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Abstract We present a detailed mineralogical, petro-
logical and melt inclusion study of unusually fresh,
primitive olivine + clinopyroxene phyric Lower Pillow
Lavas (LPL) found near Analiondas village in the
northeastern part of the Troodos ophiolite (Cyprus).
Olivine phenocrysts in these primitive LPL show a wide
compositional range (Fo82±92) and have higher CaO
contents than those from the Upper Pillow Lavas
(UPL). Cr-spinel inclusions in olivine are signi®cantly
less Cr-rich (Cr/Cr + Al = 28±67 mol%) compared to
those from the UPL (Cr# = 70±80). These features re-
¯ect di�erences in melt compositions between primitive
LPL and the UPL, namely higher CaO and Al2O3 and
lower FeO* compared to the UPL at a given MgO. LPL
parental melts (in equilibrium with Fo92) had�10.5 wt%
MgO and crystallization temperatures �1210 °C, which
are signi®cantly lower than those previously published
for the UPL (14±15 wt% MgO and �1300 °C for Fo92).
The fractionation path of LPL parental melts is also
di�erent from that of the UPL. It is characterized ini-
tially by olivine + clinopyroxene cotectic crystallization
joined by plagioclase at �9 wt% MgO, whereas UPL
parental melts experienced a substantial interval of oli-
vine-only crystallization. Primitive LPL melts were
formed from a mantle source which was more fertile
than that of tholeiites from well-developed intra-oceanic

arcs, but broadly similar in its fertility to that of Mid-
Ocean Ridge Basalt (MORB) and Back Arc Basin Ba-
salts (BABB). The higher degrees of melting during
formation of the LPL primary melts compared to av-
erage MORB were caused by the presence of subduct-
ion-related components (H2O). Our new data on the
LPL coupled with existing data for the UPL support the
existing idea that the LPL and UPL primary melts
originated from distinct mantle sources, which cannot be
related by progressive source depletion. Temperature
di�erences between these sources (�150 °C), their posi-
tion in the mantle (�10 kbar for the colder LPL source
vs 15±18 kbar for the UPL source), and temporal suc-
cession of Troodos volcanism, all cannot be reconciled
in the framework of existing models of mantle wedge
processes, thermal structure and evolution, if a single
mantle source is invoked. Possible tectonic settings for
the origin of the Troodos ophiolite (forearc regions of
intra-oceanic island arc, propagation of backarc
spreading into arc lithosphere) are discussed.

Introduction

To reconcile structural evidence for an extensional re-
gime in supra-subduction zone (SSZ) ophiolites (e.g.,
Troodos, Oman) with subduction-related geochemical
signatures of their magmatic suites, Pearce et al. (1984)
proposed that such ophiolites were formed by sea-¯oor
spreading during the initial stages of subduction. This
idea has been supported by recent studies of the Western
Paci®c forearc assemblages (e.g., Stern and Bloomer
1992; Pearce et al. 1992; Taylor 1992; Taylor and Nesbitt
1995; Bloomer et al. 1995), which have suggested that
forearc suites were also formed in an extensional envi-
ronment during or soon after the initiation of subduct-
ion. These new ®ndings provided an explanation for a
similarity of rock types (i.e., lavas, dykes and intrusives
within boninite-arc tholeiite compositional spectrum,
and peridotites) found in modern forearcs and SSZ
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ophiolites (e.g., Bloomer and Hawkins 1983; Sharaskin
et al. 1983), and it has been proposed that these forearcs
are the best modern analogs for SSZ ophiolites (e.g.,
Bloomer et al. 1995). However, the association of vari-
ably evolved tholeiites with strong ``arc'' a�nities and
more primitive boninite and boninite-like lavas has also
been described at presently active spreading centres
propagating towards the Tonga arc in the southern and
northern parts of the Lau Backarc Basin (southern tip of
the Valu Fa Ridge; Frenzel et al. 1990; Vallier et al.
1991; King's Triple Junction: Falloon and Crawford
1991; Falloon et al. 1992).

Detailed understanding of magma genesis in variety
of extensional tectonic settings within present-day SSZ is
hampered by a paucity of data, which mainly derives
from a limited number of drill-holes and dredges. In this
respect, the study of well-preserved and exposed supra-
subduction zone ophiolites, such as Troodos (e.g.,
Schmincke et al. 1983; Robinson et al. 1983; McCulloch
and Cameron 1983; Rautenschlein et al. 1985; Cameron
1985; Rogers et al. 1989), may provide additional con-
straints on the evolution of the SSZ magmatism in ex-
tensional settings.

The Troodos Ophiolite has been extensively studied
during the last four decades. The Troodos lava complex
has been divided into the Lower and Upper Pillow Lava
suites (LPL and UPL) (e.g., Gass and Smewing 1973).
The younger UPL are composed of basaltic andesites
and basalts with common picritic lava ¯ows and dykes
(e.g., Schmincke et al. 1983). Despite certain mineral-
ogical and geochemical di�erences among UPL rocks
which led to their division into several types (e.g.,
Cameron 1985), the UPL as a whole represent a distinct
magmatic group. They are characterized by the presence
of high-forsteritic olivine phenocrysts (up to Fo94),
chromium-rich spinel {Cr# = 100*[Cr/(Cr + Al)] =
65±80}, an absence of plagioclase phenocrysts in all rock
types but basaltic andesites, low TiO2 (<1 wt%) and
high H2O contents (�2 wt%), and trace element con-
tents typical of subduction-related magmas (e.g.,
McCulloch and Cameron 1983; Rautenschlein et al.
1985; Cameron 1985; Sobolev et al. 1993). The petro-
logical and geochemical features of the UPL have been
used as a reference type for the high-Ca boninite mag-
matic suite (Crawford et al. 1989).

Unlike the UPL, the older LPL are broadly andesitic,
resembling evolved island-arc tholeiites (e.g., Robinson
et al. 1983; Schmincke et al. 1983). However, recent
studies have revealed that the lowest parts of the LPL,
representing the earliest recognized Troodos volcanic
episode, are composed of relatively low-Ti lavas more
primitive than later LPL (Bednarz et al. 1991; Sobolev
et al. 1993; Bednarz and Schmincke 1994). Andesites
and dacites are interpreted to be directly related to those
more primitive LPL by open-system fractional crystal-
lization (Bednarz and Schmincke 1994).

It has been argued that the UPL and the least-evolved
LPL are unlikely to be connected by magmatic di�er-
entiation (e.g., Bednarz and Schmincke 1994), with the

di�erence in stratigraphic position, and chemical and
modal composition di�erences of the LPL and UPL
being invoked to validate the genetic discontinuity be-
tween these magmatic suites. The successive formation
of the LPL and UPL has been explained by progressive
continuous (Wood 1979; Bednarz and Schmincke 1994)
or multistage (Duncan and Green 1980, 1987) depletion
of a single mantle source.

Detailed information on the least evolved LPL has
been lacking due to their pervasive alteration, and in this
paper we present a petrological and melt inclusion study
of well-preserved primitive LPL found near Analiondas
village in the northeastern part of Troodos. We dem-
onstrate that these early-formed Troodos primitive lavas
are indeed parental to the LPL andesites and dacites,
and that they di�er substantially from the typical boni-
nite-like UPL. Moreover, our results support the idea
that the LPL and UPL primary melts originated from
distinct mantle sources (Sobolev et al. 1993) which
cannot be related by progressive source depletion. We
also discuss possible tectonic settings for the origin of
the Troodos ophiolite.

Geological setting

Sequences of lavas more primitive than the common
LPL have been found in the lowest parts of the LPL
sequence, overlying the Basal Group in some areas
(Bednarz and Schmincke 1994; Taylor 1987). The lavas
are usually aphyric. If porphyritic, the modal phenocryst
composition of these lavas is similar to the UPL, but
usually contains higher plagioclase abundances (Bed-
narz and Schmincke 1994). These primitive lower parts
of the LPL section are usually strongly altered. A rela-
tively fresh and thick sequence has been described only
in the vicinity of Analiondas village in northeastern
Troodos (Boyle and Robertson 1984; Taylor 1987).

The geological setting of the Analiondas area is
shown on Fig. 1. The exposed thickness of the LPL in
this region is �1.5 km. To the northeast, this suite
bounds the UPL ``classic'' locality in the vicinity of
Margi village (e.g., Gass 1958); to the southwest, it abuts
the Dyke Complex. The suite is composed of lava ¯ows
1±5 m thick with subordinate pillow lavas and hyalo-
clastites. Most of the lavas are aphyric and strongly al-
tered. The suite is cut by numerous subvertical
northeast-trending faults, and is intruded by aphyric or
sometimes olivine + clinopyroxene-phyric dikes nor-
mally 1±3 m thick.

A 500 m long outcrop of olivine + clinopyroxene-
phyric primitive pillow lavas associated with hyaloclas-
tites and interlayered with LPL andesites and dacites
lava ¯ows has been found along the east side of the
Analiondas-Kataliondas road (Fig. 1). Pillow-lava lay-
ers are 1±1.5 m thick and the entire succession of pillow
lavas and lava ¯ows is concordant with the LPL in the
area. The southwest end of this sequence is cut by an
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aphyric dike; to the northeast, it is stratigraphically
overlapped by aphyric LPL. Pillows are normally �1 m
in diameter, and vary in modal composition from phe-
nocryst-enriched in the inner parts to almost aphyric in
quenched margins. Pillows are usually less altered than
interbedded massive ¯ows. In general, these lavas re-
semble in their appearance picrites and glassy basalts
from UPL in the same volcanic section described by
Gass (1958), but are more enriched in clinopyroxene
phenocrysts.

Petrography and chemistry

Primitive pillow lavas from the Analiondas area are aphyric to
strongly olivine + clinopyroxene-phyric rocks with quenched glass

margins (Table 1). Cr-spinel was also found as isolated phenocrysts.
Phenocrysts make up to 30% of the inner parts of some pillows
(sample TRD-150), and they gradually decrease in abundance to 5±
10% towards pillow rims. Plagioclase is present as micropheno-
crysts (<1 mm). Doleritic groundmass in picrites is composed of
elongated skeletal laths of plagioclase and clinopyroxene and eq-
uigranular Ti-magnetite. Interstitial glass has been devitri®ed and
replaced by secondary minerals. Hyaloclastites associated with
pillow lavas also contain olivine and clinopyroxene phenocrysts.

The interlayered, more typical LPL lavas are aphyric andesites
and sparsely clinopyroxene-phyric basaltic andesites. The ground-
mass consists of small laths of plagioclase, clinopyroxene and Ti-
magnetite.

The composition of the most evolved pillow-rim glass (TRD-
149) falls within the ®eld of the LPL andesites and dacites; basaltic
andesite glasses (TRV-49,53) are similar to the typical UPL glasses,
whereas the most Mg-rich glasses from picritic pillows and hyalo-
clastites (TRD-147, TRV-48) are unique among Troodos glass
compositions (Fig. 2). The MgO content of these glasses falls within

Fig. 1 Geological map of the
Analiondas-Kataliondas-Margi
area, northeastern Troodos
(after Taylor 1987). Coordinate
ticks indicate the 1000 metre
Universal Transverse Mercator
Grid, Zone 36, International
Spheroid, European Datum.
1 km scale bar is shown
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the MgO range of the UPL glasses, however they have higher Al2O3

and CaO and lower FeO* abundances compared to all UPL glasses
at a given MgO content. Unlike Al2O3, CaO, and FeO*, contents of
Na2O, TiO2 and SiO2 di�er between the UPL types, and Analiondas
glasses fall within the range of the UPL for these elements. The H2O
(not shown) and K2O contents are also similar to the UPL glasses.
Picritic compositions (TRD-150, TRV-57) are generally similar to
picritic UPL from the Margi area (Sobolev et al. 1993). A strong
enrichment of some samples in CaO (picrite TRD-148) and K2O
(basalts TRD-151,152) re¯ects low-temperature alteration.

The trace element compositions of selected samples are shown
in Table 1 and Fig. 3. All samples are characterized by similar

subparallel shapes of normalized patterns with higher ratios of
Large Ion Lithophile Elements (LILE) to Rare Earth Elements
(REE), and lower ratios of High Field Strength Elements (HFSE)
to REE (except (Ti/REE) compared to Normal Mid Ocean Ridge
Basalt (NMORB). These compositions are typical for Troodos
lavas (e.g., Rautenschlein et al. 1985), and together with elevated
H2O contents, manifest their SSZ origin. The incompatible element
abundances correlate negatively with MgO and for most elements
may be accounted for by processes of crystal fractionation/accu-
mulation.

Trace element abundances in basalts and picrites are close to
those in the type I UPL of Cameron (1985). Andesitic sample

Table 1 The compositions of Analiondas rocks and glassesa (p pillow lava, s sheet ¯ow, h hyaloclastite, d dyke,WR whole rock, GL glass)

Number TRD-150 TRV-57 TRD-148 TRD-147 TRD-149 TRD-149 TRD-152 TRD-151 TRV-48 TRV-49 TRV-53
Lithology p p p p s s p d h s d

WR WR WR GL WR GL WR WR GL GL GL

SiO2 44.42 43.76 42.81 51.41 51.92 55.50 46.36 50.44 50.84 53.32 54.55
TiO2 0.34 0.3 0.4 0.49 1.03 1.05 0.66 0.61 0.41 0.59 0.63
Al2O3 10.25 9.34 12.45 15.91 15.47 15.19 15.73 15.09 16.15 16.03 15.76
FeOb 8.16 8.05 6.29 6.81 8.7 10.41 10.32 7.5 7.36 7.88 8.4
MnO 0.16 0.144 0.15 0.14 0.14 0.18 0.15 0.15 0.14 0.17 0.19
MgO 22.23 22.97 9.74 8.40 5.72 3.83 7.03 6.08 8.34 6.76 6.02
CaO 7.96 7.19 17.91 13.90 7.69 8.73 7.82 9.78 13.69 11.27 10.23
Na2O 0.51 0.42 0.80 1.55 2.55 2.18 1.32 1.55 1.37 1.98 1.80
K2O 0.07 0.11 0.18 0.12 0.3 0.2 2.79 2.97 0.09 0.17 0.19
P2O5 0.05 0.04 0.05 0.11 0.09 0.13 0.07 0.04 0.06 0.06
Cr2O3 0.14 0.04 0.02 0.03 0.04 0.02 0.06 0.02 0.01
LOI 5.9 8.1 8.5 1.53c 5.65 6.55 6.65
Total 100.19 100.38 99.27 99.79 99.30 97.39 98.90 100.91 98.49 98.25 97.84
La 0.80 0.63 1.00 2.48
Ce 2.00 1.5 3.18 6.5
Nd 1.7 2.49
Sm 0.713 0.64 0.96 2.20
Eu 0.25 0.23 0.36 0.94
Tb 0.174 0.18 0.57
Dy 1.9
Er 1.25
Yb 0.83 0.8 1.36 2.67
Lu 0.13 0.14
Ta 0.02 0.079
Nb < 0:7 < 0:5 5 0.34 < 2 7 9
Zr 14 12 25 20 58 28 36
Hf 0.38 2.48
Y 7:7 7:4 14 11.2 28 34 18
V 136 174 346 434 237
Cs 0.065 0.09
Rb 0.91 5 2:9 24 13
Sr 38 83 62 109 93 85
Ba 3.1 22 11.4 25 63 93
Th 0.147 0.309
U 0.036 0.15
Sc 26.7 35 34.9 49 37
Ni 605 268 24 85 56
Cr 1498 803 389 15 364 121
Co 72 61 35.5 48 51
Zn 59 55 96 84 52
Cu 55 63 95 83 161
Ga 9 11 16 12 14
Mo 8 10 8 11 6

aMajor element whole rock analyses and underlined trace elements by XRF at Vernadsky Institute, Moscow and GEOMAR, Kiel,
Germany using a Philips PW-1400 spectrometer; other trace elements in rock samples by INAA at CRPG, Nancy, France; glass major
elements by electron microprobe Cameca SX50 at GEOMAR, Kiel using routine operating conditions and basaltic glass USNM 111240/
52 (Jarosevich et al. 1980) as a standard; glass trace elements by ion microprobe Cameca IMS4f (Microelectronics Inst., Yaroslavl,
Russia), and H2O by ion microprobe Cameca IMS-3f (CRPG, Nancy, France). The details of the technique are given in Sobolev and
Chaussidon (1996)
b Total iron as FeO
cH2O in glass
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TRD-149 falls within the compositional range of the LPL from
other areas. All rocks studied have very low Ta(Nb)/LREE (Light
Rare Earth Element) values, which are a characteristic feature of
both the LPL and the least depleted (type I) UPL (e.g., Bednarz
and Schmincke 1994).

In summary, major element compositions of primitive Anal-
iondas rocks and glasses show some signi®cant di�erences com-
pared to the UPL, whereas their trace element contents are similar
to the UPL, but share some speci®c features with the LPL andesites
and dacites. Compositions of evolved Analiondas samples resemble
LPL from other areas.

Mineralogy of picrite TRD-150

Olivine phenocrysts have a range of Mg# [100*Mg/
(Mg + Fe)] from 83 to 92 (Table 2). Most of the oliv-
ine phenocryst population have Fo > 88. Such large

variations of Fo between olivine phenocrysts in a single
rock indicate that they could not have crystallized from a
single melt composition, and may represent snapshots of
various stages of the crystallization history of the parent
magma. The range of Fo observed in this sample is larger
than the entire range of olivine phenocryst compositions
from UPL picrites (87±94, e.g., Sobolev et al. 1993). The
range of Fo in TRD-150 extends to signi®cantly less
magnesian values than those found in UPL picrites, and
the very magnesian compositions (>Fo92) common in
UPL picrites (e.g., Sobolev et al. 1993) have not been
found in this sample. CaO contents in TRD-150 olivine
are in the range 0.22±0.35 wt% in Fo > 90 and gradu-
ally decrease to <0.2 wt% in Fo83±86. The CaO contents
of olivine from this rock are generally higher than those
of the UPL olivine (0.16±0.28 wt% in Fo89±94).

Fig. 2 Major element compo-
sitions of pillow-rim glasses and
homogenized melt inclusions in
olivine from Analiondas picrite
TRD-150. Fields of types I, II
and III UPL glasses and LPL
glasses after (Robinson et al.
1983; Rautenschlein et al. 1985;
Flower and Levine 1987; Taylor
1987; Thy and Xenophontos
1991; Bailey et al. 1991;
Sobolev et al. 1993; Bednarz
and Schmincke 1994;
Portnyagin unpublished data).
The ®eld of homogenized melt
inclusions in olivine
phenocrysts from type I UPL
picrites after Sobolev et al.
(1993). Compositions of Bonin
forearc tholeiites (Hahajima
Island) after Taylor and Nesbitt
(1995). Note that high Al2O3

contents of these tholeiites are
not representative of magma
compositions and re¯ect
plagioclase accumulation
(Taylor and Nesbitt 1995). Valu
Fa Ridge andesites after Vallier
et al. (1991). All compositions
are normalized to 100 wt%
anhydrous. Iron content in melt
inclusions is corrected to
account for the `iron loss' (see
text for details)
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Clinopyroxene phenocrysts have high-Mg (Mg# =
80±92), high-Cr2O3 (up to 1 wt%) and low-TiO2 (0.15±
0.3 wt%) compositions, comparable to those of UPL

clinopyroxene phenocrysts (Thy and Xenophontos 1991;
Bednarz and Schmincke 1994). However, the Al2O3

contents of the TRD-150 clinopyroxene (1.9±3.75 wt%)
is slightly higher than those of UPL clinopyroxene at
given Mg#. Euhedral clinopyroxene inclusions in olivine
phenocrysts and olivine inclusions in clinopyroxene are
compositionally similar to phenocrysts.

Euhedral Cr-spinel crystals (up to 300 lm) are
abundant as inclusions in olivine, and are rare in clin-
opyroxene. Spinel included in olivine phenocrysts ranges
in Cr# from 28±67, although most are Cr# 55±65. (Ta-
ble 2, Fig. 4). This variation does not correlate with
compositions of host olivine. The entire compositional
range of the TRD-150 spinel has lower Cr# than UPL
spinel inclusions in olivine (Fig. 4), with the most Cr-
rich spinel from TRD-150 being close in composition to
the least Cr-rich spinel from the UPL. Also, the range of
Cr# in spinel from TRD-150 is �3 times greater than
that in the entire UPL sequence, but comparable to that
of the MORB spinel spectrum. TiO2 contents in spinel
inclusions in TRD-150 also show signi®cant variations
(0.14±0.65 wt%) which are not correlated with the
compositions of host olivine. Spinel from TRD-150
cover the whole range of TiO2 in UPL spinel.

Plagioclase microphenocrysts are zoned and highly
calcic (An 91±79).

Melt inclusion studies

Partially crystallized and glassy melt inclusions (up to
250 lm) are common in olivine phenocrysts and mic-
rophenocrysts from TRD-150. Glassy inclusions are
common in phenocrysts from pillow margins, whereas in

Fig. 3 Trace element compositions of Analiondas rocks. Fields of
types I and III UPL picrites (MgO 23.2±35.4 wt% and 31.9±32.8 wt%
respectively) after Sobolev et al. (1993). LPL ®eld after Rautenschlein
et al. (1985). Bonin forearc tholeiite with�6.5 wt% MgO (Hahajima
Island) after Taylor and Nesbitt (1995). Valu Fa Ridge andesite after
Vallier et al. (1991). Normalization to N-MORB (Sun and McDono-
ugh 1989)

Table 2 Representative compositions of spinel inclusions and their host olivines from picrite TRD-150a

Sample D69/1 D28 D113 D67 E196 D147/1 D62 D102/2 D133

Host olivine
SiO2 38.97 39.84 40.29 39.70 40.39 40.55 40.24 40.83 40.37
FeOb 16.02 11.73 9.93 9.83 9.50 9.31 9.13 8.90 7.97
MgO 44.80 47.61 48.90 48.97 48.67 49.37 49.54 49.68 50.45
CaO 0.20 0.22 0.27 0.28 0.23 0.25 0.29 0.25 0.25
Total 99.99 99.40 99.39 98.78 98.79 99.48 99.20 99.66 99.04
Fo 83.29 87.86 89.77 89.88 90.13 90.43 90.63 90.87 91.86

Spinel inclusions
TiO2 0.24 0.31 0.31 0.18 0.65 0.22 0.23 0.14 0.17
Al2O3 15.62 22.31 17.38 27.03 39.94 24.55 31.63 18.99 20.45
Cr2O3 43.90 41.51 48.23 37.26 23.07 40.53 34.37 47.67 47.21
FeOb 28.51 21.13 19.54 18.93 15.50 18.67 15.81 17.42 15.62
MnO 0.16 0.25 0.19 0.13 0.13 0.16 0.22 0.22 0.12
MgO 10.35 13.79 13.78 15.26 19.25 15.63 17.56 14.77 15.74
NiO 0.09 0.06 0.13 0.10 0.17 0.20 0.20 0.08 0.09
ZnO 0.12 0.06 0.02 0.05 0.01 0.02 0.05
Total 98.99 99.36 99.62 98.91 98.71 100.01 100.03 99.31 99.45
FeO 18.37 14.39 13.60 12.67 9.15 11.94 10.09 12.16 11.00
Fe2O3 11.27 7.49 6.60 6.96 7.05 7.49 6.35 5.85 5.13

aMineral compositions were determined with a Camebax microbeam and a Cameca SX50 electron microprobe at Vernadsky Institute, the
University of Tasmania, Hobart, and GEOMAR, Kiel using routine operating conditions and olivine CH-1, and spinel UV-126 as
standards (Lavrentev et al. 1974). Ferric and ferrous iron in spinel were calculated from electron microprobe analyses assuming perfect
stoichiometry
bTotal iron as FeO
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central parts of pillows melt inclusions always consist of
daughter crystals of clinopyroxene and amphibole in
highly evolved dacitic glass. Some 90% of melt inclu-
sions contain daughter sulphide globules. Low density
¯uid inclusions (up to 150 lm) also present in olivine
provide evidence for magma ¯uid-saturation during
crystallization.

Melt inclusions provide an opportunity to extend our
data on the melt compositions beyond the range covered
by pillow-rim glasses towards more primitive composi-
tions. Also, an experimental study of melt inclusions can
establish magma crystallization temperatures.

Technique

Two kinds of experimental studies of melt inclusions have been
done using a low-inertia heating stage (Sobolev and Slutskii 1984).
Homogenization experiments were carried out following the tech-
nique of Sobolev and Danyushevsky (1994), which is directly ap-
plicable to the ¯uid-saturated melts. Inclusions were exposed to
temperatures >1100 °C for less than 5 min. In each experiment,
inclusions were homogenized and quenched immediately after ho-
mogenization. Homogenization was considered to be that moment
when daughter silicate crystals were melted and the ¯uid bubble
disappeared inside inclusions. Following Sobolev and Danyu-
shevsky (1994), homogenization temperatures were accepted as

temperatures of crystallization (Tc) for individual crystals. A total
of 26 successful homogenization experiments has been done.

Another experimental technique included rapid (<2 min)
reheating of melt inclusions up to temperatures within the range
established in homogenization experiments, with subsequent
quenching. Heating was conducted till the moment of complete
melting of the daughter crystals inside inclusions. This technique
cannot provide Tc and absolute concentrations of elements, but
can be used to improve statistics on the ratios of elements incom-
patible in olivine. We employed this simpler method because of the
scarcity of naturally quenched glassy melt inclusions in this sample.
Representative compositions of homogenized and quickly reheated
melt inclusions are shown in Table 3.

Results

Homogenization was successfully achieved in olivine
Fo85.8±91.7 at temperatures between 1145 and 1210 °C
(Fig. 5), and a general positive correlation exists between
host-mineral compositions and Tc, which are substan-
tially lower than those for UPL olivine for a given Fo
(Fig. 5). Also, an obvious di�erence exists in the slopes of
Fo-T trends between TRD-150 and UPL olivine.

Calculated Kd Fe2+-Mg olivine-melt values (Ta-
ble 3) for homogenized inclusions vary between 0.31 and
0.38 with no relation to the composition of host olivine.
The entire range of Kd values is higher than expected for
olivine-melt equilibria in anhydrous or H2O-bearing
basaltic systems �0.3 (e.g., Roeder and Emslie 1970; see
Sobolev and Danyushevsky 1994 for discussion). Ac-
cording to Danyushevsky et al. (1992), this re¯ects re-
equilibration of melt inclusions with their host olivine at
lower temperatures, resulting in lower FeO contents of
melt inclusions compared to the initially trapped com-
positions. Such `iron-loss' by melt inclusions in olivine is

Fig. 4 Compositions of spinel inclusions in olivine from picrite TRD-
150 (open circles). Compositional ®eld of spinel inclusions in olivine
from Troodos upper pillow lavas, types UPL-I and UPL-III, after
Sobolev et al. (1993); western Paci®c boninites after Sobolev and
Danyushevsky (1994), Sigurdsson et al. (1993), and Danyushevsky,
unpublished data; primitive island-arc tholeiites after Sigurdsson et al.
(1993), Monzier et al. (1993), Allan (1994), and Danyushevsky,
unpublished data; primitive mid-ocean ridge picrites and basalts
(MORB) after Dmitriev et al. (1991), Sobolev et al. (1989),
Kamenetsky (1996), and Danyushevsky and Kamenetsky, unpub-
lished data; back-arc basin basalts (BABB) after Sigurdsson et al.
(1993), and Danyushevsky and Kamenetsky, unpublished data.
Cr# = 100*[Cr/(Cr + A1)]

Fig. 5 Temperatures of homogenization of melt inclusions in olivine
from picrite TRD-150. The relationships between homogenization
temperatures of melt inclusions and compositions of host olivine are
shown as ®elds for Troodos upper pillow lavas, type UPL-I (Sobolev
et al. 1993), Tongan high-Ca boninites (Sobolev and Danyushevsky
1994) and MORB from Vema fracture zone, Atlantic (Sobolev et al.
1989). Note the di�erence in the slope of trends for olivine-only
crystallization (UPL-I and Tongan boninites) and olivine + plagio-
clase � clinopyroxene cotectic (MORB). The slopes of MORB and
TRD-150 crystallization trends are similar
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common for primitive subduction-related magmatic
suites (e.g., Sobolev and Danyushevsky 1994) and can be
reversed by a simple calculation (see Danyushevsky et al.
1992 for details), which includes atom by atom exchange
of Fe2+ and Mg between melt inclusion and host oli-
vine. Such adjustment of melt inclusion compositions
does not a�ect ratios of elements incompatible in olivine
and mainly changes the absolute FeO contents of the
inclusions. Recalculated melt compositions are shown in
Table 3 and are plotted on Figs. 2 and 6.

Inclusions cover a substantial range of MgO (8±10.5
wt%) and a general correlation exists between Fo and
MgO, CaO, TiO2 (positive), and FeO (negative) (Fig. 6).
Other elements show no correlation with Fo, and sig-
ni®cant variations exist at a given Fo, for both major
element contents, and ratios of elements incompatible in
olivine (e.g., K2O/TiO2, TiO2/Al2O3, CaO/Al2O3, Fig. 7).

Inclusions have signi®cant H2O abundances (0.8±1.8
wt%, Table 3) similar to those of Troodos basaltic
glasses (e.g., Muenow et al. 1990; Danyushevsky et al.
1993) and melt inclusions in UPL olivine phenocrysts
(Sobolev and Chaussidon 1996).

Basaltic pillow-rim glasses from the Analiondas
suite are compositionally close to the least magnesian
end of the inclusion range and fall within this range
for each major element (Fig. 2). Melt inclusion com-
positions are signi®cantly di�erent from those of the
UPL, implying di�erent parental melts and di�erent
crystallization paths. In particular, completely di�erent
slopes and starting points are evident on plots of Fo
(or MgO, Fig. 2) vs MgO, CaO, FeO and Al2O3

(Fig. 6). Compositions of melt inclusions in UPL
picrites are consistent with olivine-only (+minor spi-
nel) crystallization until Fo88, whereas TRD-150 melts

Fig. 6 Relationships between
compositions of homogenized
melt inclusions and their host
olivines in TRD-150. There are
no substantial di�erences
(apart from FeO) between
experimental compositions and
those recalculated to account
for ``iron-loss'' (see text for
details). The ®eld of melt
inclusions in olivine from
Troodos upper pillow lavas,
type UPL-I is after Sobolev
et al. (1993)
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demonstrate decreasing CaO with decreasing MgO
and Fo for the entire range of olivine compositions.
The range of Na2O, TiO2 and K2O variations is
similar in melt inclusions from TRD-150 and UPL
picrites (Fig. 6).

Discussion

Genetic relationships between primitive
and evolved LPL

Our study of fresh primitive lavas from the lowest parts
of the Troodos extrusive sequence (Analiondas suite)
clearly demonstrates that they are parental to the LPL
andesites and dacites, as was previously proposed by
Bednarz and Schmincke (1994).

Overall, melt inclusions and volcanic glasses form a
trend extending from high-MgO basaltic through and-
esitic to dacitic compositions of the LPL (Fig. 2), and
trace element contents in the most evolved Analiondas
glass TRD-149 are identical to the LPL andesites and
dacites from other areas (Fig. 3). The fractionation trend
de®ned by major elements suggests early olivine-clino-
pyroxene cotectic crystallization from Analiondas pa-
rental melts, since CaO decreases with decreasing MgO
(Fig. 2, 6) from the earliest recorded stages of fraction-
ation. This is also supported by the presence of mag-
nesian (up to Mg# 92) clinopyroxene phenocrysts in the
rock and numerous inclusions of olivine in clinopyrox-
ene phenocrysts and vice versa, and by a correlation
between decreasing Fo and Ca contents in olivine
phenocrysts. Moreover, the Fo-Tc trend (Fig. 5) for
Analiondas olivines is shallower than expected for oliv-
ine-only crystallization (cf. UPL and Tonga high-Ca
boninite olivines) and similar to those of cotectic suites
(cf. MORB olivines).

However, crystallization of olivine and pyroxene
alone cannot explain major element variations along the
fractionation path. A simple calculation based on dif-
ferences in CaO between the most primitive and the
most evolved inclusions suggests at least 25% of oli-
vine + clinopyroxene crystallization, which would
produce an Al2O3 content of at least 20 wt% in the
evolved inclusions; this is signi®cantly higher than ob-
served values (16±17 wt%, Fig. 2). Least square linear
approximation calculations (Wright and Doherty 1970)
suggest that the least-magnesian melt inclusion compo-
sitions (MgO �8 wt%) can be produced from primitive
melts (MgO �10.3 wt%) by 44.8 wt% crystallization of
olivine, clinopyroxene, and plagioclase in proportions
3.9:21.8:18.4 (Table 4), which are consistent with

Fig. 7 Compositions of melt inclusions in olivine from sample TRD-
150 compared with those in olivines from UPL-I (shaded area, after
Sobolev et al. 1993). Open circles homogenized melt inclusion, ®lled
circles rapidly reheated and quenched melt inclusions. Note large
variations in ratios of elements incompatible in olivine at a given Fo

Table 4 Crystal fractionation
between primitive and evolved
melt inclusion compositions in
olivine TRD-150

Ol Cpx Plag Evolved melt Primitive melt Calculated
primitive melt

SiO2 40.21 53.76 46.58 52.91 51.63 51.58
TiO2 0.1 0.73 0.40 0.43
Al2O3 1.98 32.44 16.21 15.53 15.54
FeO 11.07 4.14 1.04 8.42 6.22 6.24
MgO 48.44 18.27 0.12 7.90 10.33 10.34
CaO 0.28 21.66 16.83 11.92 14.53 14.54
Na2O 0.09 1.62 1.90 1.35 1.38

Amount 0.039 0.218 0.184 0.559 1.000
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petrographic and experimental cotectic proportions
(e.g., Thy and Xenophontos 1991). Compositions of
olivine (Fo88.6) and clinopyroxene (Mg# 88.7) corres-
pond to average compositions for the fractionation in-
terval covered, and the best ®t was obtained using
plagioclase An85 (sum of squares of residuals = 0.003
wt%). As the most calcic plagioclases found in TRD-150
are An91, we consider the results obtained as being quite
reasonable. Most likely, plagioclase started to crystallize
later than olivine and clinopyroxene and appeared on
the liquidus at �9 wt%MgO where, despite a signi®cant
scatter (Fig. 2), the increase in Al2O3 appears to halt,
and FeO begins to rise during melt evolution.

Signi®cant variations in compositions of melt and
spinel inclusions at a given Fo (Figs. 6, 7, 4) may suggest
periodic replenishment of a continuously evolving
magma chamber with primitive melts (O'Hara 1977). If
the mixing of primitive and evolved magmas had oc-
curred, then the integrated fractionation trend would
di�er substantially from that of the closed system. This,
for example, can account for the observed variations in
CaO/Al2O3 values and Al2O3 contents in melt inclusions
at a given Fo (Fig. 7, 6), and for variations in compo-
sitions of volcanic glasses at a given MgO (Fig. 2).

However, large variations of Na2O, TiO2 and par-
ticularly K2O in melt inclusions (Fig. 2, 6, 7) are unlikely
to be accounted for by olivine + clinopyrox-
ene � plagioclase crystallization and mixing between
evolved and primitive magmas. Most likely, they re¯ect
an initial variety of parental melts. Melts with substan-
tially di�erent alkalis and TiO2 appear to be broadly
similar in SiO2, Al2O3, CaO, MgO, FeO and have sim-
ilar temperatures, ruling out mixing of contrasting types
of magmas and implying close genetic relations between
these melts. Such variation may re¯ect processes in
the mantle during dynamic melting accompanied by
variable contribution of subduction-related components
(e.g., Pearce et al. 1995).

Mantle source of the LPL primary melts

Data presented in this paper rule out derivation of LPL
parental melts by crystallization of any primitive UPL
magmas. First, the evolutionary path of Analiondas
melts at MgO > 8 wt% di�ers signi®cantly from that of
the UPL with similar MgO in having lower FeO and
higher Al2O3 and CaO (Fig. 2, 6). Note that all UPL
have similar concentrations of these elements. Second,
spinel inclusions in LPL olivine have lower Cr# (28±67)
compared to UPL spinel inclusions (65±80) at a given Fo
(Fig. 4). Third, olivine crystallization temperatures for a
given Fo are substantially lower than those for UPL
olivines (Fig. 5).

Overall low TiO2 contents of Analiondas melts (0.4±
0.8 wt% at MgO > 9 wt% compared with 0.6±1.1 wt%
in MORB at similar MgO) suggest their origin from a
relatively refractory mantle source. Liquidus olivine of
the most primitive LPL melts (Fo92) is refractory enough

to suggest their equilibrium with the mantle (e.g., Green
1970). However, high normative diopside contents of
these melts (�38% in the olivine-clinopyroxene-quartz
projection of Falloon et al. 1988), a result of their high
CaO contents, makes them unlike any experimentally
established depleted peridotite-source magmas (e.g.,
Falloon et al. 1988).

The high-Ca signature may appear via reaction of
ascending high-temperature primary UPL-like melts
with surrounding cooler (<1250 °C) mantle peridotites.
This would lead to cooling of those melts accompanied
by dissolution of clinopyroxene from the peridotite and
precipitation of olivine and orthopyroxene from the
melt, a mechanism similar to that proposed to explain
chemical features of some magmatic suites (e.g., Kele-
men 1995). However, this process would not signi®-
cantly a�ect melt Al2O3 contents (due to broadly similar
and relatively low Al2O3 contents in pyroxenes), and
would increase melt Cr/Al ratio (due to high Cr2O3

content in clinopyroxene). This is inconsistent with rel-
atively high-Al2O3 contents of parental LPL magmas
compared to the UPL at similar MgO (Fig. 2), and with
lower Cr# of LPL spinels.

Our preferred explanation is that the high-Ca con-
tents result from �10% of early olivine fractionation
from primary melts, not recorded in the sample studied
(i.e., olivine phenocrysts which crystallized during ®rst
10% of crystallization of primary melts (Fo > 92) are
not present in our samples). If so, normative diopside
content of the primary melt was �30%, consistent with
the results of mantle melting experiments. In this case,
primary melts should have had temperatures of
�1300 °C, MgO �14.5 wt%, and Fo94 liquidus olivine.
They will be in equilibrium with the mantle at �10 kbar
(Falloon et al. 1988).

A comparison of the LPL and UPL mantle sources

A similar petrological approach which involved experi-
mental studies of melt inclusions in olivine and analyses
of volcanic glasses, has been employed by Sobolev et al.
(1993) to establish primary melt compositions of the
UPL. Their results indicate that UPL primary melts
contained 19±22 wt% MgO, had liquidus olivine
Fo93±94, and according to high-pressure experimental
studies, they were formed in the mantle at 15±18 kbar,
1430±1480 °C (Danyushevsky et al. 1994).

A comparison of generation conditions of the LPL
(this study) and UPL (Sobolev et al. 1993; Danyushev-
sky et al. 1994) primary melts clearly demonstrates that
they could not be formed by progressive depletion of a
single mantle source, as was previously suggested (e.g.,
Bednarz and Schmincke, 1994), and supports the multi-
source model of Sobolev et al. (1993). Indeed, temper-
ature di�erences between source regions (�150 °C over
5±8 kbar), position of these sources within the mantle
wedge (�10 kbar for the colder LPL source vs 15±18
kbar for the UPL source), and temporal succession of
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Troodos volcanism, cannot all be reconciled in the
framework of existing models of mantle wedge pro-
cesses, thermal structure and evolution, if a single
mantle source is invoked (e.g., Davies and Stevenson
1992).

An additional argument in support of two indepen-
dent mantle sources is the similarity of Al2O3/TiO2

values in the LPL and UPL primitive magmas (Fig. 7),
as this ratio is sensitive to the overall source depletion
and should be higher in the UPL if they were formed
from the residue after LPL extraction.

We also note that evidence for distinct mantle sources
cannot be retrieved when compositions of the evolved
(MgO < 8 wt%) rocks and glasses are considered, as all
initial di�erences in melt compositions are masked by
the Assimilation and Fractional Crystallization (AFC)
processes (Fig. 2). Moreover, incompatible element sig-
natures of SSZ magmas are mainly controlled by sub-
duction-related component(s) (e.g., McCulloch and
Gamble 1991), and thus can be similar in magmas pro-
duced from distinct mantle sources in a single SSZ. This
can explain the general similarity in trace-element
characteristics between primitive LPL and UPL (Fig. 3).

A comparison of the LPL mantle sources with those
of tholeiites from well-developed intra-oceanic arcs

LPL andesites and dacites have been recognized as is-
land-arc tholeiites (e.g., Robinson et al. 1983; Schmincke
et al. 1983) due to their geochemical and isotopic simi-
larity to evolved rocks dominating magmatic assem-
blages in well-developed intra-oceanic arcs. However, as
discussed above, the compositions of these evolved rocks
retain little information about mantle sources which can
be obtained when the compositions of primitive melts
are available. Thus, our data on primitive LPL allow
reassessment of this classi®cation by comparing them to
primitive arc tholeiites. To avoid overprint of subduct-
ion-related components on SSZ magma compositions,
we use compositions of magmatic spinel, which are un-
a�ected by subduction-related components, and re¯ect
degree of depletion of the mantle source in basaltic
component (e.g., Dick and Bullen 1984; Arai 1992).
Limited data on spinels in rare primitive tholeiites in
well-developed island arcs (Vanuatu, Hunter Ridge and
Tonga) are compiled in Fig. 4 together with other low-K
magmatic suites from SSZ and MOR. The obvious
similarity between island-arc tholeiite and UPL spinels
suggests that the mantle sources of their parental mag-
mas were similarly depleted, whereas LPL spinels are
comparable with those from MORB and BABB and are
signi®cantly less Cr-rich than those in arc tholeiites. This
strongly suggests that primitive LPL melts were formed
from a mantle source which was more fertile than that of
tholeiites from well-developed intra-oceanic arcs, but
broadly similar in its fertility to that of MORB and
BABB. The higher degrees of melting during formation
of the LPL primary melts compared to average MORB,

as implied by lower Ti contents and high Fo of liquidus
olivine, were probably caused by the presence of sub-
duction-related components (H2O).

Possible modern analogs for the Troodos ophiolite

Our results indicate some important di�erences between
the Troodos ophiolite and modern forearcs. The variety
of magmatic suites within modern forearcs (i.e., boni-
nite-arc tholeiite compositional spectrum) is believed to
arise from along-strike variations in the crustal exten-
sion rates and mantle-wedge temperatures (Taylor and
Nesbitt 1995; Bloomer et al. 1995), with boninites pro-
duced during more intensive spreading. Troodos bon-
inites (UPL), in contrast, were formed after the main
extensional phase as recorded by the late UPL-related
dykes in the Dyke Complex (e.g., Desmons et al. 1980,
Dilek et al. 1990). Moreover, most forearc spreading-
related boninites belong to the low-Ca subtype (Craw-
ford et al. 1989), whereas Troodos boninites are high-
Ca, implying more refractory mantle sources for the
former, consistent with higher Cr# of their spinels
(Fig. 4) and lower contents of incompatible elements at
a similar degree of fractionation (e.g., Crawford et al.
1989).

The mantle source which produced high-Ca boninites
on Troodos (UPL) was signi®cantly hotter than that of
the tholeiites (LPL) (Sobolev et al. 1993). However, even
though the boninite-tholeiite association is a typical
feature of all SSZ ophiolites and forearcs (e.g., Wood
et al. 1982; Bloomer 1987; Crawford and Keays 1987;
Flower and Levine 1987; Taylor et al. 1992; Bedard et al.
1994), the presence of distinct mantle sources during
forearc magmatism cannot be readily assumed, as it has
been suggested that di�erent boninite suites may be
generated under completely di�erent conditions (e.g.,
Danyushevsky et al. 1995). The common feature of all
boninites, a refractory mantle source metasomatized by
an H2O-bearing component(s), is not su�cient to con-
strain their genesis.

It is also di�cult to evaluate whether the generation
conditions of the LPL primary magmas and composi-
tions of their mantle source resemble those of tholeiites
from modern forearcs. Major and trace-element com-
positions of relatively primitive basaltic rocks from the
Bonin forearc (Hahajima Is., Taylor and Nesbitt 1995)
closely resemble those of primitive LPL (Figs. 2, 3).
However, our study of Troodos lavas demonstrates that
compositions of samples with MgO < 8 wt% can be
similar in suites with di�erent primary magmas due to
the AFC processes and the dominance of subduction-
related components in their trace-element compositions.
Thus, the question as to whether forearc tholeiites are
similar to the LPL and originate from a mantle source
di�erent from that of island-arc tholeiites, remains open.

It appears that some similarity exists between mag-
matic suites of the Troodos Ophiolite and those erupted
at the southern tip of the Valu Fa Ridge suggesting that
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propagation of a backarc spreading centre into the
subarc lithosphere is another possible setting for Troo-
dos magmatism. Importantly, andesites of the Valu Fa
Ridge with strong ``arc'' compositional signature (Val-
lier et al. 1991) are erupted in the spreading environ-
ment, and more primitive lavas resembling high-Ca
boninites are found from adjacent o�-axis non-spread-
ing seamounts (Frenzel et al. 1990). However, despite a
general similarity between Valu Fa Ridge and LPL
andesites in major and trace element compositions
(Figs. 2, 3), the lack of data on more primitive Valu Fa
spreading-related lavas and on exact temporal relation-
ships between them and high-Ca lavas, precludes any
de®nite conclusions on their origin.

Another combination of broadly contemporaneous
backarc tholeiites and high-Ca boninites associated with
propagation of backarc spreading into arc lithosphere,
has been described from the northern termination of the
Tonga Ridge (e.g., Falloon and Crawford 1991;
Danyushevsky et al. 1995). The Tongan high-Ca bon-
inites, similar to the UPL in compositions of primary
melts and PT parameters of their origin in the mantle
(Sobolev et al. 1993; Sobolev and Danyushevsky 1994;
Danyushevsky et al. 1995), are formed as hot residual
Samoan plume mantle intruded above the slab and
subsequently re-melted due to interaction with the sub-
duction-related component (Danyushevsky et al. 1995).
Hot refractory plume-related mantle above the slab was
also inferred as a source of Troodos UPL (Sobolev et al.
1993). Although little is known about spreading-related
lavas erupted at the propagation tip, relatively high H2O
contents in glasses from the adjacent King's Triple
Junction (Danyushevsky et al. 1993) imply likely ``arc''
a�nities, and thus possible compositional similarities to
the LPL.
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