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Abstract We report major-clement, trace-element and
isotopic data of volcanic rocks from the late-Neoprote-
rozoic (570 Ma) Agardagh Tes-Chem ophiolite in Cen-
tral Asia, south-west of Lake Baikal (50.5°N, 95°E). The
majority of samples are high-alumina basalts and
basaltic andesites having island-arc affinities. They were
derived from an evolved parental magma (Mg # = 0.60,
Cr~180 ppm, Ni~95 ppm) by predominantly clinopy-
roxene fractionation. The parental magma developed
from a primary mantle melt by fractionation of about
12% of an olivine + spinel assemblage. The island-arc
rocks have high abundances of incompatible trace ele-
ments (light rare-earth element abundances up to
100 times chondritic, chondrite-normalised
(La/Yb),=14.6-5.1) and negative Nb anomalies
(Nb/La=0.37-0.62), but low Zr/Nb ratios (7—14). Initial
eng values are around +5.5, initial Pb isotopic compo-
sitions are 2°°Pb/>**Pb=17.39-18.45, *"Pb/**Pb=
15.49-15.61, 2°*Pb/***Pb=37.06-38.05. Enrichment of
large-ion lithophile elements within this group is signif-
icant (Ba/La=11-130). Another group of samples con-
sists of back-arc basin-related volcanic rocks. They are
most likely derived from the same depleted mantle
source as the island-arc rocks, but underwent higher
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degrees of melting (8—15%) and are not influenced by slab
components. They have lower abundances of incompati-
ble trace elements, flat rare-earth element patterns [(La/
Yb),=0.6-2.4] and higher engq values (+7.8 to +8.5).
Negative Nb anomalies are absent (Nb/La =
0.81-1.30), but Zr/Nb is high (21-48). At least three
components are necessary to explain the geochemical
evolution of the volcanic rocks: (1) an enriched (ocean
island-like) component characterised by a high Nb con-
centration (up to 30 ppm), an absent negative Nb anom-
aly, a low Zr/Nb ratio (~6.5), a low eng value (around 0),
and radiogenic 2°°Pb/***Pb, 2°’Pb/***Pb and ***Pb/***Pb;
(2) a back-arc basin component similar to N-MORB with
a flat rare-earth element pattern and a high eng value
(around + 8.5); and (3) an island-arc component from a
mantle source which was modified by the downgoing slab.
Crystal fractionation superimposed on mixing and source
contamination by subducted sediments is suitable to ex-
plain the observed geochemical data. The most likely
geodynamic environment to produce these characteristics
is a young, intra-oceanic island-arc system and an asso-
ciated back-arc basin.

Introduction

Geochemical, petrological and isotopic characteristics of
volcanic rocks related to ophiolites are frequently used
to reconstruct the geodynamic situation which led to the
formation of the ophiolite, and to place constraints on
the composition of the Earth’s mantle for a distinct
region and time interval (e.g. Swinden et al. 1990;
Zimmer et al. 1995; Pedersen and Dunning 1997). Re-
gional mantle sources, source contamination, melting
processes, melt migration, and fractionation prior to
ophiolite formation are a matter of intensive debate, and
some of these processes obscure the primary signature of
melts originally formed within the Earth’s mantle. This
is especially the case for island arc-related ophiolites, as
isotopic and trace-element modifications of arc magmas



occur within several stages during magma genesis and
ascent. Mantle-wedge heterogeneities may be an intrinsic
feature or can be produced by element transfer from the
downgoing slab to the mantle wedge via (1) fluids
(Tatsumi 1989; Hawkesworth et al. 1997), (2) partial
melts produced by melting of the downgoing slab (Rapp
et al. 1999), (3) the accretion of unmolten or partial-
ly molten subducted sediments to the mantle wedge
(Johnson and Plank 1999), or by a combination of these
processes. As a consequence of fluid transfer from the
slab to the mantle wedge, its solidus will be lowered
leading to the formation of primary melts (Tatsumi
1989). Further modifications of these melts will occur on
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their way to the surface by the reaction with overlying
mantle peridotite (Navon and Stolper 1987; Kelemen
1990), and by combined fractional crystallisation and
assimilation of continental or pre-existing arc crust (e.g.
DePaolo 1981). A detailed knowledge of these processes
is thus essential for an understanding of regional mafic
and continental crust formation.

Large volumes of continental and oceanic crust were
accreted to the Siberian Craton during Neoproterozoic
and Palaeozoic times, now represented by the Central
Asian Mobile Belt (CAMB or Altaids; Sengoér et al.
1993) which extends from the Pacific Ocean to the Urals
(Fig. 1, inset). The origin and evolution of the CAMB is

massif (SMF) adjacent to the
ophiolite, 774 Tannuola island
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poorly understood and controversially discussed (e.g.
Sengdr and Okurogullari 1991; Sengdr et al. 1993).
Basically, the CAMB represents an association of mi-
crocontinents which are interconnected by deformed
Neoproterozoic to late-Palacozoic subduction-accretion
complexes (Sengor et al. 1993; Kuzmichev et al. 2001).
These subduction-accretion complexes developed during
the closure of the Palacoasian Ocean (Belichenko et al.
1994; Melnikov et al. 1994; Khain et al. 1999). The
microcontinents are assumed to be Precambrian in age
(Coleman 1989; Mitrofanov and Kozakov 1993; Berzin
et al. 1994) but their origin is contentious — they are
fragments either from Gondwana (Mossakovsky et al.
1993; Didenko et al. 1994), or from the Siberian craton
(Berzin et al. 1994), or from both.

Mafic crustal fragments are widespread within the
CAMB where they roughly form EW-trending narrow
belts (Zonenshain and Kuzmin 1978; Avdeyev 1984;
Kepezhinskas 1986; Kepezhinskas et al. 1991; Kov-
alenko et al. 1996a, 1996b; Buchan et al. 2001). These
belts are usually regarded as ophiolite zones, and thus
are interpreted as remnants of the Palaeoasian Ocean
(Khain et al. 1997), although their geodynamic origin,
i.e., mid-ocean ridge-like oceanic crust or island arc-
related crust, is poorly known. However, the ophiolites
play an important role in deciphering the evolution of
the CAMB because they are lithological markers of
former plate boundaries (suture zones).

In this paper we describe the geochemical evolution of
the late-Neoproterozoic (570 =2 Ma; Pfinder et al. 1998)
Agardagh Tes-Chem ophiolite (ATCO), situated within
the northern part of the CAMB (Fig. 1). This ophiolite is
a well-preserved fragment of ultramafic to mafic crust
and provides a unique opportunity to study crust for-
mation processes operating on a large scale. In this
context, the ATCO is particularly suitable to reveal the
processes which initiated the evolution of the CAMB. We
focus on volcanic rocks in which primary geochemical
signatures were governed by partial melting, but were
modified by crystal fractionation, mixing and contami-
nation processes. We further constrain the geochemical
and isotopic composition of the source of these rocks and
outline a geodynamic framework suitable to explain the
observed geochemical and isotopic data.

Geological setting

The ATCO marks the north-western border of the Tuva-
Mongolian Microcontinent (TMM) which consists of
several intrusive and metamorphic complexes (Kuzmi-
chev et al. 2001; Salnikova et al. 2001; Fig. 1). To the SE
and S of the ophiolite are the Moren, Erzin and Naryn
complexes (Fig. 1; Kozakov 1986; Salnikova et al. 2001).
The Moren complex consists of metatonalites, gneisses,
migmatites, amphibolites, marbles, quartzites and minor
ultramafic lenses. Kyanite-bearing gneisses indicate
high-pressure metamorphic conditions (Kozakov 1986).
The western part of the complex is intruded by early-

Ordovician diorites and quartz diorites (Salnikova et al.
2001). The Erzin complex consists of garnet-bearing
gneisses, migmatites, granulites and metavolcanic rocks
(tholeiites, andesites, dacites). The Naryn complex con-
sists of low-grade metapelites and calcareous quartzites.
Carbonates are abundant and contain Middle-Riphean
(~1,000 Ma) fossils (Mitrofanov and Kozakov 1993).
All complexes belong to the Sangilen massif (SMF in
Fig. 1a), which has traditionally been regarded as Pre-
cambrian basement of the TMM, comprising Palaeo-
proterozoic and Archaean rocks (Ez 1983; Ilyin 1990;
Zonenshain et al. 1990). However, recent geochrono-
logical studies by Salnikova et al. (2001) yielded pre-
dominantly early-Palaeozoic ages for the metamorphic
and intrusive rocks of the Moren, Naryn and Erzin
complexes, making the existence of a Precambrian mi-
crocontinent questionable. To the north of the ophiolite
succession lies the EW-striking Tannuola ridge (TIA in
Fig. 1a), which represents a middle- to late-Ordovician
island-arc assemblage (Zonenshain et al. 1990; Fedo-
rovskii et al. 1995; Pfiander et al. 1998).

The ATCO can be subdivided into three main units.
The south-western part (Agardagh unit, abbreviated as
AD) consists mainly of variably serpentinised ultramafic
rocks comprising dunite, harzburgite, wehrlite and py-
roxenite. Small lenses of gabbro, gabbronorite and
plagiogranite are also present. The AD unit is embedded
within a tectonic mélange, consisting of schists, me-
tasedimentary rocks, carbonates, cherts, sheared pillow
lavas and basaltic rocks. The central part of the ATCO
(Karachat unit, abbreviated as KA; Fig. 2) represents an
intrusive body dominated by gabbros, hornblende-
gabbros, gabbronorites and minor diorites. The north-
eastern part of the ATCO (Tes-Chem unit, abbreviated
as TC; Fig. 2) consists of the lower to intermediate part
of a sheeted dyke complex, comprising microgabbros,
massive basalts and basaltic andesites. Low-grade
metamorphic pillow lavas occur as sheared bodies
within the mélange associated to the TC unit. The sam-
ples analysed in this study are low-grade pillows and
massive basalts from the AD unit (samples A22-A49;
Table 1), massive basalts and basaltic dykes/sills from
the KA unit (samples A39-A59; Table 1), and low-grade
pillows, massive volcanics and microgabbros from the
TC unit (samples T2-T44; Table 1).

Results
Major elements

Based on their SiO, concentration (Table 1), the volca-
nic rocks are subdivided into predominantly basalts and
basaltic andesites with minor andesites, dacites and pi-
crites. Na,O and K,O concentrations (Table 1) are not
considered for classification, because alteration probably
played a significant role in controlling the budget of
alkaline elements within nearly all rocks. All samples
except two (A7 and AS59) are characterised by
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Fig. 2. Geological map of the
north-eastern part of the
Agardagh Tes-Chem ophiolite
(ATCO), comprising the
Karachat- and Tes-Chem units.
The Agardagh unit lies further
to the south-west and is not
shown
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calc-alkaline affinity. Mg numbers (Mg#=molar Mg/
[Mg+ Fe'") of volcanic rocks range from 0.48 to 0.67
for the TC-group rocks, from 0.54 to 0.69 for the KA-
group rocks and from 0.49 to 0.73 for the AD-group
rocks (Table 1). CaO decreases with decreasing MgO
(Fig. 3a) for the TC- and KA-group rocks, whereas
Al,Os5 slightly increases (Fig. 3b). This may indicate that
clinopyroxene (cpx) was a dominant phase during frac-
tionation of KA- and TC-group parental melts. A large
scatter in terms of major-element compositions for the
AD-group volcanic rocks suggests a non-uniform origin
of these samples. TiO, decreases with decreasing MgO
for all samples (Fig. 4), but TiO, concentrations are
generally high (0.5-2.9%, Table 1) and higher than in
primitive ocean-floor basalts (~0.6-1%; Presnall and
Hoover 1987) or in many island-arc basalts. The latter
usually have TiO, < 1% (e.g. Woodhead et al. 1998) due
to Ti retention in residual slab minerals (rutile, titanite;
Brenan et al. 1994). By contrast, oceanic island basalts
(OIB) tend to have higher TiO; (>2% TiO5,). In terms of
TiO, concentration, most of the volcanic rocks are very
similar to back-arc basin basalts (TiO,~0.7-2%; Haw-
kins 1976; Hawkins and Melchior 1985; Eissen et al.
1991; Pearce et al. 1995) and mid-ocean ridge basalts
(MORB average TiO,=1.6%; Hofmann 1988).

Trace elements
Compatible trace elements

Chromium and Ni concentrations (Table 1, Fig. 5a) in
most of the volcanic rocks are low compared to primary
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Fig. 3a, b CaO and Al,O; vs. MgO for all volcanic rocks. a
Decreasing CaO with decreasing MgO suggests clinopyroxene (cpx)
fractionation. b Predominantly increasing Al,O3 concentrations
suggest minor or absent plagioclase (plag) fractionation, except for
some low-Al samples (arrows are schematic)

basalts (Ni=300400 ppm, Cr=300-500 ppm; Frey
et al. 1978; Hess 1992). The concentrations of both
elements are well correlated for most of the TC- and
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Table 1. Major-element (wt%, LOI corrected) and trace-element (ppm) composition of volcanic rocks from the Agardagh Tes-Chem

Sample Agardagh unit (AD) Karachat unit (KA) Tes-Chem unit (TC)
Rock type*
Group®  T97A22 T97A23 T97A24 T97A41 T97A43 T97A47 T9ITA49 T97A39 T97A40 T97A57 TITAS58 T97A59 T97T02 T97T03
ba ba da ba(p) ba(p) da an ba ba bs (d) ba bt (d) mg ba
BAB OIB EX BAB BAB EX EX 1A EX D 1A D 1A 1A
SiO, 52.59 52.08 69.53 53.47 53.39 64.18 55.08 52.22 52.74 48.73 52.10 42.48 52.55 53.16
AlLO3 14.98 8.65 8.13 15.19 13.42 15.65 14.08 16.02 19.47 16.09 16.31 17.42 16.34 16.34
Fe 05 14.06 10.11 5.84 9.21 11.84 7.65 9.93 10.47 8.33 10.78 10.80 16.18 10.01 10.05
MnO 0.18 0.26 0.58 0.13 0.22 0.22 0.14 0.15 0.19 0.18 0.16 0.22 0.15 0.16
MgO 5.81 11.67 3.53 4.87 7.61 3.18 5.63 493 5.12 10.15 5.27 8.18 5.11 5.27
CaO 5.24 10.94 7.89 8.42 6.92 1.33 10.61 8.60 7.63 10.01 8.75 13.99 7.70 6.85
Na,O 4.94 2.42 4.15 4.80 4.62 6.21 2.61 4.28 5.28 2.16 3.31 0.31 4.06 3.51
K,0 0.62 0.87 0.32 0.30 0.29 0.97 0.65 1.11 0.22 0.07 0.93 0.05 1.74 2.44
TiO, 1.72 2.90 0.35 1.45 1.69 0.78 1.20 1.48 0.90 0.76 1.51 0.60 1.31 1.31
P,0s5 0.13 0.37 0.13 0.11 0.13 0.11 0.12 0.54 0.13 0.07 0.50 0.00 0.64 0.65
Cr,0; 0.01 0.02 0.01 0.05 0.00 0.01 0.04 0.01 0.00 0.08 0.01 0.00 0.02 0.02
NiO 0.00 0.02 0.01 0.01 0.00 0.00 0.02 0.00 0.00 0.02 0.01 0.01 0.01 0.01
LOIL 3.57 3.60 4.09 2.40 2.13 2.36 1.93 1.33 2.71 1.68 2.44 2.58 1.79 2.95
Total 100.28  100.31 100.48 98.00 100.13  100.29  100.13 99.82  100.01 99.11 99.67 99.44 99.65 99.78
FeO* 10.75 7.73 4.46 7.04 9.06 5.85 7.60 8.01 6.37 8.25 8.26 12.37 7.66 7.68
Mg# 0.49 0.73 0.59 0.55 0.60 0.49 0.57 0.52 0.59 0.69 0.53 0.54 0.54 0.55
Rb 9 9 4 3 5.77 17 7.68 16.5 6 0.389  13.1 0.292 169 38
Sr 129 110 106 82 223 139 261 613 368 177 508 114 604 547
Ba 73 336 103 55 54 185 151 327 81 28 259 11 450 634
Y 39 23 21 32 43 34 17 233 8 15.6 20.7 2.03 33.5 30
Zr 95 199 62 90 96 112 58 128 23 36.1 113 0.53 143 175
Hf 2.98 5.76 1.88 2.99 2.60 - 1.79 - - 1.29 - - - -
Nb 3 29 3 4 2 4 5 9.59 2 0.820 11.5 0.039 126 13
U 0.137 0.816 0.792 0.090 0.095 - 0.134 0.470 0.088 0.490 0.004 0.539 -
Th 0.170 2.46 1.45 0.186 0.141 - 0.395 2.17 - 0.155 1.41 0.046 2.04 -
Pb 0.880 2.92 4.11 1.43 1.72 4 3.31 1.94 3 3.22 3.15 0.858 6.00 9
Sc 40 23 17 41 34 22 21 34 18 38 28 61 26 25
\% 458 238 86 308 405 115 155 246 200 247 241 713 202 206
Cr 20 122 111 404 7 51 302 76 25 604 84 9 116 115
Co 41 41 28 41 30 15 40 19 30 43 29 61 32 30
Ni 26 104 79 89 18 24 187 33 24 179 42 43 56 63
Cu 9 1 20 56 25 32 58 25 32 51 81 220 50 58
Zn 53 71 56 78 68 91 90 70 77 88 109 76 101 99
Ga 20 11 10 14 15 17 18 19 19 15 19 14 20 19
La 3.70 26.5 8.54 3.08 3.49 - 4.79 21.0 - 2.46 21.2 0.19 31.0 -
Ce 12.2 61.0 30.5 9.06 11.9 - 11.4 48.6 - 6.93 46.2 0.29 59.9 -
Pr 1.96 8.13 2.48 1.49 1.98 - 1.53 6.25 - 1.04 5.51 0.04 9.54 -
Nd 9.87 29.9 9.26 9.06 12.1 - 8.09 29.9 - 5.01 27.4 0.19 36.1 -
Sm 3.62 6.56 2.56 3.26 4.51 - 3.03 6.63 - 1.64 6.07 0.11 7.37 -
Eu 1.52 3.46 1.17 0.98 1.31 - 1.50 2.00 - 0.63 1.77 0.15 2.26 -
Gd 4.04 8.21 4.30 3.28 4.50 - 3.01 6.35 - 2.47 5.51 0.26 7.08 -
Tb - - - - - - - 0.91 - 0.39 0.81 0.06 0.99 -
Dy 4.90 5.31 4.39 6.21 - 2.65 5.46 - 2.69 4.71 - 6.13 -
Ho 1.13 1.07 0.75 0.96 1.43 - 0.53 1.07 - 0.52 0.92 0.09 1.23 -
Er 3.71 2.81 2.35 2.69 3.85 - 1.44 3.00 - 1.74 2.52 0.28 2.95 -
Tm - - - - - - - 0.37 - - 0.32 - 0.45 -
Yb 4.72 2.42 2.95 2.48 3.84 - 1.41 2.37 - 1.41 2.05 0.32 3.16 -
Lu - - - - - - - 0.34 - 0.19 0.29 0.03 0.37 -

4bs basalt, ba basaltic andesite, an andesite, da dacite, bt basanite, mg microgabbro, p pillow, d dyke
14 island arc, BAB back-arc basin, OIB ocean-island affinity, D dyke, EX exotic sample. Rb, Sr, Sm and Nd by TIMS, all other trace

XRF

KA-group rocks (except A57, T6 and T7; Fig. 5a),
suggesting a common parental magma and substantial
cpx and/or combined olivine and spinel fractionation. A
few samples are characterised by relatively high Mg#
(0.67-0.73; MgO up to 11.7 wt%) and high Ni and Cr
concentrations (up to 187 and 604 ppm respectively,
Fig. 5b). These samples may represent less fractionated,
primary melts. On the other hand, due to the generally
large scatter, it is unlikely that all volcanic rocks were

derived from one single parental melt by simple frac-
tionation processes.

Incompatible trace elements
Primitive mantle-normalised trace-element concentra-

tions of selected samples from all three units are shown
in Fig. 6 (primitive mantle = PRIMA; Hofmann 1988).
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ophiolite. FeO* was calculated treating all iron as FeO and assuming that FeO/(FeO + Fe,05)=0.85

T97T04 T97T05 T97T06 T97T07 T97T14 T97T15 T97T16 T97T17 TOTTI8 T97T20 T97T31 T97T39 T97T40 T97T41 TO7T42 T97T43 T97T44

bs bs ba mg ba an bs ba mg ba ba bs bs bs bs bs bs
1A 1A 1A D 1A 1A 1A 1A 1A 1A 1A 1A 1A 1A 1A IA 1A
5121 5043 5251 42.59 52.21 56.07 49.12 53.12 5534 5215 53.09 51.19 4997 50.32 5027 5098  48.78
12.04 11.13 1507 17.84 16.49 17.68 19.13 1588 17.00 15.73 16.39 1584 15.62 1565 15.66 15.83 15.87
11.11 10.08 8.75 18.17 11.15  8.65 11.00 11.24 8.40 10.47 11.23 11.90 12.50 12.00 12.04 12.01 12.44
0.16 0.16 0.17 0.23 0.16 0.14 0.18 0.17 0.12 0.18 0.17  0.17 0.19 0.18 0.19 0.19 0.22
6.59 6.06 7.63 7.16 541  3.63 5.17  4.50 3.74 5.46 5.37 575 5.64 5.63 6.11 6.05 7.71
1142 15.22 8.70  12.73 7.49 531 6.28 7.27 7.52 8.66 6.80 8.13 7.98 8.03 8.24 7.53 6.43
4.34 4.42 3.08 0.11 438  6.00 5.70  3.64 3.57 3.44 3.68 3.28 3.30 3.35 3.06 3.26 3.78
0.29 0.24 2.82 0.25 1.34  0.88 0.80 1.63 1.57 0.85 1.65 1.03 1.00 1.16 1.30 1.17, 1.221.22
2.84 2.50 0.76 0.56 0.97 0.80 1.88  1.63 1.16 1.57 1.24  1.76 1.92 1.83 1.76 1.74 1.96
0.32 0.29 0.27 0.00 0.36  0.34 0.52  0.77 0.51 0.64 0.45 0.75 0.78 0.77 0.73 0.75 0.77
0.02 0.02 0.05 0.01 0.01  0.01 0.01  0.01 0.01 0.02 0.02  0.02 0.02 0.02 0.02 0.02 0.02
0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01
4.10 6.59 3.51 3.15 7.32 393 552 143 1.73 1.31 484 193 3.08 2.31 2.99 2.21 2.77
100.35 100.55 99.80  99.65 99.96 99.52 99.78 99.88  98.93  99.18 100.09 99.84 9891 9894 99.40 99.54  99.20
8.50 7.71 6.69  13.90 8.52  6.62 8.41 8.60 6.42 8.01 8.59 9.10 9.56 9.18 9.21 9.18 9.51
0.58 0.58 0.67 0.48 0.53  0.49 0.52  0.48 0.51 0.55 0.53  0.53 0.51 0.52 0.54 0.54 0.59
4 3 37 8.29 23.0 11.6 157 22 27.4 11.4 23 17.7 18 21 21.9 21 14.4
380 365 648 117 766 749 1,024 565 558 744 1,413 704 721 724 652 668 635
96 75 364 36 1,266 860 345 575 574 399 1,036 356 357 477 379 355 611
23 21 17 1.88 174 159 242 34 224 253 20 319 34 34 34.8 34 36.5
168 147 76 1.13 76.6  99.0 143 187 152 121 147 146 174 176 144 172 151
- - - - - 3.81 347 - 4.14 - - - - - 3.57 - 3.83
26 23 3 0.034 11.3 113 114 14 10.9 11.1 14 13.5 13 13 13.3 13 12.9
- - 0.030 1.53  1.78 1.03 - 0.735  0.463 - 0.434 - - 0377 - 0.449
- - - 0.011 535 5.03 271 - 2.55 1.79 - 1.45 - - 1.27 - 1.13
5 3 10 2.71 10.5 277 631 9 6.60 3.44 19 3.24 6 5 5.64 5 6.32
33 30 29 70 29 19 18 28 27 25 33 28 28 29 30 26 29
301 271 223 782 263 160 199 270 199 221 272 249 270 255 256 251 278
170 136 368 9 79 47 58 33 42 155 140 140 138 131 165 159 130
39 36 32 57 30 21 33 29 14 24 32 33 36 33 35 36 38
89 71 80 15 26 17 32 22 21 67 38 57 52 49 79 62 52
112 83 75 195 30 28 49 57 112 28 58 62 51 33 38 48 48
87 74 72 103 92 75 74 104 80 107 103 103 115 123 128 125 113
17 15 16 18 20 19 18 21 19 19 22 21 21 19 19 19 19
- 17.5 - 0.28 304  25.1 23.0 - 233 229 - 27.8 - - 21.1 - 23.3
- 41.1 - 0.43 56.2  52.5 503 - 48.8 46.2 - 68.7 - - 44.9 - 55.1
- - - 0.06 7.18  7.29 726 - 7.10 7.57 - 9.12 - - 7.44 - 8.41
- 23.5 - 0.25 29.1  31.0 327 - 30.4 35.8 - 36.4 - - 352 - 37.9
- 6.79 - 0.13 5.96  6.30 6.74 - 6.27 7.13 - 7.82 - - 7.62 - 8.28
- 1.56 - 0.17 2.15 1.86 1.94 - 2.07 2.11 - 2.72 - - 1.88 - 2.22
- 5.75 - 0.25 5.68 - - - - 6.50 - - - - - - -
- - - - 0.69 0.74 0.85 - 1.02 0.88 - 1.04 - - 0.87 - 1.06
- 4.97 - - 398 - - - - 5.34 - 5.88 - - 6.95 - 6.92
- - - 0.08 0.71  0.64 090 - 0.95 1.03 - 1.17 - - 0.98 - 1.07
- 2.55 - 0.28 1.79 1.53 253 - 2.58 2.56 - 3.20 - - 2.68 - 2.96
- - - - 024 - - - - 0.36 - 0.48 - - - - -
- 1.64 - 0.33 149 1.74 2.57 - 3.08 2.53 - 3.00 - - 2.80 - 3.31
- 0.17 - 0.03 0.18 0.25 0.36 - 0.38 0.30 - 0.46 - - 0.37 - 0.42

elements by MIC-SSMS or ICP-MS (samples A39, A58, T02, T14, T20, T39) except Sc, V, Cr, Co, Ni, Cu, Zn, Ga and

All TC-group samples (Fig. 6a) are characterised by
negative Nb anomalies with relatively uniform Nb/La
ratios (Nb/La=0.37-0.62, except T7: 0.12). Nb/U ratios
are more variable (6.4-35), indicating variable enrich-
ment of U relative to N-MORB (Nb/U=49; data for
N-MORB from Hofmann 1988). Lead anomalies are
also variable (Ce/Pb=1.9-21, except T7: 0.2), but are
overall positive compared to N-MORB (Ce/Pb=25).
Th/U ratios within this group vary between 2.5 and 3.9

underlined by

with an average of 3.3+£0.5 (lo). Sample T7 is also
characterised by a negative Nb and a positive Pb
anomaly, but displays a significant depletion in incom-
patible trace elements relative to primitive mantle and
N-MORB. All TC samples are characterised by slightly
positive Sr and negative Ti anomalies. KA-group sam-
ples (Fig. 6b) have also negative Nb anomalies (Nb/
La=0.20-0.54; Nb/U=9.1-23), but span a wider range
in trace-element concentrations than TC-group rocks.
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Fig. 4. TiO, vs. MgO. Decreasing TiO, with decreasing MgO
indicates magnetite-titanomagnetite and/or ilmenite fractionation
accompanying olivine-clinopyroxene fractionation (arrows, sche-
matic). TiO, concentrations for most of the samples are higher than
in primitive ocean-floor basalts (POFB; Presnall and Hoover 1987)
but resemble back-arc basin basalts (BABB; Eissen et al. 1995),
although the variation is significantly larger (symbols as in Fig. 3).
Star Average MORB (Hofmann 1988)

However, the most enriched KA samples resemble the
TC-group rocks and thus most likely represent the same
source. Lead anomalies are similar to the TC-suite rocks
(Ce/Pb=2.2-25, except A59: 0.4). However, Th/U ratios
are more variable than in TC-group samples
(Th/U=1.8-10.5). AD-group rocks (Fig. 6¢c) are heter-
ogeneous compared to KA- and TC-group rocks, with
one sample (A23) having an oceanic island-like (““OIB-
like”) trace-element pattern (Fig. 6¢). This sample is
characterised by enrichment of Nb (Nb/La=1.1;
Nb/U=37) and depletion of Pb (Ce/Pb=21). Two
AD-group rocks are metapillows which are very similar
in trace-element composition to N-MORB (Fig. 6d). Th/
U ratios within all AD-group rocks vary between 1.2
and 3.0 with an average of 2.1 £0.7 (lo) and thus are
significantly lower than in TC-group rocks.

Zr/NDb ratios of volcanic rocks from all three units
vary between 6.4 and 48 and correlate with Nb con-
centrations (see below). Ba/La ratios do not differ sig-
nificantly between different units (average value for
TC~23, for KA~25, for AD~19), but are higher than in
primitive mantle (Ba/La=10) and N-MORB (Ba/
La=3.6). This indicates an enrichment of large-ion
lithophile elements (LILE) within all rocks. Zr/Hf
ratios vary between 26 and 41 with an average of 34+ 5
(N-MORB=35; PRIMA =36). Ti/V ratios for all rocks
are between 19 and 57 (except A23, A59 and T7), and
thus are more in the range of back-arc basin (BAB)
basalts or MORB (typically between 20 and 50) than
within the range of many island-arc basalts (typically
< 20; Shervais 1982).

Rare-earth elements

Based on their chondrite-normalised rare-earth element
(REE) abundances (Fig. 7), the volcanic rocks are
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Fig. 5. a Ni vs. Cr in TC- and KA-group volcanic rocks (rhombs
TC group, triangles KA group). Ni and Cr are well correlated,
indicating either substantial clinopyroxene fractionation or com-
bined olivine and spinel fractionation (Rayleigh fractionation,
partition coefficients from 1994; numbers give amount of phase
fractionated). b Ni vs. Mg# of all volcanic rocks, including AD-
group rocks (circles). The proposed composition of the parental
magma is Mg# ~0.60, Ni ~95 ppm, Cr ~180 ppm

subdivided into three groups. All TC-group samples
(except T7; Fig. 7a) and two KA volcanic rocks (A39
and ASS8; Fig. 7b) show a significant enrichment in
light (L) REE relative to chondrite and heavy (H)
REE. Chondrite-normalised (La/YDb), ratios for this
group are between 14.6 and 5.1, whereas (Sm/Nd), is
nearly constant (0.61-0.67). Eu anomalies are negligible
or absent. Based on the REE content, this group of
rocks is very similar to unusually enriched island-arc
basaltic rocks from the Lesser Antilles Islands (Fig. 7a,
b). These rocks are low-Mg calcic basalts generated
from picritic parental melts by high-level fractionation
of plagioclase, augite, olivine, and titano-magnetite
(Thirlwall and Graham 1984). In the following we refer
to the LREE-enriched group as island arc-related rocks
(IA rocks).
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Fig. 6a-d. Concentrations of incompatible trace elements for
selected samples, normalised to primitive mantle values (Hofmann
1988). a TC-group rocks have negative Nb anomalies and are
strongly enriched in highly incompatible trace elements relative to
N-MORB (except T7). Pb anomalies are variable. b KA-group
rocks have negative Nb and Pb anomalies. One sample is more
depleted with a positive Pb anomaly. Sample A59 represents a dyke
and strongly resembles sample T7 of the TC group. ¢ AD-group
rocks are heterogeneous with one sample having an “OIB-like”
pattern (absent negative Nb anomaly, negative Pb anomaly). d
Average of two AD-group metapillows (note the similarity to
N-MORB). Generally, TC- and KA-group volcanic rocks are very
similar, but different to AD-group volcanic rocks. Samples T7 and
A59, and probably AS57, are dykes and are characterised by
completely different trace-element characteristics. Shaded curves
N-MORB for comparison (data from Hofmann 1988). Note
different scales

The second group comprising all AD volcanic rocks
is characterised by flat REE patterns (Fig. 7c; except the
“OIB-like” sample A23) with (La/Yb),=0.6-2.4, (La/
Sm),=0.5-1.0, and (Sm/Nd),=0.8 and 1.1. Eu anom-
alies are absent or slightly positive. Although the general
pattern within this group is the same, absolute abun-
dances vary significantly by a factor of about 2 for the
LREE, and of about 4 for the HREE. Despite the
variability in absolute REE abundances and nonparallel
REE patterns, we refer to this group as back-arc basin-
related samples in the following (BAB rocks). The
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assumption of a back-arc or even open-basin origin of at
least some of these samples is justified not only by trace-
element data (Figs. 6d, 7¢) but also by field relationships
and isotopic results discussed below. Nevertheless, we
emphasise that the BAB rocks may even represent
fragments of “true” mid-ocean ridge- (MOR) related
mafic rocks as the transition from back arc to open
marine is difficult to constrain geochemically.

The third group is represented by only two samples
(dykes T7 and AS59; Fig. 7a, b) and is characterised by a
depleted but U-shaped LREE pattern with (La/
Yb),=0.4 and 0.6, (La/Sm),=1.1 and 1.4, and (Sm/
Nd),=1.5 and 1.8. Positive Eu anomalies as well as La
and Ce enrichments are due to the presence of feldspar
phenocrysts.

Isotopic data

Sr and Nd whole-rock isotopic compositions and Sr, Rb,
Nd and Sm concentrations of selected samples are listed
in Table 2. Initial *’Sr/*®Sr ratios (calculated for an age
of 570 Ma) vary between 0.70294 and 0.70590, with the
highest values lying close to the range given for seawater
570 Ma ago (0.7065 and 0.7075; Jacobsen and Kaufman
1999).
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Initial eng values (570 Ma) of samples from all three
units are also given in Table 2 and are shown in Fig. 8.
The values span a large range from —0.6 for the least
radiogenic sample (A24) to + 8.5 for the most radiogenic
sample (A22), with the latter value being close to the
570 Ma depleted mantle value of +8.75 (linear evolution
model after Goldstein et al. 1984). Both samples belong
to the AD section, whereas the KA- and TC-group rocks
are more uniform in their Nd isotopic composition
(ena(570)=+5.5 to +7.7 and +1.9 to +5.9, respec-
tively), whereby the majority of samples have initial eng
values around +5.5.

Based on the classification in IA and BAB rocks, the
TA rocks have intermediate but variable initial eng
values between +1.9 and +6.0 (average: +4.6),
whereas the BAB rocks have higher initial eng values
between +7.7 and +8.5 (average: +8.0). The U-
shaped, REE-depleted samples (dykes T7 and AS59)
have intermediate initial eng values of +5.1 and +5.5,
suggesting that these two samples were derived from
the same source as the IA rocks. However, the most
unradiogenic samples (initial eng values between —0.6
and +2.4) have both flat and enriched REE patterns,
ruling out a simple genetic relationship. Generally, the
large variation of initial eng and the poor linear cor-
relation in terms of '**Nd/"**Nd vs. '*’Sm/'**Nd within
and between the different units rule out a comagmatic
evolution (linear regression of all samples would yield
an insignificant errorchron with an age of 630+ 130 Ma,
MSWD = 147, R>=0.84).

Measured and age-corrected Pb isotopic composi-
tions of samples from all three units are given in
Table 3 and shown in Fig. 9. Age correction to 570 Ma
was done using high-precision Th, U and Pb concen-
trations determined by isotope dilution MIC-SSMS.
The TC- and KA-group rocks have age-corrected
207pp2%*Pb and 2°°Pb/?**Pb ratios of 15.49 to 15.61
and 17.39 to 18.46 respectively. By contrast, the AD-
group rocks display a wider range in age-corrected
207pb2%*Pb and 2°°Pb/***Pb of 15.53 to15.78 and 17.19
to 20.33 respectively (Fig. 9a). This is consistent with
the wider range in initial eng values for this group.
Considering measured 2°*Pb/***Pb vs. 2°°Pb/***Pb ra-
tios, the TC- and KA-group rocks (including IA rocks)
are well correlated (Fig. 9b), whereas the AD-group
rocks (including BAB rocks) plot to the right of this
array.

Discussion
Alteration, metamorphism and element mobility

All volcanic rocks analysed during the course of this
study were altered by hydrothermal and low-grade
metamorphic processes. In order to address questions on
mantle-source geochemistry and magmatic processes
based on trace-element and isotope data, the effects of
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Fig. 8. Distribution of initial eng values for samples from all three
units. AD-group rocks have the largest range (from —1 up to +9)
and include highly depleted BAB rocks (metapillows) and enriched
fragments associated with the mélange. TC- and KA-group rocks
are more uniform with a maximum of around +5.5. Although KA
volcanic rocks tend to be more radiogenic than TC-group rocks,
both groups mainly represent IA rocks. DM gives the depleted
mantle value 570 Ma ago, old continental crust plots outside the
given range

hydrothermal alteration and low-grade metamorphism
have to be considered. A general consensus exists that
transition metals (e.g. Cr, Ni), middle (M) REE, HREE,
high-field strength elements (HFSE) as well as Th and Ti
are relatively immobile during low-temperature altera-
tion (e.g. Ludden et al. 1982; Staudigel et al. 1996). By
contrast, alkali metals (e.g. Na, K, Rb), alkaline-earth
metals (e.g. Sr, Ba) as well as LREE and to a minor
extent U are known to be considerably mobile in fluids
(Staudigel et al. 1996). For the ATCO volcanic rocks,
there is a good linear correlation between immobile Th
and fluid mobile U (R*=0.936), indicating that varia-
tions in U concentrations are not dominated by hydro-
thermal and metamorphic processes. On the other hand,
Pb isotope duplicate analyses measured on individual
rock chips of selected samples show considerable varia-
tions gTable 3). However, these variations are restricted
to 2%°Pb/*™Pb and 2%*Pb/***Pb ratios, whereas for
207pp/2%4Pb ratios conventional and triple spike analyses
are identical within error. Alteration, however, most
likely would affect all Pb isotope ratios. Therefore, we
attribute the variations in 2°*Pb/?**Pb and 2°°Pb/***Pb
ratios within individual rock chips to radioactive in-
growth from heterogeneously distributed Th and U
which were derived from the subducting slab during
magma genesis. If incompletely homogenised, this will
yield large variations in 2°*Pb/>***Pb and 2°°Pb/***Pb
ratios, whereas *°’Pb/***Pb ratios will be nearly unaf-
fected duo to already low abundances of **U 570 Ma
ago. From this we conclude that even Pb, as moderately
fluid mobile element, is only little affected by alteration
and low-grade metamorphism. Strontium is also mobile
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Fig. 9a, b. Pb isotopic composition of volcanic rocks from all three
units. a Age-corrected 2°’Pb/?*Pb vs. 2°Pb/***Pb ratios plot
between two Pb evolution lines with p=9.35 and pn=9.90
respectively (tick distance is 200 Ma, for details see text). Also
shown are the geochron and the 570 Ma primary isochron. Data
for Atlantic, Pacific and Indian ocean MORB are from Ito et al.
(1987) and are recalculated to 570 Ma using p=28.92. Also shown
are age-corrected data from the slightly younger (500 Ma) Devil
River arc system in New Zealand (Miinker 2000), which is an intra-
oceanic arc back-arc system. b Measured °°Pb/***Pb vs.
206pp 24Py, s linearly correlated for the IA rocks (filled symbols),
with the slope giving a time-integrated Th/U ratio for the source of
3.1. The BAB rocks (open circles) are scattered but more radiogenic
in 2°°Pb/?**Pb, indicating a slightly lower Th/U ratio of their
source. HIMU data from Chauvel et al. (1992), sediment data from
Plank and Langmuir (1998)

during hydrothermal alteration and metamorphism, and
for mantle-derived rocks a shift in Sr concentration
caused by seafloor hydrothermal alteration is typically
accompanied by elevated ¥’Sr/*Sr(t) ratios relative to
end(t). In terms of their initial 87Sr/86$r ratios vs. eng
(570 Ma), the volcanic rocks and dykes of the ATCO
plot to the right of the recent mantle array and to the
lower right of the MORB field recalculated to 570 Ma.
Some initial ®’Sr/*Sr ratios are shifted to higher values
for a given eng (570), which is most likely caused by
moderate seawater alteration (¥’Sr/*°Sr in seawater
~570 Ma ago was between about 0.7065 and 0.7075;
Jacobsen and Kaufman 1999). Therefore, Sr isotopic
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Fig. 10. Nb/YD vs. Nb concentration. IA rocks have higher Nb/Yb
ratios and higher Nb concentrations than BAB rocks, due to lower
degrees of melting, assuming the same source. Curves are
calculated melting curves for spinel peridotite (Sp), harzburgite
(Hzb), garnet peridotite containing 10% garnet (/0 Gt), 5% garnet
(5 Gr), and 1% garnet (I Gt; for details see text and Table 4).
Numbers denote degree of melting (non-modal batch melting,
partition coefficients from Bédard 1994, and Johnson 1998). Nb
concentration is nearly independent of source composition but
varies with degree of melting. Nb/Yb ratios are governed by the
modal composition of the source
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compositions are not further considered. Similar to Sr,
Ba is a mobile element and sensitive to hydrothermal
alteration and fluid flux (Staudigel et al. 1996). Never-
theless, we use Ba/La ratios to quantify LILE enrich-
ment in the different rock suites. This is justified by a
fairly good linear correlation between Ba and Th con-
centrations (R?>=0.820). Nevertheless, Ba anomalies,
especially in low-concentration samples such as the BAB
rocks and dykes (Fig. 6a, b), may reflect some degree of
alteration. In conclusion, we predominantly use the
more immobile elements (HFSE, Th, MREE and
HREE) as well as Nd and Pb isotopes, which have
shown to be less affected within the ATCO volcanic
rocks.

Parental magma(s) and fractional crystallisation

Low abundances of Cr and Ni and moderately to low
Mg# in most of the volcanic rocks, particularly the TC-

Table 4. Source and melt modes used for melting calculations

and KA-group samples (i.e. IA rocks, Fig. 5), indicate
substantial fractionation to produce the parental mag-
ma of these rocks from a primary melt. Using the Mg#
and Cr and Ni concentrations, we infer the composition
of the parental magma to have been as follows:
Mg#20.60, Cr>180 ppm and Ni=95 ppm (Fig. 5). De-
creasing the Cr and Ni concentrations of a mantle-de-
rived primary melt (~500 ppm Cr and ~400 ppm Ni;
Frey et al. 1978) to these values requires fractionation of
about 12% solid phases with a composition of 95%
olivine and 5% spinel (assuming Rayleigh fractionation,
partition coefficients from Bédard 1994, and Conrad
and Kay 1984). This amount seems reasonable with
respect to the Mg# of the inferred parental magma (e.g.
fractionation of about 15% olivine with an average
Fo=0.81 reduces the Mg# of a melt from 0.70 to 0.61).
Therefore, fractionation of olivine and spinel from a
primary melt could produce the parental magma from
which the TC- and KA-group rocks further developed.
The assumption of predominantly olivine (and = spinel)
crystallisation is justified since primary melts have only
olivine on their liquidus at moderate to low pressures
(Hess 1992). As demonstrated by Heath et al. (1998)
who investigated calc-alkaline series from the Lesser
Antilles, the assumption of olivine and Cr-spinel as
liquidus phases is also valid for primary melts related to
arc environments.

Proceeding from the parental magma inferred above,
fractionation of ~60% cpx or ~1% spinel and ~15%
olivine is required to fit the observed range in Mg#, Cr
and Ni within the volcanic rocks themselves (Fig. 5).
Due to the occurrence of cpx phenocrysts, the absence of
olivine phenocrysts, the decreasing CaO with decreasing
M¢gO (Fig. 3a), and the elevated SiO, concentration and
the quartz normative character of most of the volcanic
rocks, we prefer the assumption of predominantly cpx
fractionation from the parental magma. Negative Ti
anomalies and decreasing TiO, with decreasing MgO
(Fig. 4) further show that magnetite/ilmenite fractiona-
tion also played a role during the evolution of the vol-
canic rocks. Increasing Al,O; with decreasing MgO
(Fig. 3b) indicates that plagioclase was not a dominant
liquidus phase during the fractionation of the volcanic
series. This is further supported by absent Eu anomalies
within most samples from all three units (Figs. 6, 7). On
the other hand, positive Sr anomalies in the IA rocks
(Fig. 6) suggest plagioclase accumulation. However, as

Source modes Melt modes Source

Ol Opx Cpx Sp Gt Ol Opx Cpx Sp Gt

57 25 16 2 0 -7 25 80 2 0 Spinel lherzolite® (cpx out after 20% melting)
60 20 10 0 10 4 -19 105 0 10 Garnet peridotite® (cpx out after 10% melting)
83 15 0 2 0 35 63 0 2 0 Harzburgite® (opx out after 24% melting)

“Woodhead et al. (1993)
Johnson (1998)
“Kelemen et al. (1990)



Sr/Nd is positively correlated with Th/La, indicating
variable amounts of slab-derived components within the
IA rocks, we attribute the positive Sr anomalies to slab
components rather than to plagioclase accumulation.
Exceptions are the highly depleted dike samples with
strongly positive Eu and Sr anomalies. These dykes are
mostly microgabbros and thus dominated by plagioclase
accumulation.

Degree of melting

Estimating the degree of melting implies several prob-
lems due to variable enrichment effects of the magma
source caused by subduction-related processes. It is
well known that the budget of hydrophile elements
(Rb, K, Sr, Ba, U, Pb) in the mantle wedge is con-
trolled by fluids released from the dehydrating slab
(Peacock 1993; Ryan et al. 1996; Regelous et al. 1997;
Johnson and Plank 1999). On the other hand, the
inventory of more immobile, incompatible elements
(e.g. Th) may be controlled by melts formed from the
slab itself (Peacock et al. 1994), or from subducted
sediments, or from sediments directly accreted to the
mantle wedge (Hawkesworth et al. 1997; Johnson and
Plank 1999). Although all TA rocks display significant
negative Nb anomalies (Fig. 6a, b), absolute abun-
dances of Nb are about a factor of 3 higher than in
BAB rocks (predominantly AD-group rocks) and in N-
MORB (Fig. 10). Therefore, the negative Nb anomalies
indicate an enrichment of LILE relative to Nb and
other HFSE rather than depletion of these elements by
subduction-related processes such as HFSE retention in
residual mantle or slab minerals (e.g. rutile). This is
consistent with experimental results which suggest that
rutile saturation in island-arc magmas is difficult to
achieve, thus making the existence of HFSE-retarding
phases in the source region of arc magmas unlikely
(Ryerson and Watson 1987; Ionov and Hofmann
1995). We therefore assume that the Nb contribution
from the slab to the source region of the TA rocks is
negligible, making Nb a potential indicator to estimate
the degree of melting of the primary mantle wedge.
Similar to the HFSE, the HREE are regarded as
conservative elements, for which the contribution from
the slab to the mantle wedge is also minimal (Pearce
and Peate 1995). Therefore, we used Nb-Yb syste-
matics to calculate the composition of melts produced
by different degrees of melting and variable source
compositions (Fig. 10), applying the equation for non-
modal batch melting (Shaw 1970; Albaréde 1995).
Starting concentrations of Nb and YD in the source are
taken as 0.35 ppm and 0.39 ppm respectively. These
values are reasonable estimates for the depleted upper
mantle and are derived from the N-MORB composi-
tion of Hofmann (1988), assuming that N-MORB is
produced by 10% batch melting of depleted mantle
peridotite. These concentrations are in good agreement
with the depleted mantle concentrations given by
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McKenzie and O’Nions (1991, 1995; Nb=0.39 ppm,
Yb=0.35 ppm). Mantle and corresponding melt modes
are taken from Woodhead et al. (1993) for spinel lherz-
olite, from Johnson (1998) for garnet peridotite, and
from Kelemen et al. (1990) for harzburgite (Table 4).
Additionally, initial garnet abundances are varied from
the original composition of 10% (Johnson 1998) to 5%
and 1%. The lower garnet modes were compensated by
olivine.

Our calculations indicate that the mantle source was
either a moderately depleted spinel lherzolite similar to
the recent MORB source mantle, or a more refractory
garnet peridotite which underwent higher proportions of
former melt extraction. Relatively low Nb/Yb ratios rule
out a garnet proportion of more than 1-2%. Indepen-
dent of the source composition, the degree of melting
was low for the IA rocks (about 2-3%). This is in good
agreement with the degree of melting predicted for
hydrous melting above subduction zones (2-8%; Davies
and Bickle 1991), although our estimate is at the lower
limit of this range. This may indicate a generally low
fluid flux, as the degree of melting above subduction
zones is proportional to the fluid flux from the slab
(Stolper and Newman 1994). For the BAB rocks the
degree of melting was probably higher (8-15%),
assuming the same source. The dyke samples of the KA
region (including T7) plot off the general trend for IA
and BAB rocks (Fig. 10). Due to their extremely low Nb
concentrations and very low Nb/Yb ratios, they cannot
be derived from the same source as IA and BAB rocks
and thus may represent later-stage intrusion events of
unknown age.

Source composition

High initial eng values (up to +8.5; Table 2) in the
metapillows of the AD section (BAB rocks in Fig. 8)
indicate the existence of a long-term depleted mantle
beneath Central Asia 570 Ma ago. Compared to the
global evolution of Nd isotopes (e.g. Stein and Hofmann
1994), these values are close to the Nd isotopic compo-
sition of the depleted mantle 570 Ma ago, assuming that
the depleted mantle evolution is defined by the upper
limit of global initial eng values vs. time. By contrast, the
eng values of the IA rocks scatter around + 5.5 (Table 2,
Fig. 8) and lie on the Nd evolution line for major oro-
gens (see Stein and Hofmann 1994). Therefore, the 1A
rocks may either be attributed to a different source,
which then would be less depleted than the upper mantle
(e.g. a mixed primordial and depleted mantle source, as
suggested by Stein and Hofmann 1994), or may be the
result of mixing and/or assimilation processes, whereby
material derived from older continental crust lowers the
initial eng values. Due to the variation of initial eng
values of the IA rocks, and due to the mixing relation-
ships described below, we favour the assumption of a
similar source for BAB and IA rocks. This source was a
long-term depleted mantle.
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Pb isotopic compositions (Table 3) constrain the
n value (=present-day ***U/***Pb) of the mantle
source to have been 9.35 as a lower limit (Fig. 9a). We
calculated this value by applying a two-stage Pb evo-
lution model, following Stacey and Kramers (1975) for
the first step and assuming an age of the Earth of
4.57 Ga. The p value of 9.35 is slightly higher than the
depleted-mantle estimate of Doe and Zartman (1979;
n=28.92) but nevertheless underlines the existence of a
depleted mantle source beneath Central Asia as
derived from Nd isotopes. Furthermore, the p value
lies close to the more recent estimate of Hofmann
(2001; u=9.26), based on the average composition of
MORB and assuming a single-stage Pb evolution and
an age of the Earth of 4.43 Ga. 2°°Pb/>***Pb ratios of
all samples, except the highly heterogeneous AD-series
samples, lie within the range of age-corrected Atlantic,
Pacific and Indian MORB (Fig. 9a; MORB data from
Ito et al. 1987; recalculated to 570 Ma using p=28.92).
However, considering *°’Pb/?***Pb ratios there is an
excess in “"’Pb compared to recalculated MORB
samples. This excess probably reflects the existence of
small amounts of old crustal material, either within the
source itself and derived from the subducted slab, or
assimilated by ascending melts. An excess in radiogenic
27Pb in arc magmas was also described by Miinker
(2000; Fig. 9a) for the 500-Ma-old Devil River arc
system in New Zealand. He showed that this excess
was produced by subducted sediments derived from an
Archaean source.

From the well-defined correlation between
208pp /204Pp vs. 2°°Pb/2**Pb within the IA rocks (Fig. 9b),
we deduce a time-integrated Th/U ratio of their source
of 3.1£0.1 (lg; disregarding the AD series rocks).
Compared to the present-day depleted mantle (Th/
U~2.5, Galer and O’Nions 1985), this indicates a slight
long-term excess in “**Pb over “°°Pb, which we also
attribute to older crustal components with a long-term
increased Th/U relative to the depleted mantle. By
contrast, the BAB rocks plot significantly to the right of
the correlation defined by the TA rocks, indicating an
excess in 2°°Pb and thus a significantly lower time-inte-
grated Th/U ratio for their source.

Mixing relationships vs. single parental melt

Although Cr and Ni correlations (Fig. 5) as well as Nb/
Yb systematics (Fig. 10) allow the assumption of a
common parental magma for most of the volcanic rocks,
other trace-element and isotopic characteristics require
additional processes to have taken place during their
evolution. In terms of Zr/Nb vs. Nb concentration, the
BAB rocks are characterised by high Zr/Nb ratios (up to
50; Fig. 11). The IA rocks as well as the metapillows
from the TC mélange and sample A23 have lower Zr/Nb
ratios but higher Nb concentrations (Fig. 11). Crystal
fractionation fails to explain the correlation between the
different groups of samples, as this process is not suffi-

cient to produce such a large range in Zr/Nb ratios. This
is demonstrated in Fig. 11 by the calculated fractiona-
tion trend for cpx, which produces a Zr/Nb variation
being an order of magnitude too low to fit the observed
data. Fractionation of other mafic phases will yield
similar trends (e.g. 50% Rayleigh fractionation of a
primary magma having Zr/Nb=30 would lower this
ratio to about 28 for cpx fractionation and to about 25
for amphibole fractionation). Partial melting is suitable
to explain some of the variations within the TA and low-
Zr/Nb BAB rocks as described previously and as shown
by the partial melting curve for spinel peridotite in
Fig. 11 (non-modal batch melting, parameters as given
in Table 4). However, partial melting is not sufficient to
explain the entire range in Zr/Nb ratios. Therefore, we
suggest a mixing relationship superimposed on partial
melting and fractional crystallisation to explain the
variation in Zr/Nb ratios. Bulk mixing between a high-
Nb component (represented by the “OIB-like” sample
A23) and a highly depleted primary melt, having a low
Nb concentration and a high Zr/Nb ratio (represented
by metapillow A43), is shown in Fig. 11. According to
this, the admixture of up to about 10% of the “OIB-
like” component explains the Zr/Nb variation within the
entire suite of BAB rocks. As discussed in Miinker
(2000), melts with low Zr/Nb ratios but high Nb con-
centrations may also result from melting of a subducted
slab, where Nb behaves much more incompatibly than
Zr. We cannot rule out this assumption and therefore
underline that the component termed “OIB-like” could
also be a melt derived from slab melting. For example,
3% modal batch melting of a N-MORB-like slab con-
sisting of garnet amphibolite having 10% garnet results
in a melt having ~30 ppm Nb and Zr/Nb~9 (Miinker
2000). This is very close to sample A23. However, the
“OIB-like” samples occur in the mélange of the ophiolite
and are related to the forearc region of the subduction-
accretion system. Therefore, they may represent frag-
ments of an accreted, “OIB-like” terrane rather than
melts derived from a recently subducted slab, where the
thermal regime is unlikely to produce significant
amounts of slab-derived melts.

Isotopic data provide further constraints on mixing
relationships. Radiogenic lead (***Pb/?°°Pb)* is nega-
tively correlated with initial '**Nd/'**Nd (Fig. 12). This
indicates the contamination of primary magmas with an
old crustal component, as high (***Pb/?’°Pb)* is ob-
served in reservoirs having a high Th/U over time, i.e. in
the continental crust. No si§niﬁcant differences exist
whether age-corrected (***Pb/**°Pb)* is used or not, in-
dicating that differences in radiogenic Pb compositions
derived from different Th/U ratios reflect long-living
source heterogeneities. This is also evident from initial
207pp/2%4Pb, in which higher values correspond to lower
initial eng. The AD pillows A22, A41 and A43 have the
lowest (“”*Pb/?*°Pb)* ratios (0.877-0.913) and the most
radiogenic " Nd/"**Nd (eng= +7.8 to +8.5). As shown
above, these samples are thought to represent BAB-
related melts from a depleted mantle source for which
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Fig. 11. Zr/Nb vs. Nb concentration. Variation of Zr/Nb ratios is
an order of magnitude too large to be explained by fractional
crystallisation (e.g. cpx fractionation, length of arrow corresponds
to 85% Rayleigh fractionation). Partial melting also fails to explain
the whole range in Zr/Nb vs. Nb (lower dashed line, numbers denote
degree of melting. Therefore, we infer a mixing relationship
between a Nb-rich component (“OIB-like” melt) and a highly
depleted melt, superimposed on the partial melting trend connect-
ing the IA and low-Zr/Nb BAB rocks. The mixing line was
calculated by bulk mixing between the sample having the highest
Nb concentration (“OIB-like” sample A23) and the sample having
the highest Zr/Nb ratio (metapillow A43). Numbers are mixing
proportions in %

contamination or crustal assimilation played a minor
role. On the other hand, the island-arc rocks have sig-
nificantly lower initial '“Nd/'*Nd (exa=+1.9 to
+5.9) and slightly higher (*°*Pb/?°°Pb)* ratios (Fig. 12),
indicating the involvement of older continental material
during their evolution. To place constraints on the po-
tential contaminant, we calculated a simple bulk mixing
relationship between a primary melt (represented by the
BAB pillow lavas) and a sediment component. Due to
the lack of geochemical data on regional sediments, we
used the average composition of subducted sediments
given by Plank and Langmuir (1998). As shown in
Fig. 12, the IA rocks plot along the calculated mixing
line, making subducted sediments with moderate to low
eng values the most likely contaminant during the evo-
lution of the IA rocks. This observation is consistent
with mixing relationships derived from Zr/Nb syste-
matics, but makes the involvement of an “OIB-like”
component during melt generation unnecessary. There-
fore, the “OIB-like” samples possibly represent isolated
rock fragments accreted to the forearc region as de-
scribed above, rather than components involved during
magma genesis. This assums)tion is confirmed by the
scatter in (*°*Pb/?°°Pb)* vs. '**Nd/'**Nd for three of the
six AD-group rocks (Fig. 12), which suggests that they
do not originate from a single source but rather repre-
sent different lithotectonic units.

Crustal assimilation vs. source contamination

Several authors have estimated the flux and timing of
material transfer from the slab to the mantle wedge
(e.g. Morris et al. 1990; Hawkesworth et al. 1997;
Regelous et al. 1997; Elliot et al. 1997; Johnson and
Plank 1999), and constrained the behaviour of different
elements during mass transfer. For example, Johnson
and Plank (1999) pointed out that Rb, Sr, Ba and Pb
are highly fluid mobile elements whereas Th is mobi-
lised only by melting of subducted sediments. Because
most of the investigated samples were altered during
low-grade metamorphism, the influence of fluid phases
during melt generation is difficult to assess for the
ATCO. On the other hand, as outlined above, low
degrees of melting for the IA rocks suggest low fluid
fluxes from the slab. Additionally, we infer from
the correlation between initial (*°*Pb/?°°Pb)* vs.
143Nd/ 1%4Nd (Fig. 12) that the source contaminant was
at least partly a sedimentary component. However, as
shown in Fig. 12, up to 40% sediment admixture to a
primary melt is required to explain the IA-rock com-
positions by bulk mixing, which is rather unlikely due
to heat balance considerations. Therefore, either direct
sediment entrapment into the mantle source and sub-
sequent melting or post-melting crustal assimilation
and simultaneous crystal fractionation (AFC) is re-
quired to explain the mixing relationships. To further
constrain this, we modelled fractional crystallisation
and combined crustal assimilation, applying the equa-
tions of DePaolo (1981). We used Th/Yb ratios vs.
initial '**Nd/"**Nd since Th is sensitive to sediment or
crustal contamination due to its low concentration in
primary depleted melts, and because Th is less affected
by fluid-related mass transfer (Johnson and Plank
1999). Concentrations for Th and Yb in the contami-
nant were assumed to be represented by subducted
sediment averages (6.5 ppm and 4.6 ppm; Plank and
Langmuir 1998). Initial eng was varied between —10 and
+6 to constrain the nature of the potential contami-
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nant. The results are shown in Fig. 13. The ratio of
assimilation to fractionation (r parameter) must have
been high assuming AFC processes (>0.8), since low
ratios fail to explain the entire range in Th/Yb varia-
tion (lower r values do not affect the shape of the
calculated curves but the absolute range in Th/Yb). The
results further indicate that a large range in eng values
of the assimilated material is necessary to explain all
data points, and that the eng values were not lower
than +2 to produce the IA rocks. Pre-existing Archa-
ean or Proterozoic continental crust was therefore not
involved during contamination. Although these con-
siderations give some qualitative hints on the nature of
the potential contaminant, and suggest that at least
partly AFC processes may have taken place, we prefer
the assumption of sediment entrapment into the mantle
source and subsequent melting to be responsible for
elevated eng values and Th enrichment within the TA
rocks. This is because of the following reasons: (1) as-
suming solely AFC processes, the eng values of the
assimilated material must have been highly heteroge-
neous (between at least 0 and +6), which is rather
unlikely, (2) AFC processes require large amounts of
crust to be assimilated (r=0.8), which is inconsistent

{maNd ;144Nd]

570

Fig. 13. Results of AFC calculations. Different curves represent
different '**Nd/"**Nd of assimilated material (numbers are eng
values). Stippled lines are equilines and give the amount of mineral
assemblage fractionated (consisting of 20 ol-40 cpx—40 plag,
amount in %, partition coefficients from Bédard 1994; ratio of
assimilation to fractionation: r=0.8). Trace-element composition
of assimilated material was assumed to be equal to average
subducted sediments (data from Plank and Langmuir 1998). High
Th/Yb ratios within the IA rocks require high amounts of
assimilated crustal-like material (details see text)

with the restricted range in Mg# of the IA rocks, (3)
signatures of subducted sediments in volcanic rocks
from many island-arc systems are a common feature
(Patchett et al. 1984; White and Dupré 1986; Morris
et al. 1990), and (4) because of the well-constrained
correlation between (**Pb/?°°Pb)* vs. **Nd/"**Nd
(Fig. 12). Adding sediments prior to melting will not
change the calculated shape of the mixing curve in
Fig. 12, but will lower the absolute amount of sediment
necessary to produce the IA rocks to about 2-5%
within the source.
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Conclusions

The volcanic rocks of the Agardagh Tes-Chem ophiolite
(ATCO) can be subdivided into three groups in terms of
their trace-element and isotopic characteristics: (1) is-
land-arc rocks (IA rocks) are characterised by enriched
REE patterns, negative Nb anomalies, enrichment of
LILE and intermediate initial eng values around +5.5;
(2) back-arc basin-related rocks (BAB rocks) are char-
acterised by flat REE patterns very similar to MORB,
absent negative Nb anomalies but highly radiogenic
initial eng values up to +8.5; (3) intermediate and exotic
rocks with both highly depleted and enriched REE
patterns but intermediate to low initial eng values down
to —0.6. The island-arc and back-arc rocks are likely to
be derived from the same depleted mantle source by
different degrees of melting (2-3% and 8-15% respec-
tively). Modification of the mantle wedge by subducted
sediments combined with mixing processes superim-
posed to crystal fractionation is suitable to explain most
of the trace-element and isotopic data.

Based on these results, we suggest the evolution of the
ATCO as part of an intra-oceanic island-arc back-arc
system. The IA rocks represent early-stage volcanic
rocks of a young arc system, in which fluids and prob-
ably melts released from the downgoing slab initiated
low-degree melting of a mantle wedge previously mod-
ified by accreted sediments. This led to highly enriched
IA rocks with intermediate initial eng values. The pres-
ervation of isotopic and trace-element heterogeneities
within this suite of rocks implies poor mixing between
different melt batches on their way to the surface. Al-
though speculative, this may also indicate a restricted
thickness of the overlying crust, in which storage and
mixing of different magma batches is difficult to achieve.
Therefore, this crust may have been pre-existing oceanic
crust rather than continental crust. We further suggested
that, simultaneous to the formation of the IA rocks, the
BAB rocks were formed in the back-arc region from the
same depleted mantle source, but without the influence
of slab-derived components. These rocks are therefore
more depleted in highly incompatible trace elements and
are highly radiogenic in 'Nd/'"**Nd. This requires a
hot, upwelling depleted mantle in the back-arc region to
provide sufficient heat to produce these melts.
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Appendix: Analytical methods

Major elements and Ba, Y, Sc, V, Cr, Co, Ni, Cu, Zn,
and Ga were determined on a Philips PW 1404 X-ray
fluorescence spectrometer at Universitit Mainz using
common XRF techniques on fused and powder pellets.
Reproducibility is better than 1% for major elements
and better than 4% for trace elements. FeO was calcu-
lated from Fe,Os assuming that all iron was Fe'’. All
other trace elements (except Rb, Sr, Sm, and Nd) were
determined either by isotope dilution multi-ion counting
spark-source mass spectrometry at the Max-Planck-In-
stitut fiir Chemie in Mainz (MIC-SSMS; Jochum et al.
1997) or by ICP-MS at Memorial University in St.
Jones, Newfoundland, Canada, following the technique
of Jenner et al. (1990). For the MIC-SSMS measurement
of very low Zr and Nb concentrations in Al-rich sam-
ples, a special procedure was necessary to correct for
isobaric interferences. This procedure includes a high
mass resolution (~3,000) and a mathematical interfer-
ence correction, and yields an analytical precision of 2—
5% for concentrations down to 0.02 ppm and 10% for
lower concentrations (Pfiander et al. 1999). For all other
trace elements, the precision of the MIC-SSMS tech-
nique is within 3-5% of the recommended values for
international reference materials for elements deter-
mined by isotope dilution, and within 10% for elements
determined by the internal standard procedure (Jochum
et al. 1988). The precision of the ICP-MS analyses is
given to be better than 10%.

Nd, Sr, and Pb isotopic compositions were measured
on Finnigan MAT 261 multicollector thermal ion-source
mass spectrometers in static mode. Nd and Sr isotopic
analyses and Nd, Sm, Sr, and Rb concentrations were
analysed on the same sample powder using mixed
PONA-'*Sm and *Sr—*°Rb spikes. After spiking, the
sample powder was dissolved in HF-HNOj; in closed
Teflon beakers for >48 h at 200 °C. Rb, Sr and REE were
separated on Bio-Rad AG 50W-X12 cation-exchange
resin. From the REE fraction, Sm and Nd were subse-
quently separated using HDEHP-coated Teflon powder.
Total procedural blanks were < 500 pg for Sr and <30 pg
for Nd. Measured Sr isotopic ratios were normalised to
86Sr/*¥Sr=0.1194, Nd isotopic ratios to "**Nd/"**Nd =
0.7219. Repeated measurements of the NBS 987 Sr stan-
dard resulted in %’Sr/*®Sr=0.710212+ 0.000036 and
84Sr/3°Sr =0.056495 + 0.000053  (errors 20, N=10).
Repeated measurements of the La Jolla Nd standard
gave "PNd/"*Nd =0.511839 +0.000025, "**Nd/"*Nd =
0.348402+0.000017 and ''Nd/'"™Nd= 0.236478 +
0.000082 (20, N =33). Pb was isolated from hand-picked
rock chips up to 200 mg by weight. After leaching in hot
6 M HCl for several hours and rinsing in ultrapure water,
the chips were dissolved in closed Teflon beakers using hot
HF-HNO; for >48 h. Pb separation was carried out on
Bio-Rad AG1-X8 anion-exchange resin usinga HBr—HCl
procedure. Total procedural blanks are <200 pg. Mass
fractionation was determined by repeated measurements
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of the NBS 981 Pb standard for each batch of samples and
was between 1.024+0.20 and 1.324+0.05%, per amu
(£20). Measured ratios of the NBS 981 Pb standard were
208pp2%Pb =36.696+0.049,  **"Pb/>**Pb=15.490 +
0.015, °°Pb/*Pb=16.933+ 20.012, °’Pb/**°Pb=
0.91481+£0.00030 (£ 20, N =10, corrected for fractiona-
tion). Selected samples were re-measured for Pb isotopic
composition by using the highly precise triple spike tech-
nique (Galer 1999). This technique requires the run of
spiked and unspiked sample aliquots to correct for in-
strumental mass fractionation but improves the accuracy
of the isotopic ratios by at least a factor of 10. Sample
dissolution was similar to the procedure described above,
but separation was done on AG1-X8 resin using a diluted
HBr—HNOj eluent to improve purity and blank on eluted
Pb. Total procedural blanks using this technique were
between 8 and 40 pg.
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