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ABSTRACT

U–Pb ages, trace element content and oxygen isotope ratios of single zircons from five plagiogran-
ite intrusions of the Troodos ophiolite were measured to determine their crystallization age and as-

sess the importance of fractional crystallization versus crustal anatexis in their petrogenesis. The

results indicate that oceanic magmatism in Troodos took place at 94�3 6 0�5 Ma, about 3 Myr earlier

than previously recognized. Later hydrothermal alteration has affected most of the Troodos pla-

giogranitic rocks, resulting in growth of new zircon and/or partial alteration of zircon domains,

causing slightly younger apparent crystallization ages. The new age inferred for seafloor spreading
and ocean crust accretion in Troodos nearly overlaps that of the Semail ophiolite in Oman (95–

96 Ma), strengthening previous indications for simultaneous evolution of both ophiolites in similar

tectonic settings. Average d18O(Zrn) values in the Troodos plagiogranites range between 4�2 and

4�8 &. The lower values in this range are lower than those expected in equilibrium with mantle-

derived melt (5�3 6 0�6 &), indicating variable contribution from hydrothermally altered, deep-

seated oceanic crust in most of the Troodos plagiogranite intrusions. The inferred substantial in-

volvement of crustal component is consistent with the existence of a shallow axial magma cham-
ber, typical of fast-spreading mid-ocean ridge settings, within the Troodos slow-spreading ridge

environment. This apparent contradiction may be reconciled by episodically intense magmatism

within an otherwise slow, magmatically deprived spreading axis.

Key words: Troodos ophiolite; plagiogranites; zircon; U–Pb geochronology; oxygen isotopes; SIMS

INTRODUCTION

The oceanic crust is composed of predominantly mafic

rocks, owing to its derivation from mantle peridotites

whose partial melting produces basaltic melts (e.g.

Klein & Langmuir, 1987). Nevertheless, felsic intrusions

including diorites, trondhjemites, and tonalites, collect-

ively known as ‘oceanic plagiogranites’, are common

minor constituents of oceanic crust sequences

recovered in drill cores and exposed in ophiolites

(Coleman & Peterman, 1975; Malpas, 1979; Aldiss,

1981; Lippard et al., 1986). These felsic intrusions are

characterized by relatively low K2O content and consist

mainly of albitic plagioclase and quartz with minor

hornblende. Secondary minerals, including epidote,

chlorite, and actinolite, are usually considered the result
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of post-crystallization hydrothermal alteration (Coleman

& Donato, 1979). Typical accessory minerals include

Fe–Ti oxides, apatite, and often zircon (Koepke et al.,

2007; Cavosie et al., 2009; Grimes et al., 2011, 2013),

which makes plagiogranites preferred targets for the

application of U–Pb zircon geochronology, yielding in-
valuable information about the formation age of the

oceanic crust in modern oceans and in ophiolites (e.g.

Tilton et al., 1981; Mukasa & Ludden, 1987; Schwartz

et al., 2005; Warren et al., 2005; Grimes et al., 2008).

Two main processes have been suggested for the for-

mation of plagiogranites: (1) extended differentiation of

mid-ocean ridge (MOR) basaltic magma (e.g. Coleman

& Donato, 1979; Malpas, 1979; Lippard et al., 1986;

Beccaluva et al., 1999); (2) hydrous partial melting of
hydrothermally altered gabbro or diabase within the

zone of overlapping hydrothermal and magmatic sys-

tems (Flagler & Spray, 1991; Gillis & Coogan, 2002;

Koepke et al., 2007; France et al., 2010; Wanless et al.,

2010; Brophy & Pu, 2012). It is most probable that both

processes may occur in MOR settings and that both are

responsible for the formation of plagiogranites in vari-

ous modern oceanic environments and ophiolites
worldwide (Malpas, 1979; Pedersen & Malpas, 1984;

Brophy, 2009).

The Troodos ophiolite of Cyprus (Fig. 1) comprises

an almost intact �3 km thick section of Late Cretaceous

oceanic crust (Moores & Vine, 1971; Varga & Moores,

1985; Malpas et al., 1989; MacLeod et al., 1990; Abelson

et al., 2001). It includes abundant plagiogranite expo-

sures, allowing a study of their original intrusive rela-
tions within well-preserved geometry and structures of

a fossil oceanic crustal section. Some of the most com-

pelling field and petrological evidence for the produc-

tion of plagiogranite magma by partial melting of

hydrous oceanic crust comes from the Troodos ophio-

lite, where a well-preserved contact aureole at the base

of the sheeted dyke complex includes migmatites with

leucocratic veins that can locally be traced to a discrete
plagiogranite body (Gillis & Coogan, 2002). However, a

comprehensive geochemical study by Freund et al.

(2014) revealed considerable similarities of incompat-

ible element ratios between plagiogranites, lavas and

mafic plutonic rocks and continuous chemical trends

between plagiogranites and contemporaneous mafic

rocks. They concluded that fractional crystallization of

mafic magma was the dominant formation process of

Troodos plagiogranitic intrusions. This interpretation
challenges the previous interpretation of Gillis &

Coogan (2002) that leucosomes and plagiogranitic

intrusions are genetically related. Freund et al. (2014)

also identified three geochemically distinct groups of

plagiogranite in Troodos: a tholeiitic-related (main)

group, a boninitic-related (Spilia) group and a third

(Zoopigi) group unrelated to any known mafic suite.

Here we present a detailed secondary ion mass spec-
trometry (SIMS) study of oxygen isotope ratios, U–Pb

ages and rare earth element (REE) content of single zir-

cons from five plagiogranite intrusions in the Troodos

ophiolite, which represent all three plagiogranite

groups defined by Freund et al. (2014). Zircon is a highly

resistant mineral and, if undamaged by radiation, has

been shown to effectively retain its original d18O value,

U–Pb age and REE pattern even when subjected to later

extensive hydrothermal alteration, which is almost in-

evitable in oceanic spreading centers (e.g. Cherniak &

Watson, 2001, 2003; Valley, 2003; Valley et al., 2005;

Bowman et al., 2011). In situ analysis by SIMS can re-

veal protracted crystallization stages preserved by indi-

vidual zones within zircon crystals and thus provide a

powerful tool for the study of plagiogranites origin in

Troodos ophiolite and elsewhere.

GEOLOGICAL SETTING

The Troodos ophiolite of Cyprus formed along an

oceanic spreading axis within the southern Neo-

Tethyan realm during Turonian time, 91�6 6 1�4 Ma, as

indicated by bulk zircon U–Pb dating of Troodos pla-

giogranite samples (Mukasa & Ludden, 1987). It is con-

sidered one of the best preserved on-land sections of

oceanic crust and includes a complete and intact se-

quence of pelagic sediments, pillow lavas, sheeted

dykes, felsic to ultramafic plutonic rocks and mantle

rocks, which is comparable with that deduced for mod-

ern MOR setting from geophysical data (e.g. Gass,

1968). However, geochemical and textural evidence,

including the occurrence of boninites (distinctive high-

Mg andesites), characteristic mineral crystallization se-

quence, variable enrichment in large ion lithophile ele-

ments (LILE) and depletion in high field strength

elements (HFSE), indicates that the Troodos ophiolite,

like many other major ophiolites around the world,

formed in a suprasubduction-zone (SSZ) setting rather

than in a ‘typical’ MOR setting (e.g. Cameron et al.,

Fig. 1. Simplified geological map of the Troodos Massif of
Cyprus. The inset at the lower left corner shows the geology of
the Mount Olympus area and the distribution of plagiogranite
intrusions and sample locations in more detail [modified after
the 1:250,000 scale geological map of Cyprus (Constantinou,
1995)].
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1979; Pearce et al., 1984; Pearce & Robinson, 2010;

Dilek & Furnes, 2014).

The current structure of the Troodos massif (Fig. 1) is

a WNW–ESE-trending antiform that formed during late

Miocene to early Pleistocene convergence of the

African and Anatolian plates along the Cyprean trench
(Robertson, 1977; McCallum & Robertson, 1990;

Kinnaird et al., 2011; Morag et al., 2016). Pillow lavas

are exposed along the antiform flanks and sheeted

dykes are exposed along most of its axis. The deeper

plutonic and mantle sequences are exposed at the high-

est elevations around Mt Olympus (1952 m above sea

level), between the Solea Graben, thought to represent

a former spreading axis (Varga & Moores, 1985), to the
north, and the fossil oceanic Arakapas transform fault

to the south (Abelson et al., 2001). The same rock units

are also exposed in the Limassol Forest area, south of

the Arakapas transform fault, where, in contrast to the

major Troodos massif, the oceanic crust section was in-

tensely deformed (MacLeod et al., 1990) (Fig. 1).

The Troodos mantle sequence consists of partially

serpentinized harzburgite, dunite and pyroxenite. These

rocks are overlain by a plutonic sequence composed
principally of layered and isotropic gabbro, including

some cumulate ultramafic layers and veins and pods of

plagiogranites. The plagiogranites are most common in

the upper part of the plutonic sequence below its con-

tact with the sheeted dyke complex, where they may

form small (up to a few km2 sized) exposures. Smaller

(<500 m2) plagiogranite bodies are intruded into the

base of the sheeted dykes and also occur as felsic dykes
concordant with the mafic sheeted dyke complex. In

places, a metamorphic aureole, composed of pyroxene

and hornblende hornfels and containing migmatite tex-

tures, is developed at the base of the sheeted dyke com-

plex, along its contact with the gabbroic plutons. Some

of the leucocratic veins within the migmatites can be

traced to a discrete plagiogranite body, although in

most cases this relationship is not easily observed
(Gillis & Coogan, 2002). The plagiogranites are locally

altered to epidote–quartz and chlorite assemblages,

generated by syn- to post-magmatic auto-metasoma-

tism and by later hydrothermal, seawater-derived fluid

flow, which supports their formation within an active

spreading environment (Kelley et al., 1992; Gillis, 2002;

Anenburg et al., 2015).

The sheeted dyke complex and the overlying pillow
lavas section consists mainly of tholeiitic rocks, but rare

boninites also occur in some areas, usually above the

tholeiitic lavas (Cameron et al., 1979; Robinson et al.,

1983; Cameron, 1985; Staudigel et al., 2000; Pearce &

Robinson, 2010; Osozawa et al., 2012). Boninites are

considered typical of emergent fore-arc settings and

their existence together with moderate-Fe, rather than

high-Fe, tholeiites in the Troodos ophiolite was taken as

an indication of subduction initiation, slab-edge tectonic
setting (Pearce & Robinson, 2010). The scattered occur-

rence of boninitic rocks and their typically higher strati-

graphic position were interpreted to represent a late,

off-axis magmatic stage (Freund et al., 2014). Most of

the Troodos plagiogranitic intrusions studied by Freund

et al. (2014) have geochemical similarities to the major

tholeiitic magmas, which formed most of the lavas and

sheeted dyke complex of the Troodos crust. One large

plagiogranitic pluton near the village of Spilia was

related to the late-stage, off-axis boninitic lavas, based

on its distinct incompatible trace element pattern, which

is more comparable with those of the boninitic lavas.

Plagiogranitic dykes and small intrusions, which alter-

nate with aphyric mafic dykes near the village of

Zoopigi, are incompatible element enriched compared

with the other tholeiite- and boninite-related plagiog-

ranites and were not related with any of the Troodos

mafic suite (Freund et al., 2014). The Zoopigi plagiog-

ranites have higher Zr content (64–141 ppm) compared

with the boninitic (�63 ppm) and tholeiitic (40–95 ppm)

types (Freund et al., 2014), and are therefore termed

here ‘Zr-rich plagiogranites’.

SAMPLING

Twenty samples of plagiogranite were collected from

outcrops around Mount Olympus, with only five of the

eastern samples yielding zircon. The scarcity of zircon

in the Troodos plagiogranites was previously noted by

Mukasa & Ludden (1987), who succeeded in obtaining

sufficient zircon for bulk thermal ionization mass spec-

trometry (TIMS) analysis from only two rocks of their

total sampled suite. Similarly, zircon was not identified

in thin section (n¼ 60) nor by X-ray diffraction (XRD)

analysis (n¼ 10) of the Troodos plagiogranites studied

by Freund et al. (2014). Most of the zircon-bearing intru-

sions studied here occur along the gabbro–sheeted

dyke transition zone of the Troodos Ophiolite; one sam-

ple (ZP-110) is located within the sheeted dykes section

(Fig. 1). The SiO2 content of the studied samples was

determined using XRF and ranges between 60 and

75 wt%. The locations of the studied samples and their

SiO2 contents are given in Table 1. The following is a

brief description of the outcrops and field relations of

the studied intrusions.
Sample AL-17 was collected along the Alona–

Polystipos road from a small outcrop (several 10 m2

sized) composed of a grey plagiogranite body intrusive

into diabase. Diabase xenoliths are abundant within the

plagiogranitic or dioritic rock (Fig. 2a). Sample CH-40

was taken from a small felsic intrusion (�50 m2 expos-

ure) at the northeastern outskirts of the village of

Chandria. Along a road cut (Fig. 2b) an olivine-gabbro

country rock is repeatedly intruded by younger intru-

sions. The earliest of these is a light plagiogranite body

(sample CH-40), composed of quartz, plagioclase and

epidote. Both gabbro and plagiogranite are intruded by

a number of subvertical microgabbroic dykes that show

well-developed chilled margins, followed by a series of

vertical diabase dykes. Sample CTE-11B was collected

along the Kakopetria–Agios Nikolaos road, from a small

outcrop (�200 m2) where grey–pinkish plagiogranite of
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Table 1: Summary of data for the studied samples

Sample Intrusion Geographical
coordinate

Group* SiO2

(wt%)
U–Pb age (Ma) d18O (& VSMOW)

Wtd. mean
(95 % conf.)

MSWD n† Av. 2SD Min. Max n
(grains)

Al-17 Alona–
Platanistassa

N34�9268/E33�0483 Tholeiitic 65�1 91�0 6 2�1 8�1 9 4�8 0�3 4�5 5�2 12 (10)

CH-40 Chandria N34�9414/E32�9960 Tholeiitic 71�0 92�5 6 1�4 2�9 9 4�5 0�3 4�3 4�7 8 (6)
CTE-11B Kakopetria N34�9810/E32�8950 Tholeiitic 59�5 91�1 6 3�7 2�6 4 4�2 0�2 4�1 4�3 4 (3)
SE-12 Spilia N34�9633/E32�9609 Boninitic 75�1 90�2 6 6�8 0�1 2 4�7 0�3 4�5 4�8 11 (11)
ZP-110 Zoopigi N34�8703/E32�9928 IE-enriched 74�3 94�3 6 0�5 1�2 25 4�5 0�2 4�4 4�7 17 (15)

*Troodos plagiogranite groups according to the classification of Freund et al. (2014).
†Each analysis represents a different grain.

Fig. 2. Field relations at the studied plagiogranite sample localities. (a) AL-17 (Alona–Polystipos road), angular diabase xenoliths
hosted in plagiogranite; (b) CH-40 (near Chandria), plagiogranite intruded into olivine gabbro and in turn injected by microgabbro
dykes and late diabase dykes; (c) CTE-11B (Kakopetria–Agios Nikolaos road), plagiogranite body injected by aphyric mafic dykes,
later rotated; (d) Spilia intrusion (SP-12), stoped gabbro xenoliths at the contact of a large plagiogranite intrusion; (e) ZP-110 (near
Zoopigi), small plagiogranite body intrusive into the aphyric mafic dykes.
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variable grain size is intruded by mafic aphyric dykes,

later rotated to subhorizontal position (Fig. 2c). Parts of

the plagiogranite body seem highly altered, containing

a significant amount of epidote. Sample SP-12 was col-

lected from the Spilia plagiogranite—a relatively large

intrusion (a few km2) located at the gabbro–sheeted

dykes transition zone close to the village of Spilia. The

Spilia intrusion contains numerous mafic xenoliths, up

to 1 m in diameter, along its margins (Fig. 2d), inter-

preted as stoped blocks of gabbro incorporated into the

plagiogranite during its emplacement. The Spilia intru-

sion is rarely intruded by dykes and was therefore con-

sidered as late compared with the other plagiogranites

(Freund et al., 2014). Sample ZP-110 was sampled east

of the village of Zoopigi from a small light grey granite

body intruded into mafic dykes; adjacent similar pla-

giogranites are intruded by late aphyric dykes (Fig. 2e).

The Zoopigi plagiogranites are intensely tectonized by

faults and shear zones, possibly because of their prox-

imity to the Arakapas Fault zone (Freund et al., 2014).

ANALYTICAL METHODS

Sample preparation
Zircon grains were separated from the plagiogranite

samples by mechanical crushing followed by standard

separation techniques including wet sieving (60–

300mm), heavy liquid (tetrabromoethane; �2�95 g cm–3)

and Frantz magnetic separator. Individual zircon grains

were hand-picked under a stereomicroscope and

mounted in epoxy along with a set of U–Pb (R33/

TEMORA-2) and oxygen isotope (KIM-5) zircon stand-

ards. The grains were polished to mid-section to expose

the grains’ interiors. All grains were imaged prior to

analysis using scanning electron microscopy (SEM)

with cathodoluminescence (CL) and backscattered

electron (BSE) detectors to evaluate zoning

patterns and identify mineral inclusions and cracks

(Fig. 3, Supplementary Data Fig. S1; supplementary

data are available for downloading at http://

www.petrology.oxfordjournals.org).

SIMS U–Pb isotope and trace element analysis
Zircon U–Th–Pb isotope and trace element analyses

were performed by SIMS at Stanford University using a

sensitive high-resolution ion microprobe with reverse

geometry (SHRIMP-RG). Secondary ions were sputtered

from the target spot using an O–
2 primary ion beam,

which was accelerated at 10 kV and had an intensity

varying from 3�0 to 4�0 nA. The primary ion beam spot

had a diameter between 22 and 28 lm and a depth of

�1–3 lm for the analyses performed in this study. Trace

elements (Y, Hf, REE) were measured briefly (typically

0�2–3 s per mass) before the geochronology peaks, and

in mass order. All peaks were measured on a single

ETPVR discrete-dynode electron multiplier operated in

pulse counting mode. Zircon trace elements and

206Pb/238U ages were calculated following the methods

of Watts et al. (2016). Calculated ages for zircon were

standardized relative to zircon standards R33 or

TEMORA-2 (206Pb/238U ages ¼ 416�8 and 419�3 Ma, re-

spectively; Black et al., 2004), which were analyzed re-

peatedly throughout the duration of the analytical

session. Measured U, Th and trace element content

were calibrated using well-characterized, homogeneous

zircon standard MAD-green (4196 ppm U; Coble et al.,

2018), which was mounted on a separate setup mount.

Measured REE content was normalized to chondrite val-

ues given by McDonough & Sun (1995).

EPMA chemical analysis
Zircon chemical analyses were performed by electron

probe micro-analysis (EPMA) using a JEOL JXA-8230

Superprobe system at the Hebrew University of

Jerusalem. The amounts of Zr, Si, P, Hf, Y, Ce and Yb

were measured by wavelength-dispersive X-ray spec-

trometry (WDS) using an accelerating voltage of 15 kV,

probe current of 15 nA and a fully focused beam. Each

analysis spot was measured for 60 s per element, with

background counting times set to half of the respective

peak counting times. Standards used include natural

minerals (olivine, apatite, rutile and monazite) as well

as synthetic materials (yttrium-garnet). Zircon formulae

were calculated on the basis of four oxygens per for-

mula unit.

Oxygen isotope analysis
Zircon oxygen isotope ratios were measured at the

University of Wisconsin–Madison SIMS laboratory

(WiscSIMS) using a CAMECA IMS-1280 during a single

analytical session. Samples were re-polished prior to

the analysis to remove the U–Pb analysis spots.

Additional CL imaging was performed to re-check the

CL patterns after polishing. Measurements were made

with a focused Csþ ion beam with an intensity of 1�8–

2�1 nA and a spot size of �10 lm diameter and 1 lm

depth, following the methods described by Kita et al.

(2009). Four analyses of the KIM-5 zircon standard were

performed routinely at the beginning of each session,

and repeatedly after every 10 unknowns. The bracketing

sets of eight analyses of KIM-5 (d18O ¼ 5�09 & VSMOW;

Valley et al., 2003) were used to correct for instrumental

mass fractionation. The spot-to-spot reproducibility (ex-

ternal precision) for individual brackets of KIM-5 ranged

between 0�17 and 0�28 & (2SD) during the analytical

session. Following analysis, all SIMS pits were re-

examined by SEM in BSE mode and assigned a pit qual-

ity value based on their shape and the presence of any

cracks or mineral inclusions, ranging from one (good;

clear regular shape) to five (poor; intersects cracks,

inclusions or of irregular shape).

Journal of Petrology, 2020, Vol. 61, No. 5 5

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/61/5/egaa057/5848013 by U

niversity of W
isconsin-M

adison user on 12 D
ecem

ber 2020

https://academic.oup.com/petrology/article-lookup/doi/10.1093/petrology/egaa057#supplementary-data
https://academic.oup.com/petrology/article-lookup/doi/10.1093/petrology/egaa057#supplementary-data
https://academic.oup.com/petrology/article-lookup/doi/10.1093/petrology/egaa057#supplementary-data
https://academic.oup.com/petrology/article-lookup/doi/10.1093/petrology/egaa057#supplementary-data


Fig. 3. Cathodoluminescence (CL) and backscattered electron (BSE) images of selected zircon grains and analysis pits. Analysis
spot numbers are given in white. Yellow and cyan open circles indicate the location of oxygen and U–Pb isotopic analyses, respect-
ively. The analytical results are given in the adjacent numbers with matching colors. The numbers in red over the analysis pits
images indicate the assigned pit quality value, ranging from one (good; clear regular shape) to five (poor; intersects cracks, inclu-
sions or of irregular shape).
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RESULTS

U–Pb geochronology and trace element
composition of zircon
A total of 73 SHRIMP analyses were performed on zir-

con grains separated from the five plagiogranite sam-

ples. Studied zircons were mostly euhedral to

subhedral, typically 100–150mm long grains, showing

simple oscillatory and sector zoning typical of magmat-

ic zircon. Many of the grains have ‘porous’ domains

with irregular CL patterns, found mostly along cracks

and grain boundaries as overgrowths (Fig. 3,

Supplementary Data Fig. S1). These domains were gen-

erally avoided as they are interpreted to form by sec-

ondary hydrothermal alteration or precipitation (e.g.

Grimes et al., 2009; Schwartz et al., 2010). However, por-

ous textures were often recognized in post-analysis in-

spection of the analysis pits (Fig. 3; Supplementary

Data Fig. S1). A complete set of the U–Pb geochrono-

logical data and trace element geochemical data from

the SHRIMP analysis is given in Supplementary Data

Table S1.

Most of the analyzed zircons yielded relatively high Y

and REE content, ranging from a few weight per cent Y

and total REE, up to �16 wt% Y and �8 wt% total REE in

some zircons from sample SE-12 of the Spilia intrusion

(Supplementary Data Table S1). Previous studies have

shown that zircons from oceanic crust are typically Y-

and heavy REE (HREE)-enriched, with values ranging up

to �8 and �2 wt%, respectively (Grimes et al., 2007).

However, extreme values such as those measured in

the Spilia zircons were previously not reported (Fig. 4).

To verify these results, we have re-measured the trace

and major element composition of zircon using EPMA.

Although the EPMA system is less sensitive and has a

higher detection limit for trace elements compared with

the SHRIMP, it is less susceptible to matrix-induced in-

strumental bias arising from chemical and/or structural

differences between the analyzed sample and the cali-

bration standard. The complete set of major and trace

element geochemical data obtained by EPMA is given

in Supplementary Data Table S2. For most samples the

SHRIMP and EPMA results are consistent, with Y con-

tent varying by no more than 2 wt% (20 000 ppm).

Conversely, the extreme Y and Yb SHRIMP values in

sample SE-12 are not reproduced by EPMA, which

yielded maximum Y and Yb values of �6 and �1�6 wt%,

respectively (Supplementary Data Table S2). This sug-

gests that some SE-12 zircons may have different struc-

ture and/or chemical composition from that of the

SHRIMP calibration zircon standard, which prevents

their accurate analysis. CL imaging of the zircons with

irreproducible SHRIMP and EPMA data revealed no un-

usual textures and they usually display fine oscillatory

zoning typical of magmatic zircon (Fig. 3;

Supplementary Data Fig. S1). Likewise, EPMA confirms

that sample SE-12 zircons have characteristic zircon

stoichiometry with only up to �4 mol% xenotime end-

member [(Y,HREE)PO4; calculated from the amount of P

in the tetrahedral site], similar to zircons from the other

studied samples. However, high SHRIMP Y content in

sample SE-12 zircons is found to correlate with high
16OH/16O ratio measured for the same grains during the

O isotope analysis (Supplementary Data Table S3). This

correlation suggests that these zircons are radiation

damaged (metamict) and have amorphous or partly

amorphous structure, which differs from that of the

crystalline zircon calibration standard (Wang et al.,

2014). Higher Y SHRIMP values in sample SE-12 are

generally correlated with older U–Pb ages

(Supplementary Data Table S1), indicating that these

older ages are also likely to result from this sample–

standard crystalline mismatch. Accordingly, all zircons

for which the difference between SHRIMP-measured

and EPMA-measured Y values was greater than 2 wt%

are suspected as metamict zircons and their SHRIMP

geochemical and geochronological data were therefore

rejected.
The measured 206Pb/238U and 207Pb/206Pb ratios (not

corrected for common Pb) of zircons from the studied

samples are plotted on Tera–Wasserburg concordia dia-

grams in Figure 5. Reported sample ages are weighted

mean 238U/206Pb ages corrected for common Pb using

measured 207Pb/206Pb (Ireland & Williams, 2003) assum-

ing common 207Pb/206Pb from Stacey & Kramers (1975).

Sample ZP-110, with the largest dataset of 25 ana-

lysis points, yielded (207Pbc-corrected) 206Pb/238U dates

for individual spot analyses ranging from 86�9 6 4�8 (2r)

to 95�9 6 2�4 Ma (Fig. 5a). The four youngest dates,

<90 Ma, correlate with porous textured pits (e.g. Fig. 3;

Supplementary Data Fig. S1), suggesting later

hydrothermal-alteration or growth (marked by red ellip-

ses and error bars). After the rejection of these four

young dates the sample yielded a weighted mean
206Pb/238U age of 94�3 6 0�5 (2SD) Ma (MSWD ¼ 1�18).

Applying these same criteria to other samples with

fewer data points, we have omitted from the average

age calculation all analysis spots that have intersected

porous zircon domains (pit quality value >3).

After the rejection of five analysis spots that inter-

sected porous domains, sample CTE-11B yielded a

weighted mean 206Pb/238U age of 91�1 6 3�7 Ma (MSWD

¼ 2�6) for the remaining four grains. The rejected por-

ous grains have younger dates, between 79�6 6 3�3 and

87�1 6 6�5 Ma, with increased common-Pb component

(Fig. 5b). The same analysis spots also show high La

concentration, low (Sm/La)N ratio and low Ce anomaly

typical of hydrothermal zircon (Hoskin, 2005; Fig. 6).

These newly precipitated or hydrothermally altered zir-

cons yielded a weighted mean 206Pb/238U age of

81�0 6 2�0 Ma (MSWD ¼ 1�1), which may reflect the time

of hydrothermal alteration event. The oldest grain in the

sample, with a 206Pb/238U date of 95�9 6 4�4 Ma, is also

suspected as hydrothermal zircon based on its low (Sm/

La)N ratio (nevertheless, it did not show a distinctive

porous texture and was therefore not excluded from the

weighted mean age calculation).
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Sample AL-17 yielded 206Pb/238U dates for individual

spot analyses ranging from 88�0 6 2�1 to 96�8 6 2�0 Ma.

The weighted mean 206Pb/238U age of 91�0 6 2�1 Ma cal-

culated for this sample has a high mean square
weighted deviation (MSWD) value of 8�1 (Fig. 5c). We

interpret this scatter to represent post-crystallization Pb

loss. However, no indications for hydrothermal origin,

in the form of porous textures and/or low (Sm/La)N

ratios, were found in the analyzed spots, so we conser-

vatively included all analyses in the calculated weighted

mean age.
Sample CH-40 yielded a weighted mean 206Pb/238U

age of 92�5 6 1�4 Ma (Fig. 5d). The individual dates in

this sample show a slight scatter (MSWD ¼ 2�9) that

may indicate late Pb loss. However, we have found no

indications for hydrothermal origin in this sample.

Sample SE-12 yielded a wide range of 206Pb/238U
dates for individual spot analyses ranging from

81�4 6 3�6 to 103�6 6 3�8 Ma (Fig. 5e). The older dates in

this sample (14 total) are suspected as metamict zircon,

based on their correlation with high 16OH/16O ratio and

irreproducible Y and HREE content (see discussion

above at the beginning of this section), and were there-

fore rejected from further processing. Of the remaining

seven analysis spots, five intersected porous zircon

domains and were excluded as suspected of hydrother-

mal origin. The two remaining grains, with non-porous

analysis pits, yielded a weighted mean 206Pb/238U age

of 92�0 6 6�8 Ma. All analysis spots in this sample, por-

ous and non-porous, show high La concentration and

low (Sm/La)N ratio, typical of hydrothermal zircon

(Hoskin, 2005; Fig. 6a).

Oxygen isotope ratios
A total of 101 analyses were performed on 77 zircon

grains separated from the five plagiogranite samples.

Oxygen isotope analyses were performed on the same
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CL-domain of the grain targeted by the U–Pb and REE

analyses. In some grains multiple analyses were per-

formed on different domains within the grain to test het-

erogeneity. The complete oxygen isotope dataset for

the studied samples is given in Supplementary Data

Table S3. Based on SEM imaging of analytical pits,

nearly half (49 out of 101) of the analyses were rejected

because they overlapped porous domains, inclusions

or cracks (pit quality value >2). These spots may not

represent the actual d18O of the zircon crystal owing to

analysis of non-zircon phases. No correlation was found

between individual analysis-spot d18O values and back-

ground corrected 16OH/16O ratios, in any of the studied

samples (Supplementary Data Table S3).

Measured d18O values in zircons from all the studied

samples are presented in Figure 7. A summary of aver-

age, minimum and maximum d18O values of clean ana-

lytical pits in all the studied samples is given in Table 1,

together with the weighted mean 206Pb/238U ages.

Zircons from most samples exhibit d18O ranges of 0�6 &

or less, nearly similar to that of the bracketing standard,

which means that the grains within each sample are not

distinguishable from being perfectly homogeneous. All

samples, excluding CTE-11B, yielded similar average

d18O(Zrn) values between 4�5 6 0�2 (2SD) and

4�8 6 0�3 &, which plot along the lower margin of the

range of d18O(Zrn) values expected in high-temperature

equilibrium with uncontaminated mid-ocean ridge bas-

alt (MORB) [5�3 6 0�6 & (2SD); Valley et al., 2005].

Sample CTE-11B yielded an average d18O(Zrn) value of

4�2 6 0�2 &, appreciably lower than the MORB-

equilibrium d18O(Zrn) range (Fig. 7). The oldest grain in

this sample, suspected as hydrothermal zircon based

on its low (Sm/La)N ratio, yielded an exceptionally low

value of 3�1 6 0�2 &, which was not included in the aver-

age d18O(Zrn) calculation. Other hydrothermal zircon

domains identified in this sample were either not tar-

geted for d18O analysis or rejected following SEM imag-

ing of the analytical pit because of their porous,

inclusion-rich texture. Similarly, most d18O analyses on

hydrothermal zircon domains from sample SE-12 were

rejected because of their porous, inclusion-rich texture.

DISCUSSION

The age of ocean crust magmatism in Troodos
ophiolite
Trace element classification diagrams for the proven-

ance of Troodos zircons are shown in Figure 4 (after

Grimes et al., 2007). Except for the hydrothermal zircons

of sample CTE-11B, zircons from all Troodos plagiog-

ranite samples plot within the ocean crust zircon field,

confirming their oceanic origin.

Weighted mean 206Pb/238U ages calculated for most

samples (AL-17, CH-40, CTE-11B and SE-12) range be-

tween 90�2 6 6�8 and 92�5 6 1�4 Ma, all consistent with

the age of 91�6 6 1�4 Ma obtained by TIMS by Mukasa &

Ludden (1987) for their Troodos plagiogranite samples.

However, in all these samples we have found
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indications for late hydrothermal zircon alteration or

growth and Pb loss. Sample ZP-110 from the Zoopigi in-

trusion yielded an older age of 94�3 6 0�5 Ma, which is

the most reliable crystallization age because it is based

on 21 spot analyses with no excess scatter (MSWD ¼
1�2, after the rejection of four porous analysis spots).

We therefore suggest that the actual age of oceanic

magmatism in Troodos should be dated at

94�3 6 0�5 Ma, rather than the commonly cited zircon U–

Pb age of 91–92 Ma obtained by Mukasa & Ludden

(1987). It is most probable that the bulk zircon popula-

tions analyzed by Mukasa & Ludden (1987) included

hydrothermally altered zircons, new growth of hydro-

thermal zircons, and/or zircon domains that have under-

gone Pb loss, which are shown here to be very

common in the Troodos plagiogranites [it was not

specified by Mukasa & Ludden (1987) whether they

used any mechanical or chemical abrasion method to

try to remove such zircon domains]. Osozawa et al.

(2012)have reported a whole-rock Ar–Ar age of

90�6 6 1�2 Ma for one tholeiitic pillow lava sample and

an age of 55�5 6 0�9 Ma for a boninitic pillow lava sam-

ple. We suspect that these whole-rock Ar–Ar ages are

also likely to have been reset during later hydrothermal

alteration, despite the good plateaux seen in their Ar re-

lease spectra (e.g. Baksi, 2006).

The older age inferred here for oceanic crust forma-

tion in the Troodos ophiolite is closer to the age of

oceanic crust formation in the Semail ophiolite of Oman

(95–96 Ma; Rioux et al., 2016). This age similarity further

strengthens the tectonic link suggested between the

Troodos, Semail and other late Cretaceous peri-Arabian

ophiolites along the Tethyan belt, which were previous-

ly suggested to have developed within a laterally con-

tinuous arc–trench rollback system in the Southern

Tethys at about the same time (Robertson, 2002; Dilek

& Flower, 2003). All these Cretaceous ophiolites display

structural field evidence for original seafloor spreading

tectonics and composite extrusive and intrusive

sequences with different magmatic plumbing systems,

collectively pointing to oceanic crust formation in an

extended arc–forearc setting (Dilek & Furnes, 2009).

Generation of the plagiogranite magmas:
fractional crystallization versus crustal remelting
Zircon is selected here to study the oxygen isotope

ratios of Troodos plagiogranites as it is highly retentive

of magmatic d18O, unlike whole-rock (WR) samples and

most minerals, which have been shown to be more eas-

ily affected by high- and low-temperature alteration

(this study and data from Kelley et al., 1992; Freund

et al., 2014; Anenburg et al., 2015). The average

d18O(Zrn) values in the studied samples plot either

along the lower margin of the range of d18O(Zrn) values

expected in high-temperature equilibrium with uncon-

taminated MORB [5�3 6 0�6 & (2SD); Valley et al., 2005]

or well below it (sample CTE-11B, Table 1; Fig. 7). These

lower than mantle zircon values require the

involvement of crustal anatexis in the production of the

plagiogranitic melts. This is because in typical ocean

crust, interactions between mafic rocks and seawater-

derived fluids at high temperature will shift d18O(WR)

toward lower values, owing to the small isotopic frac-

tionation (D18O �0–1 &) between hydrous fluids and

rocks at T�300 �C. Altered rocks with lower-than-

MORB d18O(WR) values are characteristically observed

near the transition zone between the sheeted dyke com-

plex and the upper gabbros, where most plagiogranitic

intrusions occur (e.g. Muehlenbachs & Clayton, 1976;

Gregory & Taylor, 1981; Eiler, 2001). Melts produced by

anatexis of hydrothermally altered crust may be subse-

quently assimilated by mafic magmas (which usually

provide the heat needed for anatexis) or may coalesce

to form discrete felsic plutons. Nevertheless, assessing

the actual amount of altered crust component in the pla-

giogranitic melts from their d18O(Zrn) values is not

straightforward and strongly relies on the selected zir-

con–melt (or WR) isotope fractionation factor

[D18O(Zrn–WR)] and the assumed d18O values of both

the altered crustal component and the mantle-derived

MORB component.

To use zircon as a proxy to estimate the d18O of the

bulk magma D18O(Zrn–WR) must be known at various

magmatic temperatures and whole-rock compositions.

Using mineral modes, oxygen isotope fractionations,

wt% SiO2, d18O(Zrn) and estimated solidus tempera-

tures of �300 plutonic rocks from the Sierra Nevada

Batholith, Lackey et al. (2008) formulated the equation

D18OðZrn–WRÞ ¼ d18OðZrnÞ � d18OðWRÞ
� �0�0612½SiO2	 þ 2�5: (1)

Using this relationship, which was derived for wet

magmas, and the average measured d18O(Zrn) values

and SiO2 content, the original d18O(WR) values of the

Troodos plagiogranitic magmas are calculated to range

from 5�3 to 7�1 & (Fig. 8; Supplementary Data Item S1).

Somewhat different D18O(Zrn–WR) versus wt% SiO2

relations were modelled by Bucholz et al. (2017) for dry

magmas based on incremental calculation of mineral

modes, oxygen isotope fractionations, WR chemistry,

and estimated liquidus temperatures in evolving tholei-

itic melt, as observed in the Upper and Upper Main

Zone (UUMZ) tholeiite series of the Bushveld Igneous

Complex (Vantongeren et al., 2010). Using these mod-

elled D18O(Zrn–WR) values in accordance with average

measured d18O(Zrn) values and SiO2 content, the origin-

al d18O(WR) values of the Troodos plagiogranitic mag-

mas are calculated to range from 4�8 to 6�8 & (Fig. 8).

For a given SiO2 content, these fractionations are 0�5–

1 & lower than those predicted by the formulation of

Lackey et al. (2008). The major difference between the

two D18O(Zrn–WR) calculation models stems from the

hydrous composition of the calc-alkaline magmas of

the Sierra Nevada Batholith studied by Lackey et al.

(2008) and the use of solidus temperature estimates

versus the dry composition of the Bushveld UUMZ

12 Journal of Petrology, 2020, Vol. 61, No. 5

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/61/5/egaa057/5848013 by U

niversity of W
isconsin-M

adison user on 12 D
ecem

ber 2020

https://academic.oup.com/petrology/article-lookup/doi/10.1093/petrology/egaa057#supplementary-data


tholeiite series and the use of estimates for liquidus

temperatures by Bucholz et al. (2017). Thus, equation

(1) slightly overestimates D18O(Zrn�WR) whereas the

dry UUMZ model underestimates D18O(Zrn�WR).

Bucholz et al. (2017) also modeled wetter magmas from

the Dariv igneous complex of Mongolia and the

Kohistan paleo-arc of Pakistan and obtained slightly

larger values of D18O(Zrn–WR) at similar SiO2 content,

which are within uncertainty of the model for wet

Sierran granitoids by Lackey et al. (2008). Determining

which D18O(Zrn–WR) model is more suitable for ophio-

litic plagiogranites is somewhat ambiguous. Crustal

anatexis of hydrothermally altered crust will produce

hydrous melts best described by the Lackey et al. (2008)

model (equation (1)), as done by Grimes et al. (2013).

However, if these crustal melts are assimilated by volu-

minous dry tholeiitic magma their combined D18O(Zrn–

WR) may be better described by the Bucholz et al.

(2017) model for the Bushveld UUMZ.

During crystallization of basaltic magma there is a

slight increase in d18O(melt) as it crystallizes low-d18O

ferromagnesian silicates, followed by a more rapid in-

crease when Fe–Ti oxides precipitate (Matsuhisa et al.,
1973). Thus, advanced fractional crystallization of

MORB [initial d18O(WR) ¼ 5�6 &; Eiler, 2001] should re-

sult in an increase of up to �1–1�5 & in the d18O(WR)

values of the evolved felsic magmas (e.g.

Muehlenbachs & Byerly, 1982; Wanless et al., 2011).

The modelled variation of d18O(WR) during closed-

system fractional crystallization of Bushveld UUMZ-like

and Dariv igneous complex-like magmas evolving from
50 to 75 % SiO2 is shown in Fig. 8 (after Bucholz et al.,

2017). These models predict between 1 and 2 & in-

crease in d18O of the plagiogranites relative to the initial

MORB value of 5�6 &. The higher than MORB d18O(WR)

values calculated for most of the Troodos plagiogran-

ites (excluding sample CTE-11B) using hydrous mag-

mas D18O(Zrn�WR) calculated according to equation

(1) are consistent with fractional crystallization of the

magmas as their dominant formation process.
Nevertheless, these d18O(WR) values are slightly (0�2–

0�5 &) yet systematically lower than those expected

from the fractional crystallization of uncontaminated

MORB, assuming 1�5 & increase of d18O for melts

evolving from 50 to 75 % SiO2 (Fig. 8). This indicates the

involvement of melt with lower d18O value, derived

from crustal anatexis. If only �1 & increase of d18O(WR)

is assumed for evolving dry tholeiitic melts, as seen in
the Bushveld UUMZ (Bucholz et al., 2017), no involve-

ment of low-d18O crustal melts is required to account

for the d18O(WR) calculated for most plagiogranite sam-

ples using equation (1). However, if zircon is crystalliz-

ing from such dry melts, their D18O(Zrn�WR) is

expected to be smaller owing to higher temperatures of

zircon growth according to the model of Bucholz et al.

(2017), resulting in lower d18O(WR) values for the pla-
giogranite samples (Fig. 8), which again suggest incorp-

oration of low-d18O altered crust or crustal melts.

In the Troodos ophiolite, altered diabase (epidosite)

rocks from the base of the sheeted dyke complex

yielded d18O(WR) values of 2�2–5�4 & (Vibetti, 1993).

Based on d18O(WR) values calculated using equation

(1), and assuming simple mixing between a hydrother-

mally altered crustal component with minimal

d18O(WR) value of 2 & and an uncontaminated fractio-
nated MORB component with an O isotopic evolution

trend of 0�06 &/%SiO2 [as done by Grimes et al. (2013)

for plagiogranites of the Oman ophiolite and other

ophiolites worldwide], 0–24 % (average 9 %) assimila-

tion of altered crust is required to produce the range of

d18O(WR) values calculated for the Troodos plagiogran-

ite magmas (Supplementary Data Item S1). These val-

ues are consistent with those estimated for ophiolitic
plagiogranites (0–20 %) by Grimes et al. (2013). It is also

consistent with the inferred volume of assimilated

hydrothermally altered crust required to explain
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Fig. 8. Measured average d18O(Zrn) values and equilibrium
d18O(WR) values calculated for host magmas vs SiO2 content
of the whole-rock sample. The d18O(WR) of the host magma in
equilibrium with zircon was calculated using D18O(Zrn�WR)
based on (1) Lackey et al. (2008) [equation (1), white triangles]
and (2) Bucholz et al. (2017) model for dry tholeiitic melt
(Bushveld Complex UUMZ, grey triangles), and using the
measured SiO2 wt% (WR) reported in Table 1. The continuous
orange and dark blue lines indicate the d18O (melt) vs SiO2 wt%
evolutionary trend modeled for the dry Bushveld Complex
UUMZ and partly hydrous Dariv igneous complex, respectively
(from Bucholz et al., 2017), assuming an initial d18O value of
5�6 & for the parental mantle-derived basaltic melt (Eiler,
2001). The dashed orange and light blue lines indicate the
d18O(Zrn) values in equilibrium with these evolving melts. The
diagonal dark green bar depicts a simplified d18O(melt) evolu-
tionary trend for fractional crystallization of uncontaminated
MORB magma, used for the calculation of the assimilated
altered crust component. The grey horizontal band represents
the d18O(Zrn) range at high-temperature equilibrium with the
mantle (5�3 6 0�6 &, 2SD; Valley et al., 1998, 2005). The horizon-
tal dashed black line indicates average d18O(Zrn) of gabbroic
samples from modern slow-spreading mid-ocean ridge envi-
ronments (Grimes et al., 2011). The tan area at the lower left
indicates the SiO2 and d18O(WR) range of hydrothermally
altered sheeted-dyke samples from Troodos (Schiffman &
Smith, 1988; Vibetti, 1993). For furthere details see
Supplementary Data Item S1.
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chlorine concentrations and O isotope ratios in high-

SiO2 andesitic and dacitic lavas of the East Pacific Rise

(Wanless et al., 2011). Calculating d18O(WR) values

according to the dry tholeiitic model of Bucholz et al.

(2017) and assuming simple mixing between a hydro-

thermally altered crustal component with minimal

d18O(WR) value of 2 & and an uncontaminated fractio-

nated MORB component with an O isotopic evolution

trend of 0�04 &/%SiO2 (as modeled for the Bushveld

UUMZ), 9–33 % (average 20 %) assimilation of altered

crust is required to produce the range of d18O(WR) val-

ues calculated for the Troodos plagiogranite magmas

(Supplementary Data Item S1). The highest percentage

of crustal assimilation, between 24 and 33 %, is calcu-

lated for sample CTE-11B from the Kakopetria intrusion.

If much higher d18O(WR) values of �5 &, similar to the

highest values reported by Vibetti (1993), are assumed

for the altered crust component, or if it is assumed to be

highly fractionated, its amount may be calculated to

reach 100 %.

In Figure 9 the whole-rock Zr and Sm contents of the

Troodos plagiogranites measured by Freund et al.

(2014) are compared with those measured in leuco-

somes within a contact aureole at the base of the

sheeted dykes complex by Gillis & Coogan (2002). This

is done on a plot of Zr—an incompatible element that

generally increases with magma evolution—versus Zr/

Sm—a ratio of two elements that have disparate incom-

patibility depending on the magmatic process. Freund

et al. (2014) noted that most of their plagiogranite sam-

ples have near-constant Zr/Sm ratios, lower than those

modeled by them for partial melting of a hydrothermal-

ly altered sheeted dyke rock containing 40 % amphibole.

Leucocratic veins and patches of Gillis & Coogan

(2002), which are interpreted as partial melts extracted

from the hydrothermally altered crust, reach higher Zr/

Sm ratios and show a general Zr/Sm enrichment trend

consistent with that modeled by Freund et al. (2014) for

partial melting of hydrothermally altered rocks. The

relatively low and constant Zr/Sm ratios observed in

their samples (in addition with major element varia-

tions) led Freund et al. (2014) to conclude that fractional

crystallization of mafic melts is the dominant process in

forming the Troodos plagiogranites. However, a gentle

increasing trend of Zr/Sm ratios with Zr content seen

within both their Spilia group and Zoopigi group sam-

ples follows the trend seen in the leucocratic veins and

patches of Gillis & Coogan (2002), indicating the import-

ance of altered-crust partial melting.

Implications for the Troodos ophiolite tectonic
setting
As in many other ophiolites, average d18O(Zrn) values

in Troodos plagiogranites are lower than those found in

plagiogranite bodies from modern MOR settings, pos-

sibly indicating higher degrees of hydrothermally

altered crust remelting (Grimes et al., 2013). Aldiss

(1981) also noted that the total volume of plagiogranite

sampled by dredge and drilling of modern seafloor is

small compared with those observed in ophiolites, and

Grimes et al. (2013) further noted that large-scale pla-

giogranite bodies, like those found at the Semail ophio-

lite of Oman, have not been identified at modern ridges.

Grimes et al. (2013) suggested that the general differ-

ence in d18O(Zrn) between modern MOR plagiogranites

and ophiolitic plagiogranites may be explained by

biased sampling of modern plagiogranites from the

gabbroic portions of slow-spreading ocean crust

exhumed below lithospheric-scale detachment faults in

oceanic core complexes. According Grimes et al. (2013),

in these environments migration of hydrothermal fluids

to the depth of magma intrusion is exceedingly

restricted (e.g. Alt & Bach, 2006; McCaig & Harris,

2012), leading to limited remelting of hydrothermally

altered crust. In contrast, in magmatically active, fast-

spreading MOR environments, such as those inferred

for the Oman ophiolite (e.g. France et al., 2009) the

hydrothermal and magmatic systems occur in closer

proximity with temporal overlaps, leading to higher

amounts of hydrothermally altered crust melting

(Grimes et al., 2013). Consequently, the variation in

d18O(Zrn) seen in plagiogranites from ophiolites (and

modern MOR environments) may be related to local

spreading rates and magma supply. Lower d18O(Zrn)

values indicate a higher proportion of altered crust

remelting in fast-spreading environments, whereas

higher d18O(Zrn) MORB-equilibrium values indicate

negligible amount of altered crust assimilation in slow-

spreading environments (Grimes et al., 2013).
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Fig. 9. Zr/Sm ratio vs Zr (ppm) for whole-rock plagiogranite
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According to this inferred relation, the relatively low

d18O(Zrn) values measured here for the Troodos pla-

giogranites indicate a magmatically active oceanic en-

vironment, similar to that envisioned for the Oman

ophiolite and fast-spreading MOR segments along the

East Pacific Rise (France et al., 2009, 2010; Wanless

et al., 2010, 2011).

The spreading rate of the Troodos ophiolite has been

a matter of debate. Some studies have suggested a

slow-spreading environment with substantial phases of

amagmatic spreading and possible formation of an

oceanic core complex along the spreading axis (e.g.

Varga & Moores, 1985; Hurst et al., 1994; Abelson et al.,

2001; Nuriel et al., 2009), whereas others have sug-

gested an intermediate- to fast-spreading environment

with magmatic accretion generally keeping pace with

tectonic spreading except for brief episodes of amag-

matic extension that developed mostly off-axis (e.g.

Varga & Moores, 1990; Allerton & Vine, 1991; Van

Everdingen & Cawood, 1995). Gillis & Coogan (2002)

argued for a high degree (up to �30 %) of partial melt-

ing at the base of the sheeted dyke complex in Troodos

and concluded that it indicates the existence of a rela-

tively shallow axial magma chamber, similar to that of a

fast-spreading ridge axis. Our data, indicating a sub-

stantial component of crustal melt in the Troodos pla-

giogranitic magmas, seem to support this conclusion.

The apparent contradiction between the existence of a

shallow axial magma chamber typical of a fast-

spreading ridge, inferred by the high percentage of

crustal melting (e.g. Gillis & Coogan, 2002), and the evi-

dence for slow spreading along the Troodos ridge axis

(e.g. Varga & Moores, 1985; Hurst et al., 1994) may be

reconciled by episodes of relatively intense magmatism

within an otherwise slow-spreading, magmatically

deprived ridge axis. Such episodes of intense magmatic

activity could have led to upward migration of the

magma chamber, or formation of a new magma cham-

ber where none existed before, which brought about

substantial remelting of altered crust. This mechanism

may explain the occurrence of relatively low d18O(Zrn)

values in plagiogranites from a slow-spreading MOR

environment, as seen in Troodos.

CONCLUSIONS

1. Oceanic magmatism in the Troodos ophiolite took

place at 94�3 6 0�5 Ma, about 3 Myr earlier than pre-

viously recognized. Most of the Troodos plagiogra-

nitic rocks were subjected to later hydrothermal

alteration, which resulted in new growth and/or par-

tial alteration of zircon domains, leading to apparent-

ly younger bulk-zircon crystallization ages.

2. The new age inferred here for oceanic crust forma-

tion in Troodos is closer to that of the Semail ophio-

lite in Oman, strengthening previous indications for

a common tectonic setting for the two ophiolites.

3. Values of d18O(Zrn) in the Troodos plagiogranites

range between 4�2 and 4�8 &, systematically lower

than those expected in equilibrium with MORB

(5�3 6 0�6 &). These values are best explained by

remelting and assimilation of crust altered by hydro-

thermal fluids with seawater-like isotopic composi-

tions at high temperatures. Variable amounts of low-

d18O (�2 &) hydrothermally altered crustal compo-

nent, up to 24–33 %, are required to account for the

range of d18O(Zrn) in the Troodos plagiogranites.

Assuming a higher d18O value for the altered crust

will require a larger amount of this component.

4. The substantial degree of crustal remelting indicated

by the Troodos plagiogranites d18O(Zrn) values sup-

ports a magmatically active oceanic spreading envir-

onment characterized by a relatively shallow

magma chamber in close proximity to the hydro-

thermal system.

5. The existence of a shallow axial magma chamber,

typical of fast-spreading MOR settings, within the

Troodos slow-spreading ridge axis may indicate epi-

sodes of relatively intense magmatic activity.
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