404 349 231 194 49 17 na na 285 25 373 151
cu 195 66.6 844 674 63.1 63.9 449 60.2 4 64 na na. 49.9 a7 25 438
zn 100 751 78.8 853 621 840 516 522 4 8 na na. 13 23 29 50
ca 154 123 101 13.0 133 133 159 150 43 127 na na 165 138 186 180
Rb 570 625 309 481 231 167 165 054 04 09 na na 1 36 52 745
sr 301 412 496 448 412 316 159 845 129 278 na na. 334 1975 233 135
Y 132 386 154 138 22 6.0 184 222 75 215 na na 362 181 232 24
zr 267 286 162 27 %7 235 262 4.1 239 894 na na 813 859 189 273
Nb 080 062 030 0.4s 0438 059 07s 0861 o6 27 na na. 21 27 209 15
Mo 0.14 013 0.12 0.12 013 014 015 037 nd. nd. na na. 02 nd 0.8 nd.
Sn 040 039 028 0.32 047 055 081 078 nd 2 na na nd nd 2 1
Sb 0.08 004 0.04 0.06 0.04 0.04 0.05 0.08 nd nd na na a1 nd nd nd.
Cs 02s 030 029 038 018 017 014 0.19 nd. nd. na na. nd o1 0.6 27
Ba 102 120 857 928 497 341 305 7.39 18 34 na na 18 131 6 854
La 020 0s8 028 0.41 172 286 214 1.08 30 47 na na 23 60 19 22
ce 054 186 053 128 447 728 564 275 74 122 na na 74 156 442 38
Pr 0.12 036 0.18 0.24 078 119 032 044 112 18 na na 135 213 545 062
Nd 071 214 082 145 437 815 473 223 53 87 na na 7.0 98 24 31
Sm 0.32 093 050 064 173 207 157 067 145 2385 na na 274 238 525 142
Eu 047 043 033 031 077 055 072 028 06 082 na na 101 059 163 045
] 078 197 152 131 264 274 233 067 167 266 na na 459 268 5.18 24
b 024 059 0.40 0.33 054 0.46 044 0.08 024 0.48 na na 052 048 081 054
Dy 208 5.40 272 239 379 279 3.00 0.40 129 326 na na 587 313 445 374
Ho 047 133 0.54 0.50 078 055 063 0.08 026 074 na na. 129 069 0.86 087
Er 130 387 138 132 200 144 168 023 077 235 na na 382 213 231 259
™ 0.8 083 0.49 019 027 0.20 024 0.03 0.11 0.36 na na 059 034 031 04
Yo 1.18 426 119 1.20 1.60 123 146 025 074 248 na na. 388 227 1.98 254
Lu 017 084 0.18 0.18 022 0.17 020 0.04 o1 041 na na. 057 036 028 038
HF 088 085 054 075 087 077 0.7 0.47 07 24 na na 27 27 42 08
Ta 003 003 001 0.02 0.02 0.02 0.03 0.03 nd. 02 na na. 01 02 13 nd.
w 037 046 038 0.46 040 027 038 042 nd. 0§ na na. nd 05 nd 11
Pb 316 385 433 443 368 264 152 091 07 11 na na. 07 13 23 59
Th 003 005 0.02 0.04 008 015 0.12 0.08 0s 11 na na a3 19 24 03
u 003 005 0.02 0.04 007 008 0.06 0.06 02 06 na na. 02 04 0.6 02

“analyzed by XRF
n.d. = not detected; n.a. = not analyzed

CAU = University of Kiel, Germany; ACME = ACME laboratories, Canada



Table 2: Oxygen and carbon isotope data of separated minerals from the Tian Shan metamorphic rocks

Sample Rock type Mineral 00y smow (%) T°Cyppe (%) Reaction time (min)
FTS5 4-11 Blueschist Grt 8.20

Gin 872

Phe 10.25

Ank 1295 -1.66 18
FTS4-24 EC/BS transition Grt 8.66

Omp 963

Gin 5.08

Phe 1155
FTS 42-6A AN Ank (powdered) 1276 27 18
FTS5 4-25B ARV Ank (powdered) 1282 -2.19 18
FTS 4-25C AN Ank 1329 -2.00 26
FTS 4-25D ARV Ank 13.22 -1.96 34
FTS4-33 EC/BS transition Omp 912

Gin 10.25
FTS4-35 EC/BS transition Grt 8.71

Omp 968

Gin 961

Phe 10.54

Czo 913

Ank 13.13 -1.73 18
FTS 811 Blueschist Cal 11.75 -9.40 4
FTS 912 Blueschist Cal 11.44 -9.06 4
FTS 913 EC/BS transition Cal 11.78 913 4
FTS 914 EC/BS transition Cal 11.82 -8.96 4
FTS 915 EC/BS transition Grt 7.31

Omp 820

Gin 8.81

Phe 8.62

Pg 920

EC/BS = Eclogite/blueschist; AAV = Ankerite-apatite vein;
Mineral abbreviations: Grt = gamet, GIn = glaucophane, Phe = phengite, Ank = ankerite,
Omp = omphacite, Czo = clinozoisite, Cal = calcite, Pg = paragonite.



Table 3: Strontium and Nd isotope data of Tian Shan metamorphic rocks

(55 im

RS (TS 1 Sl wa (TS S rlesoma ST (BPM) N (M) (“UNA Nl

Sample Rock type _Preparation Rb (ppm) _Sr (ppm) 22 0 TS m N (N s Mo we (NG Hdiowue Mdoows  Tdy
FTS 4 pilow metabasalts
FTS4118s PaB solution sote 1377 0712888 0.000007 1485 0.70624 070042 261 1120 0512854 0000002 0.140 0512381 28 0512103 45 03
FTS415Ec Ecogie  solution 08 3882 0707226 0.000008 0242 070612 0f90B4 €85 2840  0S12882 0000003 0.145 0512357 28 0512081 a4 05
FTS4158s GBs solution 5721 4388 0723083 0000005 370 07053 070515 552 2350 0512847 0000003 0.141 0512351 24 0512089 a4 02
FTS424Ec Ecogie  solution 4642 2510 0708684  0.000005 0535 070621 059881 655 2730 0512854  0.000003 0144 0512351 24 0512108 a7 03
FTS4-24Bs PAB solution 6373 8317 0714895  0.000005 1.880 0.70633 0.70407 868 3830 0512642  0.000003 0.138 0512356 25 0512086 43 0.1
FTS 425 Kab AnY solution 00S6 7069 0706102 0000005 0.0002 0.70610 070610 143 370 0512823 0000008 0233 051233 21 0511908 08 3s
FTS4-31Ec Eclogite solution 2477 1835 0708084  0.000006 0.391 0.70630 070138 445 1868 0512653  0.000002 0.143 0512352 25 0512099 46 03
FTS4-31Bs PAB solution 5536 1258 0712275  0.000008 1274 0.70647 070474 368 15.50 0512661  0.000003 0.143 0512361 26 0512089 44 04
FTS4-33Ec Eclogite solution 723 4024 0706567  0.000005 0.052 0.70633 070282 524 2160 0512668  0.000002 0.145 0512362 27 0512081 42 06
FTS4-33Bs PAB solution 56.86 1804 0710629  0.000006 0912 0.70647 070612 447 16.90 0512665  0.000002 0.143 0512353 25 0512094 45 05
FTS4-35Ec Eclogite solution 497 2459 0708563  0.000005 0058 0.70630 0.70608 458 1870 0512663  0.000002 0.147 0512354 25 0512083 43 0s
FTS4-35Bs GBs solution 2583 1705 0708318  0.000005 0438 0.70632 0.70457 494 19.90 0512672  0.000003 0.143 0512359 26 0512084 43 o7
FTS 9-1 EC-BS transition
FTS 811 Blueschist solution 570 3007 0707315  0.000008 0055 0.70707 0.70885 032 o 0513297  0.000003 0272 0512728 98 0512229 71 128
FTS812 Blueschist powder 625 4119 0707307 0000002 0.044 070711 0.70653 093 214 0513331 0.000002 0.262 0512782 108 0512302 85 135
FTS8-13A EC/BS powder 481 4481 0707237  0.000003 0031 070710 070887 084 145 0513317 0.000002 0268 0512759 104 0512271 78 132
FTS8-14 EC/BS powder 231 4122 0707227 0.000003 0016 070715 070708 173 437 0513224 0.000002 0238 0512721 98 0512290 83 114
FTS 8-1.5A-p Eclogite powder 1865 1587 0707282  0.000003 0.030 070714 070702 157 473 0513046  0.000003 0.200 0.512627 78 0512259 7 80
FTS 8-1.5A-p_replicate Eclogite powder 1865 1587 0707289  0.000002 0.030 070715 070703 157 473 0513036  0.000003 0.200 0512617 76 0512249 75 78
A Eclogite solution 165 1587 0.707268  0.000006 0.030 070713 0.70701 157 473 0.513039  0.000003 0.200 0.512621 77 0.512254 76 78
FTS 8154 (average) Eciogite 185 1887 0707280 0.030 070714 070702 157 473 0513080 0200 0512621 77 0512254 75 78
FTS 816 Eclogite solution 0.64 8453 0707266  0.000006 0.022 070717 0.70708 06T 223 0.512980  0.000004 0.181 0.512601 73 0.512269 79 67
Other rocke
FTsats Vein powder 04 1291 0707180 0.000003 0.009 070714 070710 145 53 0512836 0.000002 0.185 0512501 54 0512188 s 41
FTS 819 Meta-acidite powder 09 276.3 0707230  0.000003 0.009 070718 070715 235 87 0.512838  0.000003 0.163 0.512498 53 0.512199 65 39
FTS 126 Eciogite powder 13 3340 0708317  0.000003 0113 070780 o707 274 7 0513084 0000003 0236 0512571 &7 0512138 s3 83
FTsss Blueschist  powder 36 1975 0706638  0.000003 003 0.70640 o7oe1s 238 86 0512516  0.000003 0.149 0512208 04 0511832 13 23
FTs2.15 Gri.mica-schist  powder 52 2325 0708%EE  0.000002 0085 0.70859 070843 525 24 0512735 0.000003 0132 0512480 48 0512218 e 19
FTS65B Fuchsite schist__powder 745 1354 0715755 0.000003 1593 0.70850 00212 112 31 051245 0.000008 0217 0.512489 51 0512080 a4 60
hengit dominated blueschist; AAV = Ankerite-apatite vein; EC/BS =

PAB =
Solution = sample solutions from

ist, GBS =
ICP-MS trace element me

leasurements; powder = newly dissolved whole-rock powders



Tahle 4: Model parameters used for mixing calculations

Component Srippm)  Nd{ppm)  "Sr/"Sr Nd
FTS 4 basalt 300 20 0.7040 25
FTS 9-1 hasalt 160 5 0.7025 a
Sediment 1 220 16.6 071297 -5.8
Sediment 2 139 4338 0.70986 -11.3
SAOL 120 6.5 0.7085 -G
DsaoL-Fua 0.19 51

SED fluid 1 398 522 0.71297 -5.8
SED fluid 2 2511 136 0.70986 -11.3
SAOL fluid 5206 013 0.7085 -G
Slab fluid 1 424 4 115 0.70858 -5.8
Slab fluid 2 466.7 283 0.70865 -11.1

SED 1 = Clay/chert from the Kurile arc {Plank and Langmuir, 19598)
SED 2 = Terrigenous sediment from the Southem Antilles arc (Plank and Langmuir, 1993)
SAOQL = Seawater-altered oceanic lithosphere (values for AQC from Singer et al., 2007)

SED-fluid partition coefficients from Johnson and Plank (1959)
SAOL-fluid partition coefficients from Brenan et al. (1585)

Calculated composition of released fluid assumes 5% fluid in equilibrium with SED/SACL
Composition of slab fluids assumes a 80:20 mixture of AQC fluid with SEDA/SED2 fluid
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Fig. 5

A B
OCc (FTS9), TS S Carbonate in eclogites, NOR @ & A W FTS samples, Tian Shan
@ Ankerite (FTS 4), TS O Cc in metabasalts, CS O 7> A\ O MORB-type eclogites, Ecuador
A CcinAOC < Metasedimentary cc, CS @ ® A Eclogites, Cyclades
5
B = Low-T altered oceanic crust
- ou’ _ .|
B é 2 <« Fresh MORB glass
- 0 N %2 Gamet @ @@
X2 B £ O O
A
- Calcite veins,
m L Franciscan
D o
a .5 Omphacite X 2 Qx
< B > DMWY 99
(@) L
o) L
o L o~ Y ‘@ Amphibole AMAA
10 A AAMMAA
- C_alcite
N veins, CS White mica AN IH B
PP A T PR PP TP P T Yo b G BHE
4 6 8 10 12 14 16 18 20 4 5 6 7 8 9 10 11 12 13 14

8"®0y._smow (%o)

3180y._smow (%o)



Fig. 6
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Highlights

* Eclogites from the Tian Shan show blueschist-facies metasomatic overprint

¢ Fluid-induced metasomatism occurred at 320+11 Ma

* Fluid predominantly derived from seawater-altered oceanic lithosphere

* Carbonates reflect C sequestration of mixture of organic and inorganic components



