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Abstract

The mafic high-pressure rocks of the Tianshan (NW China) display an interconnected network of eclogite-facies veins derived
by prograde blueschist dehydration. They provide insight into fluid–rock interaction and element load during long-distance fluid
flow occurring due to the major fluid release of subducting oceanic crust. This case study focuses on an eclogite-facies transport
vein, its blueschist host and the reaction zone (blueschist-alteration zone), which is located in the central part of the vein. The
blueschist mainly consists of glaucophane, micas, epidote, dolomite, and garnet while the vein consists of omphacite, quartz, and
apatite. Within the blueschist-alteration zone glaucophane, paragonite, and dolomite have been replaced by omphacite and garnet.
Rock textures indicate that the infiltration of external fluids produced the transport vein, most likely due to hydraulic embrittlement.
These fluids also triggered the eclogitization of the blueschist-alteration zone. The almost twice as high Li concentration of the vein
and the blueschist-alteration zone in comparison to the blueschist host supports the assumption of an external origin of the fluids.
The low in trace element vein-forming fluid caused a strong mobilization of all trace elements in those parts of the host the passing
fluid reacted with. 40–80% of the trace elements were scavenged which coincided with a loss of the large-ion-lithophile- and light-
rare-earth-elements (LILE and LREE), almost double the loss of the heavy-rare-earth and high-field-strength-elements (HREE and
HFSE). Around 75% of the total carbon was released as CO2 into the reactive fluid. The main difference between the blueschist
host and the blueschist-alteration zone is the replacement of glaucophane, dolomite, and titanite by omphacite, garnet, and minor
rutile respectively, whereas garnet, epidote, rutile, and phengite occur in both zones of the rock. Therefore, the fluid-flow regime
rather than the mineral assemblages and equilibrium partition coefficients controls the trace element mobility. The mobilized trace
elements coincide with those needed to create the slab signature of arc magmas.
© 2007 Elsevier B.V. All rights reserved.
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Fig. 1. Sketch illustrating channelized fluid flow in dehydrating high-
pressure rocks. Vein formation starts with dehydration veins that
develop into transport veins. Note that the fluid of the transport vein is
not in equilibrium with its immediate wall rock, even though it may
have been derived from the same rock unit (see text). The arrow size
indicates the scale of fluid fluxes.
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1. Introduction

Subduction zone-derived magmas are characterized
by distinct trace-element geochemical signatures such as
high fluid-mobile / fluid-immobile trace-element ratios
(Gill, 1981; McCulloch and Gamble, 1991). This char-
acteristic has been attributed to trace-element transport
from the subducted slab into the overlying mantle
wedge. Saline aqueous fluids, which are liberated during
dehydration of the oceanic lithosphere, are commonly
believed to be responsible for this element transport, but,
only little is known about these fluids and how they flow
(Tatsumi et al., 1986; Philippot and Selverstone, 1991;
Schmidt and Poli, 1998; Becker et al., 2000; Manning,
2004). Furthermore, dehydration reactions in the sub-
ducting oceanic plate are linked to intermediate-depth
intraslab earthquakes (b300 km depth; (Hacker et al.,
2003)). Metamorphic devolatilization of the oceanic
crust during subduction is a continuous process, taking
place over a large depth range from 10–20 km up to
about 70–300 km (i.e. from low-grade blueschist- up to
dry eclogite-facies). The major pulse of fluid release
of the oceanic crust occurs where wet blueschist (up to
4–5 wt. % fluid) transforms to almost dry eclogite
(b1 wt.% fluid), i.e. in 50–70 km depth (Peacock, 1993;
Schmidt and Poli, 1998). The released fluids are
believed to flow along channelways (Cartwright and
Barnicoat, 1999). High-pressure (HP) eclogite-facies
veins, formed in rocks of the subducting oceanic litho-
sphere are in some cases regarded as representing such
former fluid pathways (Becker et al., 1999; John et al.,
2004; John and Schenk, 2006), even though only short-
distance fluid transport was documented in other HP
veins (Philippot and Selverstone, 1991; Cartwright and
Barnicoat, 1999; Scambelluri and Philippot, 2001).
Consequently the question arises, what is the origin of
these pathways of fluid escape in a compressional re-
gime under elevated lithostatic pressures, e.g., at the
transition from blueschist to eclogite (c. 1.8–2.1 GPa).
Deformed and undeformed blueschist will dehydrate if
they reach temperatures above the stability limit of their
volatile-bearing minerals and the density contrast be-
tween rock and fluid causes the liberated fluids to leave
the dehydrating rock. Fluid mechanics predicts that
fluids will tend to channelize and use existing pathways
that were created by processes such as hydraulic frac-
turing or reactivation of former faults (Kirby et al., 1996;
Thompson, 1997; Davies, 1999). This fluid-channelling
process may result in multiple openings and healings of
veins — crack-and-seal (Philippot, 1987; Thompson,
1997). Two different types of HP veins exist: those that
form by fluids from an internal source (e.g., dehydration
veins) and indicate short-distance transport, and those
that form by fluids from an external source (transport
veins) and indicate long-distance transport. The two
vein types reflect different evolutionary stages of a vein
system, such that both vein types yield different infor-
mation concerning the composition and behaviour of
subduction-zone fluids. Generally, the formation of HP
vein networks due to prograde dehydration processes
starts with dehydration veins surrounded by dehydration
haloes (Gao and Klemd, 2001) and further develops
transport veins characterized by a sharp contact to the
host rock (Yardley, 1986; Castelli et al., 1998; Franz
et al., 2001), see Fig. 1 for illustration. In the early stages
of dehydration little fluid is present. Because the dihe-
dral angle between water and mafic silicates is greater
than 60° at elevated pressures and temperatures (b3 GPa
and b700 °C) an aqueous fluid cannot form an inter-
connected network along grain boundaries (Watson and
Brenan, 1987; Davies, 1999). Fluid flow may only be
possible while the dehydration reactions are taking
place, because of the associated volume loss that may
enhance short life high-permeability pathways (Rumble
et al., 1982; Balashov and Yardley, 1998). Ongoing fluid
release causes high pore-fluid pressures and may induce
dehydration embrittlement of the rock (Hacker et al.,
2003; Jung et al., 2004). Induced microfractures en-
hance and channelize the fluid flow within the dehydra-
tion domain. If sufficiently large volumes of fluid are
reached, the elevated fluid pressure can open fractures
that allow the long distance transport of fluid (Yardley,
1986; Davies, 1999; Jung et al., 2004). Such long-
distance transport veins are thus the pathways that allow
the fluid to escape. Because high lithostatic pressures
are acting, veins formed by dehydration embrittlement
will only have a short lifetime, although fluid flow may
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occur episodically, thereby reopening these veins
(Philippot and Selverstone, 1991; Davies, 1999; John
and Schenk, 2003). The short duration of pulse-like
fluid flow in transport veins usually prevents substantial
fluid–rock interaction and, thus, leads to sharp inter-
faces between vein and wall rock. The different for-
mation processes of dehydration and transport veins
may influence the trace-element content of the fluids
and the fluid–rock interaction occurring during associ-
ated fluid flow. Most of the knowledge regarding the
trace-element geochemistry of high-pressure veins has
been obtained from veins associated with short-distance
transport. It has been shown that these veins overall
contain lower concentrations of the majority of trace-
elements, and that the same ratios observed in the host
rocks were preserved for most of the elements in the
vein (Rubatto and Hermann, 2003).

Althoughmajor fluid release during the transition from
blueschist to eclogite potentially plays a fundamental role
in the initiation of intermediate-depth seismicity and arc
magmatism, most of the knowledge concerning these
processes is based on theoretical or experimental studies
(Peacock, 1993; Schmidt and Poli, 1998; Hacker et al.,
2003; Manning, 2004) or on eclogite-facies veins from
eclogites that may not have experienced or preserved the
blueschist-to-eclogite transformation (Philippot and Sel-
verstone, 1991; Becker et al., 1999; John et al., 2004).
Thus, the samples used in the present study are taken
from a suite of rocks that display features indicative of
eclogitization of blueschist-facies mafic rocks by initial
dehydration (Gao and Klemd, 2001). A dehydration-
derived eclogite-facies long-distance transport vein,
which crosscuts a blueschist host rock, was analysed to
investigate the fluid–rock interaction and the element load
of long-distance fluid flow during the dehydration of
blueschists. In this context, it should be noted that similar
HP-transport veins were also observed in eclogites and
pelagic metasediments.

2. Geological overview and vein network

An exceptional opportunity to study an interconnected
network of eclogite-facies veins derived by means of
blueschist dehydration is present in the western. Tianshan
high-pressure low-temperature (HP-LT) metamorphic
belt in north-western China (Fig. 2). The Tianshan HP-
LT belt extends for c. 1500 km from NW China to
Tajikistan within the south Tianshan orogen (Gao et al.,
1995, 1998; Volkova and Budanov, 1999). It represents a
suture zone between the Yili–Kazakhstan–Kyzylkum
and the Tarim–Karakum plates (Volkova and Budanov,
1999). In NWChina it is mainly composed of blueschist-,
eclogite- and greenschist-facies metasediments and some
mafic metavolcanics, resembling typical mélange lithol-
ogies (Gao et al., 1995, 1999; Gao and Klemd, 2003). The
trace-element compositions of the mafic rocks are similar
to those of typical oceanic basalts, such as depleted to
enriched mid-ocean ridge, ocean island and arc basalts
(Gao and Klemd, 2003; this study). Blueschist occurs
within greenschist-facies metasediments as small discrete
bodies, lenses, bands and as up to 4 km-thick layers
(Fig. 2B). Prograde and retrograde blueschist were iden-
tified: the prograde type locally contains omphacite
whereas retrograde albite is rare or absent. Most retro-
grade blueschists contain albite and omphacite replaced
by secondary glaucophane. Eclogites are intercalatedwith
the blueschist layers as pods (15–25 cm in diameter),
boudins (0.2×0.5 to 5×20 m2), thin layers (2–50 cm in
size) or large massive blocks (almost 2 km2 in plan view).
The transition between prograde blueschist and eclogite is
locally gradual, suggesting that both have experienced
identical peak metamorphic conditions estimated to range
between 480 and 580 °C at 1.4–2.1GPa at a regional scale
(e.g., Klemd et al., 2002;Wei et al., 2003). The possibility
of UHP conditions in one of these eclogites remains
ambiguous (c.f. Klemd, 2003; Zhang et al., 2003; Page
et al., 2005; Zhang et al., 2005). Post-eclogite-facies
conditions between 9 and 14 kbar suggest a near-iso-
thermal decompression path from eclogite- to epidote–
amphibolite-facies conditions. Furthermore, in addition to
the conventional geothermobarometric investigation, a
P–T pseudosection was calculated for a garnet–ompha-
cite blueschist in the model system NCFMASH (Figure
8 in Klemd et al., 2002). The clockwise P–T path in
agreement with the conventionally derived data shows a
post-eclogite facies nearly isothermal decompression
followed by simultaneous decompression and cooling.
Sm–Nd isochron data (omp–gln–grt–wr) of 343±
44 Ma and a well-defined 40Ar/39Ar age of 344±1 Ma
for crossite from the same rock suggest a Carboniferous
age for the peak of metamorphism (Gao and Klemd,
2003). White mica geochronology (K–Ar, Ar–Ar, Rb–
Sr) gives ages clustering around 310 Ma interpreted to
date exhumation (Klemd et al., 2005).

The vein network of the Tianshan HP-rocks is de-
scribed in detail by Gao and Klemd (2001), however, for
the sake of clarity some major characteristics will be
introduced here briefly. The presence of a network of
abundant millimetre to decimetre-wide and centimetre-
to meter-long veins filled with coarse-grained, fibrous
omphacite, garnet, quartz and late carbonate in massive
prograde blueschist and eclogite indicates that a free
fluid phase was present at eclogite-facies conditions
(Gao and Klemd, 2001). Locally, the massive blueschist



Fig. 2. Geological map of the western Tianshan HP–LT metamorphic belt, modified after Gao et al. (1999). A: Regional geological map; B: Local geological map, showing the area from which the
sample was taken.
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transforms gradually into eclogite-facies vein selvages
or dehydration haloes towards veins (dehydration vein
in Fig. 1). The host rock that forms selvages adjacent to
the veins contains garnet and omphacite formed by
prograde dehydration of the blueschist-facies mineral
paragenesis, indicated, for example, by inclusions of
blueschist-facies minerals in porphyroblastic garnet
(Fig. 2 in Gao and Klemd, 2001). Such dehydration
haloes can be 50 cm wide and gradually proceed from
Fig. 3. A: Two generations of eclogitic veins (veinI and veinII) cutting thro
evidence of multiple opening and healing. Note the displacement along vein
blueschist host is characterized by sharp interfaces. B: Eclogitic vein cutting
within the vein (baz). The vein itself shows darker and paler bands indicating m
vein and blueschist host is sharp. hostV=host rock close to the vein; hostA=
omphacitite (cm from the vein) to eclogite (dm from the
vein) to blueschist (N50 cm from the vein). The
aqueous, low-salinity fluid from which the vein minerals
precipitated is interpreted to have been derived from the
blueschist host by dehydration (Gao and Klemd, 2001).
O-isotope data support this interpretation because the
fluid resulting from the dehydration of blueschist has
similar O-isotope signatures to the fluid that formed the
veins and vein selvages (Gao and Klemd, 2001). In
ugh garnet and omphacite-bearing blueschist (9-28-6). VeinIa shows

II that cuts through veinIa and veinIb. The contact between veins and
through garnet-bearing blueschists (R3-1). Note the altered part of host
ultiple opening and healing of the vein. As in 2A, the contact between
average host rock.
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addition to the above-described dehydration veins, the
vein network of the Tianshan metabasites also includes
veins that cut across blueschists textures and have sharp
interfaces with the blueschist host (transport vein of
Fig. 1). The host rock of these veins shows no evidence
of dehydration, which points to an external fluid source
with respect to the immediate wall rock of the vein
(Fig. 3). Such veins are interpreted as high-pressure
transport veins, which represent channelways of fluid
escape.

3. Sample description

The investigated sample (R 3-1) is a weakly foliated
prograde garnet-bearing blueschist (Fig. 3B), taken from
a massive blueschist boulder that lacks any evidence for
dehydration processes. The sample is cut perpendicular
to its foliation by a 0.5 to 1.5 cm-wide eclogitic vein.
The interface between the vein and the blueschist host is
sharp and, according to the vein characteristics de-
scribed above, indicates a transport character for this
vein. Consequently, the fluid from which the vein min-
erals precipitated originated from devolatilization reac-
tions that took place at some distance (externally)
from the present host rock (see Fig. 1). Pieces of the
blueschist host are completely enclosed by the vein in
the plain view (baz in Fig. 3B). The blueschist-facies
paragenesis of this enclosed blueschist-alteration zone
was almost completely altered to an eclogite-facies
paragenesis due to intense interaction with the passing
fluid, which otherwise only created a thin (1– 2 mm)
eclogitic reaction rim with the blueschist host. Thus, this
sample contains in addition to the unaffected protolith, a
vein formed from externally derived fluid, as well as an
“alteration zone” in which fluid and host reacted. Taking
this sample as a case study allows us to investigate long-
distance fluid flow and related fluid–rock interaction in
blueschists undergoing prograde dehydration.

4. Analytical methods

Elemental analyses of minerals (Table 1) were per-
formed on a JEOL 8900 electron microprobe in Kiel,
equipped with five wavelength-dispersive spectrometers
(WDS). For mineral analyses, the instrument is typically
operated with a 15 kV acceleration voltage and a 15 nA
beam, exceptions are garnet (20 kV) and apatite (10 kV).
Sample spot sizes were ca. 1 μm in diameter in most
cases, exceptions are mica, amphibole (5 μm) and apa-
tite (10 μm). CITZAF (Armstrong, 1995) was used for
the matrix correction of the raw counts. Both natural and
synthetic mineral standards were used.
In-situ trace elements analyses of minerals were con-
ducted with a laser-ablation system at Würzburg
University using a Merchantek 266 LUV (266 nm)
laser and a quadrupole Agilent 7500c ICP-mass spec-
trometer. The obtained data are shown in Table 2. The
regular setting of laser source, mass spectrometer and
standardizing procedures have been described in detail
by Schulz et al. (2005). For the apatite measurements, for
example, the laser was run with a pulse frequency of
10 Hz and 0.13 mJ pulse energy for spot size of 75 μm
(∼3 Jcm−2 energy density). The time-resolved signals
from sample measurements were compared with those of
the glass standards NIST SRM 612 and 614, using as
Ca44 as internal standard. Precision is usually better than
10%. After signal quantification by Glitter Version
3.0 Online Interactive Data Reduction for LA-ICPMS
Program (Macquarie Research Ltd), the 1-sigma error
based on counting statistics from signal and background
is e.g, 3.5% for Y (302±10.6 ppm) with dependence on
the absolute concentration.

Concentrations of 26 trace elements were determined
by ICP mass spectrometry after HF–HNO3–HClO4 acid
digestion in bombs at 180 °C and lithium-metaborate
fusion of approximately 50 mg pulverized sample. Prior
to analysis the sample digest solutions were diluted 20
fold and spiked with 5 ng/ml indium (In) and rhenium
(Re) for internal standardisation. The instrument was
calibrated using aqueous multi-element calibration stan-
dards without further matrix matching. All measure-
ments were done using an Agilent 7500c ICP-MS
instrument under standard operating conditions with the
plasma shield on, but no gas in the octopole reaction cell.
Sample solution was introduced using a self-aspirating
PFA micro-nebulizer (100 μl/min sample uptake) in
combination with a standard Scott-type spray chamber
maintained at 4 °C. The analytical results represent
averages of 3 replicate measurements after subtraction of
a laboratory reagent blank. For analytical quality control,
procedural blanks (“Blank”) and international reference
standards were prepared and analysed along with the
sample series. Results for the international rock standard
BHVO-1 (Hawaiian Basalt, US Geol. Survey) are re-
ported in the results table (Table 3). Other reference
standards and samples within this sample batch digested
in duplicate yielded differences well below 3% rel. for all
elements. Instrument stability was monitored by re-ana-
lysing one sample every hour. Precision as calculated
from 4 replicate analyses was b3% RSD for all elements
except HREE, Th and U (b5% RSD). Further details
of the sample preparation procedure and instrument
calibration strategy can be found in Garbe-Schönberg
(1993).



Table 1
Representative major-element contents and structural formulae of minerals of the host, the baz, and the vein

Mineral Grt Grt Phe Phe Pg Gl Ep Ep Omp Omp Ap Ap Ap

Location baz baz host baz host host host baz baz baz host baz vein

Comment rim Core rim rim rim Rim core rim rim rim core core rim

Analysis Grt1f_p1 Grt1p14 Phe1p1 Phe3p1 Pg1 Amp4p1 Zoi2p4 Ep7p9 Cpx1p1 Cpx2p1 Ap1p1 Ap3hp2 Ap1vp4

SiO2 38.27 37.80 51.77 50.96 47.28 58.25 38.56 38.78 55.97 55.40 0.00 0.00 0.00
Al2O3 21.28 20.83 23.87 26.75 39.95 10.67 25.93 27.12 10.75 7.54 0.00 0.00 0.00
TiO2 0.05 0.05 0.15 0.24 0.11 n.d. n.d. 0.10 n.d. n.d. n.d. n.d. n.d.
FeO 29.54 32.77 3.32 3.00 0.85 11.16 n.c. n.c. 3.64 4.55 0.00 0.00 0.29

Fe2O3 n.c. n.c. n.c. n.c. n.c. n.c. 10.85 10.12 5.65 8.98 n.d. n.d. n.d.
MgO 3.32 2.00 3.97 3.32 0.33 10.41 0.09 0.08 5.76 5.85 0.03 0.03 0.02
MnO 0.17 1.06 0.00 0.01 0.04 0.01 0.03 0.01 0.01 0.10 0.00 0.00 0.05
CaO 7.79 6.24 0.00 0.05 0.33 0.47 22.80 23.64 9.81 10.05 54.19 53.70 52.95
Na2O n.d. n.d. 0.27 0.66 7.27 7.20 0.00 0.02 8.72 8.25 0.00 0.00 0.00
K2O n.d. n.d. 11.36 10.84 0.94 0.02 0.01 0.00 0.00 0.01 0.00 0.00 0.00
BaO n.d. n.d. n.d. 0.25 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
P2O5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 43.56 43.86 44.09

F n.d. n.d. 0.00 0.00 n.d. 0.00 n.d. n.d. n.d. n.d. 3.19 2.73 2.46
Cl n.d. n.d. 0.00 0.00 n.d. 0.00 n.d. n.d. n.d. n.d. 0.05 0.00 0.00

H2O n.c. n.c. n.c. n.c. n.c. 2.19 n.d. n.d. n.d. n.d. 0.27 0.49 0.61
Total 100.42 100.74 94.72 96.07 97.10 100.37 98.27 99.88 100.32 100.73 99.93 99.66 99.43

Structural formulae
Si 3.014 3.015 3.511 3.403 2.979 7.988 3.016 2.982 2.000 2.007 0.000 0.000 0.000
Al 1.975 1.958 1.909 2.106 2.967 1.725 2.390 2.458 0.452 0.322 0.000 0.000 0.000
Ti 0.003 0.003 0.008 0.012 0.005 n.d. n.d. 0.006 n.d. n.d. n.d. n.d. n.d.

Fe2+ 1.946 2.186 0.189 0.167 0.045 1.280 n.c. n.c. 0.152 0.245 0.000 0.000 0.041
Fe3+ n.c. n.c. n.c. n.c. n.c. n.c. 0.638 0.586 0.109 0.138 n.c. n.c. n.c.
Mg 0.390 0.238 0.401 0.330 0.031 2.128 0.010 0.010 0.307 0.316 0.008 0.008 0.005
Mn 0.011 0.071 0.000 0.001 0.002 0.001 0.002 0.001 0.000 0.003 0.000 0.000 0.007
Ca 0.658 0.533 0.000 0.003 0.022 0.069 1.911 1.948 0.376 0.390 9.715 9.668 9.562
Na n.d. n.d. 0.036 0.086 0.888 1.915 0.000 0.004 0.604 0.579 0.000 0.000 0.000
K n.d. n.d. 0.983 0.923 0.076 0.003 0.001 0.000 0.000 0.001 0.000 0.000 0.000
Ba n.d. n.d. n.d. 0.007 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
P n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 6.171 6.240 6.292
F n.d. n.d. 0.000 0.000 n.d. 0.000 n.d. n.d. n.d. n.d. 1.688 1.451 1.311
Cl n.d. n.d. 0.000 0.000 n.d. 0.000 n.d. n.d. n.d. n.d. 0.013 0.000 0.000
OH n.d. n.d. n.c. n.c. n.c. 2.000 n.d. n.d. n.d. n.d. 0.299 0.549 0.689

Total 7.997 8.004 7.038 7.037 7.014 15.108 7.970 7.993 4.000 4.000 17.894 17.915 17.907
Oxygens 12 12 11 11 11 24 12.5 12.5 6 6 24 24 24

XFe 0.83 XFe 0.90 XFe 0 .32 XFe 0.34 XFe 0.59 XFe 0.38 XCzo 0.38 XCzo 0.44 XFe 0.40 XFe 0.42
XAlm 0.65 XAlm 0.72 XEp 0.62 XEp 0.56 XJd 0.45 XJd 0.33
XPrp 0.13 XPrp 0.08 XAe 0.15 XAe 0.25
XGrs 0.22 XGrs 0.18

XSpes b0.01 XSpes 0.02

Fe3+ calculated assuming stoichiometry; 0.00, below detection limit; n.c., not calculated; n.d., not determined; H2O caclulated assuming OH+F+
Cl=2 pfu.
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Major elements were analysed from the same 50 mg
sample digest fusion-flux-solutions by simultaneous
ICP optical emission spectrometry using a Spectro Ciros
CCD SOP instrument (SPECTRO Analytical Instr.,
Germany), equipped with a cyclonic spraychamber and
a microconcentric nebulizer with 200 μl/min sample
uptake. Prior to analysis, digest solutions were 2.5 and
5fold diluted, respectively, and spiked with 10 ng/ml Y
for internal standardisation. All results are blank-sub-
tracted averages of 5 replicate measurements. A matrix-
matched calibration was applied using digests of rock
standards RGM-1, JR-1, W-22 and BHVO-1. Accuracy
was controlled with rock standard AGV-1 analysed as an
unknown. Results for AGV-1 are given as an example
of the accuracy of the results (Table 3). The average
precision of the analyses as estimated from 4 replicate



Table 2
Average and representative trace-element data of minerals from the different sample parts and calculated trace-element concentration for the vein-
forming fluid

Mineral Grt_core Grt_rim Grt_rimo Grt_core Grt_rim Phe Phe Gl Ep_allanitic Ep_core Ep_im Ep_core

Location baz baz baz host host host baz host host host host baz

(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

n 1 1 1 1 1 8 3 5 2 8 10 2

Li n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1.49 0.488 0.771 1.70
Be n.d. n.d. n.d. n.d. n.d. 3.36 4.73 0.565 1.04 0.130 0.094 0.188
Rb n.d. n.d. n.d. n.d. n.d. 335 266 0.098 0.227 0.143 0.605 0.099
Sr n.d. n.d. n.d. n.d. n.d. 37.63 28.87 0.762 9114 2335 1868 2278
Y n.d. n.d. n.d. n.d. n.d. 0.580 0.546 0.503 n.d. 118 88.7 104
Cs n.d. n.d. n.d. n.d. n.d. 8.75 5.61 b0.012 b0.03 0.005 0.018 0.010
Ce b0.022 b0.074 b0.012 b0.045 b0.045 0.055 0.239 0.060 14674 177 110 371
Nd b0.056 b0.44 b0.118 b0.234 0.385 0.065 0.238 0.061 10440 142 82.6 269
Sm 0.329 b0.284 0.234 b0.173 b0.251 0.053 0.103 b0.051 2685 40.5 23.2 62.1
Eu 0.415 0.643 0.368 0.637 b0.265 0.045 0.042 b0.013 879 16.1 9.26 20.0
Gd 3.60 4.85 2.52 4.76 3.26 0.076 bdl b0.062 1942 45.4 25.6 58.2
Dy 28.7 13.3 12.4 12.1 11.4 0.069 0.089 0.054 198 31.3 20.1 29.1
Er 51.3 7.08 14.0 7.67 8.25 0.115 0.118 0.110 9.61 9.81 8.65 9.95
Yb 97.3 8.17 21.9 8.24 7.61 0.244 0.502 0.295 2.20 2.76 4.19 5.21
Lu 17.2 1.23 3.23 1.39 0.944 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Zr n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Hf n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Nb n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Ta n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Ep_rim1 Ep_rim2 Ep_rim3 Omp Omp Ap_core Ap_rim Ap Rt Rt Rt Ttn Fluid

baz baz baz baz vein host host vein Group_1 Group_2 Group_3 Host Calculated

(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

3 1 2 5 5 3 3 4 24 9 5 14 (111)

n.d., not determined; n.c., not calculated; b, maximum value; bdl, below detection limit; rimo, outermost rim; 1 for HFSE measurements only.
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measurements of standard W-2 distributed over 6 hours
was 0.6% RSD. Total carbon concentration was mea-
sured from a 10 mg sample with a Carlo-Erba instru-
ment in a routine mode.

5. Petrology

The mineral assemblage of the blueschist host is
heterogeneously distributed (hostA and hostV in Fig. 3B)
and consists of porphyroblastic garnet, dolomite, and
epidote in a matrix of idioblastic fine- to medium-
grained glaucophane, phengite, and minor paragonite,
quartz, titanite, rutile, and magnesite, with apatite and
zircon as accessories. Dolomite contains inclusions of
almost the whole mineral assemblage. Garnet mainly
shows phengite, paragonite, rutile, glaucophane, and
omphacite inclusions, whereas epidote contains ompha-
cite, glaucophane, and rutile inclusions. The blueschist-
alteration zone (baz in Fig. 3B), which is enclosed in the
vein, is more homogeneous and still displays the original
texture of the blueschist host (Figs. 4B and C).
However, titanite is absent and almost all glaucophane,
paragonite, and dolomite have been replaced by
omphacite and garnet by means of dehydration/
devolatilization reactions such as:

2 Czoþ 5 TtnZ3 Grsþ 5 Rtþ 2 SiO2 þ H2O ð1Þ

6 Czoþ 13 GlnZ
9 Prpþ 26 Jdþ 12 Diþ 19 Qtzþ 16 H2O;

ð2Þ

Glnþ PgZPrpþ 3 Jdþ 2 Qtzþ 2 H2O; ð3Þ

2 Pgþ Glnþ 3 MagZ
4 Jdþ 2 Pyþ 3 CO2 þ 3 H2O;

ð4Þ

and

4 Pgþ 2 Glnþ 3 DolZ
8 Jdþ 3 Prpþ Grsþ 6 H2Oþ 6 CO2

ð5Þ

The dehydration/devolatilization reactions 2–5 have
steep P–T slopes between 1.4 and 2.0 GPa at 550 to
600 °C (e.g., Gao and Klemd 2001). Porphyroblastic
epidote either contains no inclusion or encloses glauco-
phane and omphacite (Fig. 4C). Matrix epidote exhibits



Table 2 (continued)

Ep_rim1 Ep_rim2 Ep_rim3 Omp Omp Ap_core Ap_rim Ap Rt Rt Rt Ttn Fluid

baz baz baz baz vein host host vein Group_1 Group_2 Group_3 Host Calculated

(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

3 1 2 5 5 3 3 4 24 9 5 14 (111)

3.97 n.d. bdl 72.7 71.0 0.024 0.309 n.d. n.d. n.d. n.d. n.d. n.c.
0.369 0.810 bdl 3.10 1.72 0.083 0.127 bdl n.d. n.d. n.d. n.d. n.c.
0.111 0.013 bdl 2.51 b0.04 0.086 0.125 0.054 n.d. n.d. n.d. n.d. n.c.
2064 929 1826 21.6 14.8 1500 1229 830 n.d. n.d. n.d. n.d. 83.0
80.1 39.7 n.d. 0.937 1.37 n.d. n.d. 89.0 n.d. n.d. n.d. 14.5 8.90
0.009 0.008 bdl 0.129 b0.015 0.032 0.137 0.017 n.d. n.d. n.d. n.d. n.c.
166 64.4 14.2 0.088 0.024 30.9 21.8 31.1 n.d. n.d. n.d. 0.188 3.11
128 50.6 11.6 0.119 0.083 37.4 26.8 32.6 n.d. n.d. n.d. 0.533 3.26
31.4 14.3 3.74 b0.08 0.09 16.9 13.1 11.8 n.d. n.d. n.d. 0.528 1.18
10.6 4.88 1.76 0.036 b0.035 8.78 6.66 5.71 n.d. n.d. n.d. 0.327 0.571
32.7 14.3 4.81 0.141 b0.092 23.4 19.2 21.1 n.d. n.d. n.d. 1.06 2.11
19.1 9.50 4.67 0.213 0.245 7.01 5.76 19.7 n.d. n.d. n.d. n.d. 1.97
8.86 3.60 3.30 0.128 0.179 1.03 0.843 9.81 n.d. n.d. n.d. 2.28 0.981
6.19 1.99 2.17 0.196 0.265 0.466 0.352 5.26 n.d. n.d. n.d. 5.01 0.526
n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.222 0.267 0.318 0.991 n.c.
n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 30.8 71.6 192 10.1 n.c.
n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1.34 1.78 4.45 0.926 n.c.
n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 407 337 314 96.5 n.c.
n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 19.6 19.9 20.2 8.72 n.c.
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resorption features such as amoeboid grain boundaries
and dissolution channels filled with replacement miner-
als (quartz and omphacite) (Fig. 5). Garnet shows no
petrographic evidence for alteration and is idioblastic,
typical for surface-controlled growth (Zeh and Holness,
2003). Furthermore, it contains fewer inclusions –
mainly omphacite and rutile– than garnet in the blue-
schist host. The vein mainly consists of omphacite
(N98 vol.%) and minor amounts of quartz and apatite
(Figs. 3B,4A). Omphacite occurs in varying sizes either
as idioblastic fibers or as prisms perpendicular to the vein
border.

5.1. Mineral compositions

5.1.1. Garnet
Idioblastic garnet in the blueschist host is either al-

most unzoned or shows, especially in the blueschist-
alteration zone, prograde growth zoning. Zoned garnet
has a core composition of ∼Alm73Prp6Grs19Sps2 with a
XFe of ∼92% and a rim composition of ∼Alm65Prp12-
Grs23Sps«1 with a XFe of ∼84% (Fig. 6). This indicates
continuous growth during prograde conditions. Unzoned
garnet has a composition of ∼Alm67Prp12Grs20Sps1
with a XFe of∼85%. In a few grains the grossular content
increases slightly while the almandine content decreases
at the outermost rim. Garnet displays a REE pattern that
shows depletion in LREE (frequently below detection
limits) and enrichment of HREE compared to chondrite.
Garnet cores have higher HREE and lower LREE com-
pared with garnet rims (e.g., 17.2 ppm Yb and 0.06 ppm
Nd vs. 1.23 ppm Yb and 0.44 ppm Nd). However, the
outermost rim of the baz garnet shows a sudden increase
in HREE (8.17 to 21.90 ppm Yb), whereas the LREE are
lower than in other garnet rims (Fig. 7A). The major
elements indicate continuous garnet growth during
increasing P–T conditions, implying that this increase
in HREE is probably related to a sudden HREE avail-
ability at or close to peak metamorphic conditions
(Fig. 6). Garnet is the main carrier of HREE in the
blueschist host and in the alteration zone (Table 2).

5.1.2. Glaucophane
Glaucophane is unzoned and close to its endmember

composition with AlIV below 0.1 and NaA-site≤0.1 pfu.
AlVI values range between 1.7 and 1.8 pfu whereas XFe



Table 3
Complete geochemical data of the average host rock (hostA), the immediate host rock of the vein (up to 1 cm away from the vein; hostV), the
blueschist-alteration zone within the vein (baz), and the vein itself. The major elements are given in wt.%, the trace elements in ppm

Sample r3-1 r3-1 r3-1 r3-1 AGV-1 BHVO-1

Rocktype hostA hostV baz vein Andesite Basalt

SiO2 45.68 46.98 55.11 60.23 58.93 n.d.
Al2O3 15.60 16.38 10.44 8.02 17.59 n.d.
TiO2 2.01 1.97 0.84 0.11 1.03 n.d.
Fe2O3 13.48 9.99 10.11 9.38 6.60 n.d.
MgO 6.36 5.77 5.07 5.18 1.53 n.d.
MnO 0.13 0.04 0.02 0.03 0.09 n.d.
CaO 7.01 10.46 10.47 9.05 4.89 n.d.
Na2O 2.80 2.97 6.33 6.43 4.13 n.d.
K2O 2.03 1.14 0.21 0.05 2.71 n.d.
P2O5 0.23 0.17 0.13 0.18 0.49 n.d.
LOI 4.57 4.01 1.62 0.98 1.80 n.d.
Total C 1.21 1.21 0.31 0.15 n.d. n.d.
Total 99.90 99.88 100.36 99.62 99.78 n.d.
Li n.d. 24 40 44 n.d. n.d.
K 16853 10459 1906 544 n.d. n.d.
Rb 56.0 37.4 6.59 1.48 58.1 9.20
Sr 210 527 125 19.7 670 375
Cs 1.36 0.797 0.140 0.041 1.24 0.141
Ba 467 257 45.8 13.3 1201 130
P 1004 753 549 732 n.d. n.d.
Ti 12050 12428 4991 626 n.d. n.d.
Y 24.1 30.6 7.28 2.69 20.0 24.9
Zr 114 166 78.1 8.57 224 181
Nb 9.05 9.01 4.80 0.621 13.1 17.4
Hf 2.93 3.81 1.58 0.211 4.73 4.24
Ta 0.570 0.640 0.359 0.038 0.904 1.09
Pb 1.90 4.06 4.77 0.830 n.d. n.d.
Th n.d. 1.02 0.254 0.030 n.d. 1.24
U 0.190 0.246 0.073 0.019 1.91 0.219
La 12.2 21.3 5.79 2.43 39.6 15.3
Ce 27.2 47.4 9.70 1.02 68.9 37.0
Pr 3.82 7.23 1.51 0.149 8.61 5.43
Nd 18.5 32.8 6.68 0.679 30.2 22.3
Sm 4.95 11.0 2.20 0.235 7.80 9.03
Eu 1.73 3.75 0.709 0.091 1.96 2.46
Gd 4.85 9.56 1.97 0.287 5.13 6.12
Tb 0.730 1.28 0.261 0.058 0.694 0.925
Dy 4.63 6.31 1.30 0.387 3.50 4.78
Ho 0.920 1.18 0.262 0.094 0.758 1.16
Er 2.58 2.93 0.689 0.283 1.99 2.84
Tm 0.350 0.357 0.093 0.047 0.271 0.349
Yb 2.50 1.93 0.599 0.342 1.74 2.07
Lu 0.410 0.248 0.095 0.055 0.251 0.261
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values vary between 0.39 and 0.33. Flourine, and in most
cases Cl contents are below detection and rarely reach
0.05 wt.%. REE element concentrations are all subchon-
dritic –except for Yb, which is 1.4 times chondrite– and
often close to detection limits. However, the general trend
of the pattern is an increase from LREE towards HREE
(Fig. 7B). Y occurs in concentrations of about 0.5 ppm.
The concentrations of the more fluid-mobile elements Be,
Rb, Sr are 0.57, 0.10, and 0.76 ppm (Table 2).
5.1.3. Epidote
Epidote forms idioblastic grains with a quite uniform

composition. It is either chemically zoned (XEp-rim=
∼0.52 and -core=∼0.62, or in rare cases XEp-rim=
∼0.51 and -core=∼0.47) or unzoned with XEp values of
about 0.53 (baz) or 0.57 (host). The chondrite-normal-
ized REE patterns are flat up to Gd, beyond which the
concentrations decrease towards the heavier REEs
(Fig. 7). Epidote in the blueschist host rarely has a tiny



Fig. 4. A: Thin section across the vein and alteration zone. Note the sharp interface between hostV, baz, and vein. The white mineral in the vein is
apatite. B: Texture of blueschist host. C: Texture of blueschist-alteration zone. (Dol=dolomite; Ep=epidote; Gln=glaucophane; Omp=omphacite;
Phe=phengite; Rt= rutile; Ttn= titanite).
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allanitic core with high concentrations of LREE and
MREE (e.g., Ce=1.47 and Nd=1.04 wt.%). In general
the concentration in the core ranges between 400 and
150 ppmCe, with higher concentrations found in epidote
from the baz than in those of the host. The rim compo-
sition is more uniform, with 170 to 100 ppm Ce. Inter-
estingly, the rim has a higher concentration of the
heaviest REE in comparison to the core, e.g., with
2.76 ppm Yb vs. 4.19 ppm Yb in host epidotes (Table 2).
Allanitic cores have the highest concentrations of Be and
Sr (1.04 and 9114 ppm, respectively), whereas the rim
usually has a higher Li and Be and a lower Sr con-
centration than the core. The highest Li concentration,
3.97 ppm, was found in rims of baz epidote. In terms of
trace-element concentrations three different types of
epidote rims occur in the baz: the first type has similar
trace element concentrations compared to the rims of the
host epidote (with the exception of Li and Be); the
second type has lower trace-element concentrations than
the rims of the host epidote and is associated with
epidote that shows resorption features (Fig. 5); and the
third type has very low trace-element concentrations
and usually belongs to inclusion-free, idioblastic epidote
of which some grains have a low trace-element core
(Fig. 7C). This third type of epidote is often in contact
with quartz and interpreted as having been recrystallized.
Epidote is the main carrier for the LREE, MREE and Sr
in the host and in the baz (Table 2).

5.1.4. White mica
Two types of white mica occur, paragonite and

phengite, of which only phengite is preserved in the
alteration zone. Paragonite has an XFe value of∼0.6 and
a Na content of ∼0.9 pfu, and Ca+K of b0.1 pfu.
Phengite has a Na2O content of about 0.3 wt.%, XFe

values from 0.32–0.36 and Si contents clustering at
3.55 pfu in the host and 3.40 pfu in the baz. Trace-
element measurements were only obtained on phengite.
Other than Yb, the REE-element concentrations are all
subchondritic. In baz phengite, Gd is below detection.
The normalized patterns of the host and baz phengites
are similar for the MREE to HREE, but baz phengite



Fig. 6. Garnet zoning profile of baz garnet shows the endmembers and
Er and Yb as proxies for the HREE.

Fig. 5. A: Back-scattered electron (BSE) image from a partially dissolved epidote in the baz. Reaction products (Omp and Qtz) crystallized within the
corrosion structures. Black arrows point to brighter parts that represent epidote recrystallized along former fluid pathways and at contacts
with omphacite and quartz. The different grey scales of omphacite indicate the two compositional varieties; brighter=higher Ae content, lower
Jd content; darker= lower Ae content, higher Jd content. B: Close up of A showing details of dissolution structure of the epidote replacement. Note
that this is a 2-dimensional view and that non of the omphacites within the epidote are isolated from the “outside”.
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have higher LREE (Fig. 7B). Baz phengite also has
elevated Be concentrations, whereas Rb, Sr and Cs are
higher in concentration in the host phengites. Phengites
are the main Be carrier in the host and the baz with
concentrations of 2.5–5.0 ppm (Table 2).

5.1.5. Omphacite
Two types of compositionally different omphacite

(Table 1) are intimately intergrown within the whole
sample. The first has a jadeite component of c. 40 mol.%
and an aegerine component of c. 15 mol.%, and the
other has jadeite and aegerine components of c. 30 and
c. 25 mol.%, respectively (Fig. 5). In places the aegerine-
poor omphacite forms rims around the aegerine-rich
omphacite. This compositional variation most likely re-
flects two different stages of omphacite growth, both
during slightly different element fluxes. The maximum
jadeite content ranges between 48–49 mol.%. XFe values
lie between 0.26 and 0.29 for aegerine-poor and between
0.31 and 0.38 for the aegerine-rich omphacite, with
values of c. 0.45 for the most aegerine-rich omphacite.
Omphacites in the vein and the baz have similar nor-
malized REE patterns and show subchondritic concen-
trations, with the exception Yb in the vein omphacite
(Fig. 7D). The Li concentration is similar for the vein
and the baz omphacite (71.0 and 72.7 ppm), whereas
omphacite in the vein is enriched in Be, Rb, and Sr,
compared to omphacite from the baz. Omphacite is
the main carrier of Li and also important for the Be
budget of the rock (Table 2).
5.1.6. Apatite
Apatite in the host and the baz has high F contents of

F ∼3.1 wt.%, whereas vein apatite has F contents of
∼2.4 wt.%. Cl content is mostly below 0.05 wt.%. for all
apatites (Table 1). Trace-element measurements were
only obtained on apatites of the vein and the host. They
have distinctive normalized REE-element patterns,
which are consistent within each rock type (Fig. 7E).
Both types of apatite have similar LREE to MREE con-
centrations (Ce to Gd), whereas vein apatite has a much
higher concentration of HREE. The core has higher
concentrations than the rim in host apatite, whereas
no chemical zonation was observed in vein apatite
(Fig. 7E). Apart from Sr and the REE all other measured



Fig. 7. Chondrite-normalized REE concentrations of minerals from different parts of the sample. A: garnet; B: glaucophane and phengite; C: epidote;
D: omphacite; E: apatite; F: titanite. (circles=minerals of the host; squares=minerals of the baz; triangles=minerals of the vein; filled symbol=core;
open symbol= rim; grey symbol and dashed line=maximum value or below detection limit; dotted line=not measured).
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trace elements occur in low concentrations. Apatite is the
main trace element carrier in the vein (Table 2).

5.1.7. Rutile
Based on the Zr content rutile can be subdivided into

three groups (Table 2). The first and main group (n=24
with 9 of baz) has an average Zr content of 31±5 ppm, the
second group (n=9 with 3 of baz) of 72±22 ppm, and the
third group (n=5 with 3 of baz) of 192±22 ppm. No
systematic zonation is observed for Nb and Ta, which
range between 281–666 ppm and 15–45 ppm respec-
tively for all rutiles. Hf contents correlate with Zr contents
with the highest concentrations (up to 7.3 ppm) found in
the third group. Besides titanite and zircon, rutile is the
main carrier for the HFSE in the host and the baz.

5.1.8. Titanite
Titanite displays REE pattern with a positive slope,

which show a decrease of LREE and an increase of HREE
concentrations compared to chondrite (Fig. 7F). No
chemical zonation was observed in titanite. It has high
trace-element concentrations; only epidote and apatite
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have higher concentrations of LREE, whereas epidote,
apatite, and garnet have higher concentrations of HREE.
Titanite is with 10.1 ppm Zr, 0.93 ppm Hf, 96.5 ppm Nb,
and 8.7 ppm Ta an important HFSE carrier in the host.

5.2. P–T conditions

The absence of kyanite and the presence of para-
gonite in the blueschist host provides a maximum H2O-
dependent pressure of about c. 1.9 GPa at 500–600 °C
using the univariant reaction Pg=OmphJd50+Ky+H2O.
An H2O-independent pressure estimate can be gained
from the reaction Ab=Jd+Qtz (Holland, 1980). In
the absence of albite the maximum jadeite content of
Fig. 8. A: MORB-normalized trace elements (Hofmann, 1988). B: Chondr
(hostA), host close to the vein (hostV), alteration zone (baz), and vein.
45 mol%. Indicate minimum pressures of 1.4 GPa at
c. 550 °C. The garnet–omphacite–phengite equilibrium
after Waters and Martin (1993) gives equilibrium pres-
sures of 1.8 – 2.0±0.25 GPa for the baz at 550 °C
when using omphaciteswith the jadeite contents of 45 and
30mol%, phengite with the average Si content and garnet
rims with the highest XPrp and XGrs, although equilibrium
among these minerals is uncertain. Temperature estimates
were obtained by means of the garnet–clinopyroxene
thermometers of Ellis and Green (1979) and Powell
(1985) and the garnet–phengite thermometer of Green
and Hellman (1982). The garnet–clinopyroxene calibra-
tions yield a temperature range of 530–560 °C±50 °C for
the baz at 1.9 GPa, similar to the temperature estimates of
ite-normalized REE concentrations (Boynton, 1984); Blueschist host



Fig. 9. A: Ce/Nb and Sm/Hf ratios of the immediate host rock (c. 1 cm
thick), the blueschist-alteration zone and the vein showing that HFSE
anomalies are equalized in the blueschist-alteration zone and not
pronounced within the vein Nb/Hf ratios indicate the similar behaviour
of HFSE during fluid rock interaction. B: chondrite-normalized ratios
of La/Sm, La/Yb, and Ce/Yb display the relative increase of the
HREEs compared to LREEs in the blueschist-alteration zone and vein.
C: Ce/Pb ratios indicate Pb enrichment due to the fluid, which is
confirmed by (Ce/Yb)N and (Ce/Sm)N ratios that suggest that the
concentrations of Ce slower decreases than those of Pb increases.
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530–550 °C ±50 °C for baz and host obtained from the
garnet–phengite thermometer. No geothermometry is
possible for the omphacite–quartz vein mineralogy,
however, from O-isotope data from a similar ompha-
cite–quartz mineral pair from a dehydration vein of the
same unit provide a temperature of 596 °C (Gao and
Klemd, 2001). These P–T estimates are interpreted to
reflect the metamorphic conditions during the fluid
infiltration and, thus, the blueschist–eclogite transforma-
tion, i.e. baz formation, and fluid flow occurred under
eclogite-facies conditions. They are furthermore in agree-
ment with peak metamorphic conditions derived for
other blueschists, eclogites and HP veins in the Tianshan
HP–LT belt (see above).

6. Bulk geochemistry

Four different parts of the rock sample were inves-
tigated separately for major and trace elements, specif-
ically the average host rock (hostA), the immediate host
rock of the vein (up to 1 cm away from the vein; hostV),
the blueschist-alteration zone within the vein (baz) and
the vein itself (Fig. 3B). We sampled hostV in addition to
hostA in order to use a spatially closer rock composition
as a reference value for investigating the effects of
fluid–rock interaction in the baz.

6.1. Chemical characteristics of the average host rock

The hostA has a basaltic composition with SiO2=
45.7 wt.% and Na2O=2.8 wt.%. The loss of ignition
(LOI) is 4.6 wt.% with 1.2% total carbon (TC) (Table 2).
MORB-normalized incompatible trace-element and chon-
drite-normalized REE patterns show a relative enrichment
in the more incompatible elements, e.g., with (La/Sm)N
and (La/Yb)N ∼2 and 3, respectively (Figs. 8 and 9B).
The patterns of MORB-normalized trace elements are
furthermore characterized by slightly negative Nb–Ta and
Hf–Zr anomalies (Fig. 8A). Because most basaltic rocks
of island- or continental-arc settings show enriched LREE
relative to HFSE at relatively high (La/Sm)N ratios – due
to the addition of LREEs from a slab component to the
mantle melts (e.g., Hawkesworth et al., 1993) – the pre-
cursor rock of the host most likely formed in an arc.

6.2. Chemical characteristics of the immediate host
rock of the vein

Compared to the hostA, the immediate host rock of
the vein (hostV) has lower Fe2O3 and K2O contents of c.
10 vs. 13.5 wt.% and 1.1 vs. 2 wt.% respectively. TC is
1.2 wt.% and LOI 4 wt.%, the latter slightly lower than
the LOI of hostA. HostV has a slightly more pronounced
negative HFSE anomaly (Fig. 8A), and the LILE, Ti, Li,
and P are slightly depleted in comparison to the average
host, whereas Sr is somewhat enriched. The LREE are
also enriched and display higher concentrations (∼65
vs. 40 times chondrite), whereas HREE concentrations
are lower compared to hostA (hostV: [La/Yb]N=7;
hostA: [La/Yb]N=3; Fig. 8B). The variations in LREE/
HREE ratios and the HFSE anomalies can be attributed
to heterogeneities in the mineral assemblages of the
sample and fluid–rock interaction during fluid flow.

6.3. Chemical characteristics of the blueschist-alteration
zone

The blueschist-alteration zone has higher SiO2

(53.39 wt.%) and Na2O (6.29 wt.%) concentrations



Table 4
Trace-element data of apatite from the literature

Sample Z6-52-1a Z6-50-14a Eclogiteb

Mineral Ap Ap Ap

n 4 4

(ppm) (ppm) (ppm)

Sr 7643 2623 n.d.
Y 96 88 n.d.
Ce 189 98 838
Nd 353 188 1130
Sm 183 108 443
Eu n.d. n.d. 97.6
Gd n.d. n.d. 473
Dy n.d. n.d. 326
Er n.d. n.d. 142
Yb n.d. n.d. 101
aData from Zack et al. 2002.
bData from Tribuzio et al. 1996.
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and depletions in all other major elements – except of
CaO, MgO, and Fe2O3 – compared to hostV. The LOI
decreased from N4 to 1.6 wt.% and TC from 1.21 to
0.31 wt%. In general, the trace element concentrations
of the blueschist-alteration zone are lower than in the
host rock (hostA and hostV). The slopes of the nor-
malized pattern are almost the same (e.g., LREE ∼10
times and HREE ∼2.5 times chondrite), although
some trace element ratios vary (Fig. 8). There are no
negative HFSE anomalies in the blueschist-alteration
zone (Figs. 8A and 9A) and accordingly, the Ce/Nb and
Sm/Hf ratios decrease from 5.3 and 2.9 (hostV) to 2.0
and 1.4 (baz), respectively. In addition (La/Yb)N and
(Ce/Yb)N decrease from 6.4 and 6.9 to 4.2 and 4.5,
whereas (La/Sm)N ratios are constant, indicating a rela-
tive increase of HREE in the baz compared to hostV
(Fig. 9B). The Ce/Pb and the U/Nb ratios decrease from
the hostV to baz due to a relative Pb increase (Fig. 9C)
and a relative U loss, respectively. The Li concentration
increases from 19 ppm in hostV to 40 ppm in the blue-
schist-alteration zone.

6.4. Chemical characteristics of the vein

The vein shows an enrichment in SiO2 (60.23 wt.%)
and Na2O (6.43 wt.%) as well as Li (44 ppm), whereas
all other major and trace elements are depleted com-
pared to the hostV (Table 2). The LOI is ∼1 wt.% and
TC is 0.15 wt.%. The chondrite-normalized REE pattern
are flat with REE c. 1–2 times chondrite and display a
slightly pronounced increase in the HREE ([La/Sm]N
and [Ce/Yb]N c. 1.1 and 0.8; Figs. 8B and 9B). The
MORB-normalized patterns indicate that in addition to
Li only LILE, Pb and P have concentrations ≥1 times
average MORB, whereas most other elements display
concentrations of ≤0.1 times average MORB (Fig. 8A).

7. Discussion

7.1. The composition of the fluid

Fluid–rock partition coefficients are unavailable for
complex mineral assemblages, such as those of the
blueschist-alteration zone and the relevant P–T condi-
tions. However, vein minerals, which precipitated from
the fluid, will reflect the fluid composition. A high fO2

of the fluid is indicated by the calculated high XAe of the
vein and baz omphacite. The presence of highly fluid-
reactive apatite may help estimate whether the fluid had
high or low concentrations of trace elements (Brenan,
1993; Tribuzio et al., 1996; Zack et al., 2002). Fluorine-
rich and Cl-poor vein apatite indicates that the fluid had
an elevated F content (Brenan, 1993), whereas the high
Na+Si content of the other vein precipitates (ompha-
cite) points to a fluid composition typical of low-salinity
fluids in subduction zones (Manning, 2004). The
experimentally determined apatite/fluid partition coeffi-
cients of Ayers and Watson (1993) show a strong
tendency for Sr and REE to partition into apatite (KD's
between 20 and 30), whereas high amounts of dissolved
silicate material may reduce the KD's by factors of 2 to
3. Higher concentrations of F− will cause an even higher
tendency for cluster and complex formation in the fluid,
further reducing the available amount of trace elements
that can be incorporated in precipitating apatite (Ayers
and Watson, 1991; Ayers and Watson, 1993; Manning,
2004). The vein apatite has a 1000 times higher LREE,
500 times higher MREE, and 20 times higher HREE
content than the vein omphacite and is thus the only
significant trace-element carrier in the vein. However,
its trace element concentration is very low compared to
other eclogite-facies apatites (Table 4). Using experi-
mentally determined partition coefficients (Ayers and
Watson, 1993) and the trace-element concentration
of apatite, we made a crude estimate of the trace ele-
ment concentrations of the fluid from which the apatite
precipitated:

Cfluid
i ¼ Capatite

i =Kapatite�fluid
Di

where Ci
fluid is the concentration of the element i in the

fluid, Ci
apatite is the concentration of the element i in

apatite, and KDi
apatite− fluid is the partition coefficient for

the element i. A reduced KD of 10 for Sr and the REE
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was used for the above calculation. We assumed equi-
librium conditions and a close system during the apatite
precipitation. This simplified calculation gives a rough
estimate of the fluid composition of c. 80 ppm Sr, 8 ppm
Y, 3 ppm LREE, 2 ppm MREE, and 1 ppm HREE
(Table 2). In accordance with the above calculation,
trace-element analyses of the bulk vein show that the
fluid contained relatively high concentrations of LILE,
Li, Pb, U, and P (Table 3). Li, Pb, and P have the highest
concentrations, whereas the REE and HFSE concentra-
tions are much lower (Fig. 8). Figs. 8 and 9 show that the
chemical characteristics of the vein and therefore also of
the corresponding fluid differ from that of the hostV.
Hence, the fluid from which the apatite had precipitated
was characterized by an aqueous Na+Si rich composi-
tion with low salinities and elevated F contents. Apart
from the LILEs and Li, U, Pb, and P all other trace
elements are very low in concentrations. This fluid
composition is in agreement with measured and esti-
mated compositions of fluids related to blueschist dehy-
dration (Gao and Klemd, 2001; Manning, 2004).

7.2. Fluid–rock interaction and element mobilities

The trace-element concentration of the baz is gen-
erally lower than that of the hostV, but the normalized
pattern and most element ratios are similar (Fig. 8). In
accordance with Rubatto and Hermann (2003) this
supports fluid–rock interaction between the fluid and
those parts of the host that constitute the blueschist-
alteration zone. Furthermore, the Li concentration in the
vein is slightly higher (c.10%) than in the blueschist-
alteration zone, though both concentrations are about
twice as high as in the hostV (Table 3). The relative
enrichment of Pb in the baz correlates with the high Pb
concentration in the vein (Figs. 8A and 9C). The good
correlations between the Li and Pb concentrations in the
vein and the baz and the non-correlation with those in
the hostV also support the petrologically based interpre-
tation of an external source for the vein and alteration-
zone forming fluid. However, when using the compo-
sition of hostV as a reference value, the variation of
LILE, HFSE, LREE, and HREE demonstrates their dif-
ferent behaviour during fluid–rock interaction (Fig. 10;
Table 3). The blueschist-alteration zone displays a c. 80%
LILE and LREE (La–Gd)+Th change as well as a c. 50%
HFSE change in concentration compared with the hostV.
The HREE (Tb–Lu)+Y behave more variably, by
displaying a decrease of c. 80% to 60% for Tb to Lu. In
Fig. 7 it is shown that the fluid composition dominated
this change in concentrations. Apart from the LILEs, the
hostV-normalized element pattern shows a lower concen-
tration, whereas the general trend is similar to that of the
blueschist-alteration zone. The concentration of LILE and
HFSE in the vein is only about 4–6%, the LREE about
2%, whereas HREE+Y show an increase from about 5%
Tb to about 22% Lu compared to the hostV. Uranium was
rather mobile, probably due to the high fO2 of the vein
fluid producing the highly fluid-mobile U6+.

7.2.1. Mass-balance calculations
A mass balance is required to determine whether the

change in concentration of the trace elements is due to
dilution or scavenging. Mass balances can be only cal-
culated against an immobile geochemical frame (Ague
and van Haren, 1996), the choice of which is usually
problematic, due to heterogeneities in mineral assem-
blages and bulk chemistries of rocks. Fig. 3 shows
that the mineral assemblage of the host rock is indeed
heterogeneous, leading us to a “graphical” rather than
“mathematical” approach to fit the geochemical refer-
ence frame (Ague, 2003). According to Fig. 11A, which
shows the concentration ratios of all elements of the
alteration zone versus those of hostV, two possible
choices are suggested: (1) the HFSE show similar con-
centration ratios of c. 0.5 (rinv of Ague, 2003) and, (2) the
major elements Ca, Mg, and Fe show similar con-
centration ratios of c. 0.95, indicating that both element
groups behaved similarly during the hydrothermal alter-
ation. However, both potential reference ratios differ
significantly. Zircon is the main sink for Zr and Hf and
rutile for Ti, Nb, and Ta. Both minerals are relatively
resistant to leaching by low-salinity aqueous fluids
(Ayers and Watson, 1991) and are part of the mineral
assemblages in the blueschist host as well as in the
alteration zone. Therefore the HFSE may be an appro-
priate choice for the geochemical reference frame. How-
ever, a reference concentration ratio of 0.5 (Fig. 11A)
indicates an overall mass gain for the alteration zone of
100% relative to hostV. According to this high mass gain,
the LILE experienced a loss of about 65%, the LREE
60%, and the heaviest REE 40–25%. Because mass and
volume changes are usually linked in open systems, such
as dehydrating rocks or rocks interacting with external
fluids (Ague and van Haren, 1996), a high mass change
suggests a significant volume change. Volume-change
calculations were done following the procedures of Ague
(2003), using the rock density and mass changes only.
The rock densities were measured on pulverized samples
using a Gay–Lussac pycnometer. These measurements
indicate that the density increased during the fluid–rock
interaction from 3.12 g/cm3 in the hostV (n=3) to 3.47 g/
cm3 in the blueschist-alteration zone (n=3); combined
with a mass gain of 100%, the volume should have



Fig. 10. Trace elements of the blueschist-alteration zone (baz) and vein normalized to the composition of host close to the vein (hostV), showing that
all trace elements occur in low concentrations in the blueschist-alteration zone (c. 0.2 times host), whereas the HFSE (c. 0.5 times host) have little
higher concentrations. Within the vein, HFSE concentrations are only c. 0.06 times host and that of LREE of 0.02 times host, whereas concentrations
of LILE and HREE+Y are more variable compared to the host rock. (LILE=red; LREE=blue; HREE+Y=yellow; HFSE=green). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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increased by about 80%. This is an unrealistic high
volume increase in a rock that experienced the blueschist-
to-eclogite transition, which usually results in a density
increase combined with a volume loss. In addition, the
concentration ratio of LOI is within the range of that of the
HFSE, indicating dilution (Fig. 11A). This suggests that
the glaucophane, carbonate, and paragonite replacement
has almost no influence on the LOI concentration of the
baz. If we consider possibility 2, i.e. that the major
elements Ca, Mg, Fe with a reference concentration ratio
of 0.95 (Fig. 11A, B) were the most immobile elements in
the particular case (especially Fe and Mg typically occur
in small amounts in low-Cl subduction zone fluids
indicating that they are relatively immobile (Manning,
2004)), the mass gain would have been∼5%, with almost
no volume change. According to this small mass gain, the
HFSE experienced a loss of about 45%, the LILE of
almost 80%, the LREE of 75% and the heaviest REE of
70–50% (Fig. 11B). This reflects a more realistic
scenario, even though HFSE are usually considered
highly fluid immobile.

Our findings show that the passing fluid efficiently
mobilized trace elements such as LILE and LREE,
whereas the most compatible HREE were less mobile. If
we consider our preferred reference frame (Ca, Mg, and
Fe), even the HFSE were efficiently evacuated. Due to
its high Na+Si+F and low trace-element load, the
externally derived vein-forming fluid was thus able to
scavenge trace elements out of those parts of the wall
rock it reacted with during passage. Thereby LILE and
LREE were almost two times more efficiently mobilized
than HREE+Y and HFSE. It is interesting to note that
during eclogitization most carbonates were replaced by
omphacite and garnet (reactions 4 and 5). Approximately
75% of the total carbon was mobilized and thereby about
3.3 wt%. CO2 was liberated into the reactive fluid phase.

7.2.2. Mineral dissolution and precipitation processes
and consequences for trace-element mobilization

The eclogitization of the blueschist host (baz) oc-
curred as a response of the former blueschist-facies
mineral assemblage to the change in the bulk chemistry
caused by the infiltrating fluid as well as to its reaction-
catalyzing potential. Under the relatively low-tempera-
ture conditions prevailing during the eclogitization of
the blueschist (b600 °C) the changes of the mineral
assemblage were controlled by the dissolution of the
reacting minerals and precipitation of the product min-
erals (e.g., Austrheim, 1998; Putnis, 2002; John and
Schenk, 2003). The devolatilization reactions 1–5 dis-
cussed earlier predict the formation of new garnet. The
baz garnet shows prograde growth zoning (Fig. 6). As
expected, the trace elements follow this trend, showing
decreasing HREE concentrations towards the rim.



Fig. 11. A: Concentration ratio diagram for the blueschist-alteration zone (baz) relative to host close to the vein (hostV). Estimation for two potential
reference concentration ratios (rinv of Ague, 2003) is indicated by heavy horizontal lines (see text for explanation). Dashed line indicates HFSE as
reference frame while grey line indicates Ca, Mg, and Fe as reference frame. B: Concentration ratio diagram with using Ca, Mg, and Fe as reference
frame, thick dashed line, marking the 0% mass change. Elements plotting above were gained and those plotting below were lost. Contours of mass
gain or loss are shown. Concentration ratio estimate is c. 0.95 suggesting an overall mass gain of c. 5%.
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However, the outermost rim of the baz garnet shows a
strong increase in theHREE concentrations (e.g., Yb from
c. 8 to 22 ppm). We interpret this sudden increase as
evidence for continued garnet growth under changing
trace-element supply due to the simultaneous dissolution
of the other HREE carrier in the rock (epidote). The
epidote was at least partly dissolved during dehydration of
the blueschist (reactions 1& 2; Fig. 4), releasing HREE
into the interacting fluid. The increase in HREE
concentrations in the precipitated garnet is to be expected
because garnet takes up most of the available HREE
(Stalder et al., 1998). Epidote from the blueschist host
exhibits a uniform trace-element distribution, whereas
epidote from the baz has a more heterogeneous
distribution, especially in the grain rims. Apart from
totally consumed epidote grains, some epidote in the baz
dissolved only partly (see Fig. 5) while other re-
crystallized. The latter has a much lower trace-element
content (rim2 and rim3 in Table 2). Using the Zr in rutile
thermometer of Zack et al. (2004), the three compositional
rutile groups point to different stages of rutile formation
and/or recrystallization in the host and the baz. The first
group with an average Zr content of 31 ppm, the second
with 72 ppm, and the third with 192 ppm correspond to
temperatures of c. 430, 535, and 660 °C respectively. In
accordance with the P–T results discussed above, we
consider the rutile of the first group to reflect prograde
blueschist-facies Zr contents. Most likely, the rutile did
not chemically equilibrate with the higher temperature
regime required for peak-metamorphic conditions in the
blueschist host and the blueschist-alteration zone. These
rutile grains still show the Zr contents in equilibrium with
the prograde blueschist-facies conditions. The rutile of the
second group has on average 72 ppm Zr, which may
reflect its equilibration during the peak metamorphism.
This rutile is interpreted to have re-equilibrated or
precipitated during the fluid infiltration and blueschist–
eclogite transformation (baz) or during minor reequilibra-
tion of the wall rock as a response to the increased P–T
conditions (host). The Zr content of rutile belonging to the
third group may be the result of incompletely equilibrated
chemical subdomains, i.e. high Zr contents in domains not
buffered by zircon. Consequently, most rutiles are
considered to have preserved their initial, prograde Zr
concentration. The fact that only a few grains with higher
Zr contents (i.e. group two) have been found in the baz
might be a consequence of the fluid composition (amount
of potential ligands), fluid–rock ratios (diluting the HFSE
concentration in the fluid) or fluid velocity (fast transport
rates). These factors may have hampered rutile precipi-
tation in the baz and thus explain why almost 50% of the
HFSE was scavenged during the blueschist–eclogite
transformation (i.e. baz formation). However, the main
carrier of Zr and Hf is zircon which occurs in the host and
baz. Zircon in the host is larger in size (≥10 μm) and
euhedral, whereas zircon in the baz is smaller (b5 μm,
mostly ≤ 1 μm) and spherical. We interpret the latter as
evidence for zircon dissolution, which is possible in
hydrothermal regimes and under high-P / low-T condi-
tions if the fluid is alkali rich and has elevated F
concentrations, or if the trace-element concentrations of
fluid and zircon differ significantly (Hole et al., 1992;
Rubin et al., 1993; Tomaschek et al., 2003; Rasmussen,
2005). Following the evidence outlined above, the trace
elements that were liberated during mineral dissolution
are interpreted to have been incorporated only to a minor
degree into the newly formed minerals.

7.3. Fluid and trace-element release during blueschist
dehydration

The transition from blueschist to eclogite is continuous
and is mainly related to the consumption of glaucophane,
paragonite, and epidote minerals and the formation
of garnet, omphacite, quartz, and H2O (Ridley, 1984;
Barnicoat, 1988; Peacock, 1993; Gao and Klemd, 2001).
Even in chemically homogenous blueschist, the slightly
more iron-rich parts tend to transform earlier to eclogite
(Schliestedt, 1990) and thus release their fluid first.
During the devolatilization process only small amounts of
fluid are available in a short time (Poli and Schmidt, 2002)
and can react with the minerals of the dehydrating rock
over a short flow distance (low to very low fluid–rock
ratios). This may lead to a redistribution of trace elements
into newly formed minerals (Spandler et al., 2003). How-
ever, even if this small amount of fluid could evacuate
trace elements, it may not be reflected significantly in the
host-rock element budget (Liebscher, 2004). Nonetheless,
the fluid flow along high-permeability reaction zones
(transport veins) will create high fluid–rock ratios and
thereby allow the mobilization of high amounts of trace
elements. Experimental and empirical studies suggest that
the budget of the different element groups in eclogites is
controlled by certain minerals, e.g., LILEs are controlled
by phengites (Zack et al., 2001), U, Ti and HFSE by rutile
(Rudnick et al., 2000), the HREE by garnet (Stalder et al.,
1998) and the LREE by epidote-group minerals (Tribuzio
et al., 1996). At high fluid–rock ratios the absence or
decrease in the modal content of some of these minerals
can dramatically enhance the mobility of trace elements
during fluid-induced eclogitization (John et al., 2004).
Following the discussion outlined above, the migrating,
channelized fluid with its low-trace element load and high
potential to form complexes most likely caused the
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observed mobilization (cf. Manning, 2004). We suggest
that trace-element mobilization occurred during mineral
dissolution (glaucophane, titanite, paragonite, epidote,
and carbonates) and precipitation (mainly omphacite) due
to passing, trace element-poor fluid at high fluid–rock
ratios. In addition, the composition of the fluid (Na+Si+F
rich) hampered, for example, the formation of rutile in the
alteration zone, probably due to complex formation, al-
lowing the significant removal of HFSE from the alter-
ation zone. Spandler et al. (2003) argue on the basis of a
whole-rock study that the dehydration of blueschists is
decoupled from the trace-element mobilization, which
they believe is most likely to occur within the subducted
sediments at the slab wedge interface. This study implies
that trace elements were not significantly mobilized
directly where dehydration takes place. However, dehy-
dration-derived fluids were able to scavenge elements
while moving through high-permeability reaction zones
in the wall rocks of the dehydrating system. As is evident
from Fig. 8 the most efficiently mobilized trace elements
are exactly those (LILE and REE), believed to contained
in slab fluids that trigger partial melting within the mantle
wedge. Our findings suggest that fluids in high-pressure
rocks are able to move along high-permeability reaction
zones and are able to mobilize trace elements despite low
solubilities from the dehydrating rocks, which contradicts
the models of either small-scale fluid cycling or redis-
tribution of trace elements (e.g., Scambelluri and Philip-
pot, 2001; Spandler et al., 2003). The production of the
slab component of arc magmas bymeans of trace-element
scavenging at high fluid–rock ratios is in accordance with
the study of John et al. (2004), who showed that during the
fluid-induced gabbro-to-eclogite transformation, trace
elements can be mobilized in eclogites that have reacted
with large volumes of fluids. Consequently we suggest
that fluid–rock ratios and the non steady-state character of
the fluid-flow – rather than the mineral assemblages and
equilibrium partition coefficients – are the main controls
on the trace-element mobilities in an open system such as
a dehydrating slab.

8. Conclusions

1. Petrological observations and geochemical data in-
dicate that the infiltration of an external fluid during
eclogite-facies conditions produced a vein that cuts
across the foliation of a blueschist host.

2. Fluid generated by the dehydration of blueschist may
have initiated embrittlement during the dehydration
process, because the permeabilities of the blueschist
host rocks were insufficient to relieve the increasing
fluid pressure. Further dehydration embrittlement
was caused by the flow of fluids along high-per-
meability reaction zones.

3. The chemical load of this fluid displays very low
concentrations of REE and HFSE and higher con-
centrations of LILE, P, Pb, and Li.

4. The external fluid triggered an eclogitization of those
parts of the blueschist host that interacted with the
passing fluid. Most carbonates were replaced and the
liberated CO2 partitioned into the passing fluid. More
than 75% of the stored carbon was mobilized.

5. During this fluid–rock interaction, i.e. during the
eclogitization of the blueschist-alteration zone, the
passing fluid was able to mobilize 40–80% of the
LILE, REE, and HFSE from the host rock. LILE and
LREE were mobilized about two times more efficient-
ly than theHFSE and themost-compatible HREE (Tm,
Yb, Lu).

6. The channelled fluid with its high Na+Si+F and low
trace-element load most likely caused the trace-
element mobilization.

7. The transport of fluid –and thereby of trace ele-
ments– from the subducting slab into the overlying
mantle wedge can be achieved at moderate depths of
c. 60 km, as evident from the interconnected network
of eclogite-facies veins, the result of prograde
devolatilization and related dehydration embrittle-
ment in the blueschist host rock.

8. Fluid–rock ratios, fluid compositions and the non
steady-state character of the fluid-flow rather than
the mineral assemblages and equilibrium parti-
tion coefficients mainly control the trace-element
mobilities in an open system such as a dehydrating
slab.
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