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Abstract

Two spatial scales of fluid-rock interaction in an ophiolite suite are revealed by oxygen isotope and hydrogen isotope
studies of metagabbros on the island of Tinos (Cyclades, Greece). Sequentially formed mineral generations in the
metagabbros include relict igneous augite, hornblende of sub-seafloor hydrothermal origin, and actinolite and albite
formed by regional greenschist-facies metamorphism during orogenesis. With the exception of augite (§'30=4.4—
5.6%o), the metagabbros are characterized by unusually high 8'0 values: hornblende (5.8-7.4 %o ), actinolite (6.5—
10.2 %0 ), feldspar (14.6-14.9 %o ) and whole rocks (7.0-10.5 %0 ). Hornblende 8D values range from —57 to —66 %o . The
high §'80 values and the 8D range of the hornblendes are compatible with interaction of oceanic gabbro with seawater
that had previously been enriched in '80/'°0O (8'80 = 6.5-8 %0 ) by isotopic exchange at moderate to high temperatures.
The high degree of oceanic alteration in the layered gabbros, mass balance calculations of isotopic exchange, and field
evidence for early oceanic thrusting suggest that seawater could have penetrated deeply into the ocean crust, becoming
130/190-enriched through isotopic exchange with gabbros at progressively increasing temperature. Upward, down-
temperature flow of the high-8'80 water would be very effective in elevating the 8'%0 values of gabbros. The regional
greenschist metamorphic overprint of the ophiolite, possibly the result of continued thrusting and piling up of nappes
during obduction, is characterized by localized fluid—rock exchange. Actinolite in massive gabbroic layers has §'80
values (6.5-7.2 %0 ) close to those of the hornblende, whereas in deformed meter-sized gabbroic blocks the amphiboles
have significantly higher values (8.4-10.2 %o ). Likewise, albite in the gabbroic blocks has high §'30 values of ca. 15 %o
that are ascribed to meter-scale exchange with '8O-rich fluids derived from dehydration reactions in low-temperature
hydrothermally altered basaltic host rock enclosing the blocks. Deformation-enhanced permeability facilitated fluid
infiltration in gabbroic blocks, whereas the relatively undeformed, and therefore less permeable, massive gabbros
experienced minor interaction with fluids. The orogenic fluid—rock interaction thus represents local-scale redistribution
of hydrous mineral components introduced during seafloor hydrothermal exchange. © 2001 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Stable isotope studies of fresh ocean crust and
ancient ocean crust preserved in ophiolites have
provided important insight into the processes of
hydrothermal seawater—rock interaction occurring
at oceanic spreading centers [1-4]. Typically, it is
found that gabbros have 380 values lower than
that of unaltered MORB (5.7£0.2%0) [5,6] as a
result of moderate to high temperature exchange
with seawater. In contrast, low-temperature alter-
ation seen in the upper parts of the extrusives
from ophiolites and ocean crust sections results
in relatively high 88O values of up to 13 %o
(e.g. [6]). Having been transported to convergent
margins by plate motion, hydrothermally altered
ocean crust may be either subducted or obducted
on one of the colliding plates. In either case,
metamorphism may occur and seawater incorpo-
rated into the oceanic rocks by seafloor hydro-
thermal alteration will become a potentially im-
portant source of hydrous metamorphic phases
and thereby influence the fluid-rock interaction
history during metamorphism.

Metamorphosed oceanic basalts, gabbros and
ultramafics in the Alpine orogen of the Cyclades
occur in both high-pressure metamorphic sequen-
ces and in ophiolitic sections that were imbricated
at higher structural levels without undergoing
high-pressure metamorphism. The Eocene high-
pressure metamorphic event was attributed to
the closure of the Mesozoic Pindos ocean basin
by subduction of the Apulian microplate, and
eventual collision with the Eurasian continent
[7,8]. The types of protoliths and the tectonic du-
plication of the high-pressure metamorphic se-
quences of the northwestern Cyclades islands sug-
gest that they form part of a subducted
accretionary wedge [9]. Thus, the high-pressure
metamorphosed basaltic-gabbroic—ultramafic as-
sociation might represent fragments of the floor
of the Neo-Tethyan Pindos ocean that were incor-
porated into the wedge during a subduction ac-
cretion process. Similarly, the ophiolitic associa-
tion found in sequences that tectonically overlie
the high-pressure metamorphic rocks might also
represent obducted and metamorphosed Pindos
seafloor. These two different ophiolitic associa-

tions provide the opportunity for understanding
fluid-rock interaction during seafloor alteration
and metamorphism of Tethyan ocean floor.

The oceanic and orogenic fluid-rock interaction
history of the metamorphosed obducted ophio-
lites is investigated in this work through oxygen
isotope and hydrogen isotope studies of the meta-
gabbros of the island of Tinos (Fig. 1). Previous
studies of the field relations, petrology and geo-
chemistry [10] showed that the Tinos ophiolite
exposures represent a sliced and dismembered
ophiolite complex, which had undergone hydro-
thermal seafloor alteration and a pervasive re-
gional metamorphic overprint in the greenschist
facies. The metagabbros preserve mineral relics
of each of these processes, allowing examination
of the seafloor fluid-rock interaction leading to
the creation of hydrothermal mineralogy and the
subsequent modification of this mineralogy during
metamorphism. The research complements an iso-
topic study of the high-pressure metamorphic
gabbros and basalts of the islands of Syros, Sifnos
and Tinos [11], which showed that the high-pres-
sure minerals of the gabbros and basalts (garnet,
glaucophane, omphacite, epidote) reflect the
whole-rock stable isotope composition of the pre-
cursor seafloor hydrothermal alteration processes.
Minerals in metagabbros inherit the low §'80 val-
ues typical of deeper-seated high-temperature sea-
floor alteration, whereas the minerals in metaba-
salts have high &'30O values, reflecting low-
temperature alteration of extrusive rocks.

2. Geological setting and evolution of the Tinos
ophiolite

The Alpine orogen of the Cyclades consists of
two main tectonic units: the lower tectonic unit
(LTU) comprising rocks that underwent subduc-
tion and high-pressure metamorphism at Late
Cretaceous—Eocene times [12,13], and the upper
tectonic unit (UTU) containing a variety of meta-
morphosed and unmetamorphosed rock sequen-
ces that were not subducted (Fig. 1). The crystal-
line geology is completed by the extensive
exposures of Miocene granitoids (Fig. 1) [12,14].

The LTU in the NW Cyclades consists of meta-
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morphosed sedimentary and volcanic sequences
including thin intervals of ophiolitic mélanges
[9,14,15]. The peak P-T conditions of the Eocene
HP metamorphism have been estimated at about
15+5 kbar and 480+ 30°C [12,16,17]. The high-
pressure metamorphic assemblages were over-
printed by greenschist-facies metamorphism at
similar temperatures, but pressures of 5-7 kbar,
at Oligocene—Miocene times [12,18].

The UTU is very heterogeneous and comprises
unmetamorphosed and medium- to low-pressure
metamorphic rocks, including Miocene clastic se-
quences, unmetamorphosed Jurassic ophiolite,
and Late Cretaceous greenschist- and amphibo-
lite-facies metamorphosed ophiolitic mélange
and volcano sedimentary sequences ([14,19] and
references cited therein).

Both tectonic units are exposed on Tinos (Fig.
1) and were juxtaposed by a low-angle normal
fault that was active as early as Early Miocene
time [20-23]. The UTU on Tinos comprises a dis-
membered ophiolite suite that includes the meta-
gabbros studied in this work. The following his-
tory was deduced for the ophiolite [10]: (1) Ocean
crust was generated at a Mesezoic [24] Tethyan
spreading center and underwent low-temperature
seafloor alteration of basalts and high-tempera-
ture alteration of gabbros. Deeper ultramafic
rocks were not affected by high-temperature hy-
drothermal metamorphism, but later were tectoni-
cally brought into direct contact with seawater
and underwent low-temperature serpentinization.
(2) Tectonism after cooling involved thrusting
that caused repetition and inversion of the origi-
nal order of the oceanic suite. (3) Regional meta-
morphism of all ophiolitic components at greens-
chist-facies conditions (ca. 450°C) overprinted the
earlier hydrothermal alteration mineralogy, and is
often accompanied by penetrative deformation.
Regional metamorphism might have been induced
by continued thrusting and piling up of nappes
during obduction. The similarity in structures
and metamorphic grade between mafic phyllites
of the UTU and underlying greenschists of the
LTU was taken to conclude that both units
were metamorphosed together in the Oligocene—
Miocene times [22]. Recent Rb-Sr and “°Ar/3°Ar
studies indicate that the UTU underwent Ar and
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Fig. 1. Geological map of Tinos island (Cyclades, Greece)
showing the ophiolite exposures (UTU) and samples loca-
tions. ACM, Attic Cycladic Massif.

Rb-Sr age resetting during ductile extension at
25-21 Ma [24,25].

The present-day stratigraphic section consisting
of tens of meters thick slices of mafic phyllites
(basalts) overlain by serpentinites and gabbros is
considered to have been derived by a combination
of thrusting during obduction and subsequent at-
tenuation by low-angle normal faulting. Two ma-
jor metagabbro types are readily identified in the
field [10]: massive layered metagabbros forming
coherent layers at Mount Tsiknias and Cape Stav-
ros exposures and deformed metagabbroic blocks
enclosed in mafic (metabasaltic) phyllitic (Fig. 2a)
and calcareous metasedimentary or ultrabasic
(serpentinite) country rocks at the Kalloni, Kionia
and Marlas exposures.

The massive metagabbros are characterized by
hornblende and plagioclase-rich bands, which re-
semble original magmatic layering. Primary igne-
ous augite and Cr-spinel are still preserved. The
augite is typically replaced by brown or green
magnesiohornblende [10], indicating very high de-
gree of hydrothermal alteration (up to 100% in
some samples). This hornblende is in turn fre-



102 B. Putlitz et al. | Earth and Planetary Science Letters 193 (2001) 99-113

Fig. 2. a: Field setting of the metagabbroic block of Kionia.
The block of metagabbro (1) is enclosed within strongly foli-
ated mafic phyllites (2). A light-colored tremolite—chlorite
contact zone (3) implies that the tectonic admixture preceded
metamorphism. b: Zoned porphyroclast of amphibole in a
sheared talcaceous matrix. Core of hornblende (Hbl) is
rimmed by actinolite (Act). Actinolite and talc (Tc) represent
greenschist-facies conditions that prevailed during regional
metamorphism and deformation. The hornblende is a relict
of an earlier high-temperature event. This sample from a
sheared gabbro elegantly illustrates the textural relations be-
tween hornblende and overprinting actinolite.

quently replaced by actinolitic amphibole (Fig.
2b), which together with clinozoisite, chlorite
and albite form the greenschist-facies assemblage
of the metagabbro. In some cases, direct reaction
of augite to the greenschist-facies minerals chlo-
rite and actinolite is observed.

Deformation and the greenschist-facies over-
print are more prominent in the metagabbroic
blocks, often leaving only relics of the older horn-
blende in an oriented fine-grained greenschist ma-
trix. The compositional range of amphibole is
more restricted than in the gabbro layers varying
from low-Al magnesiohornblende and actinolitic
hornblende to actinolite or tremolite.

Oxygen isotope studies of metabasalts of the
LTU on Tinos show that high-pressure metamor-
phism [11] and the Oligocene—Miocene greenschist
overprint [12,26] occurred at low water/rock ra-
tios. The metabasaltic rocks and minerals have
high 8'80 values (>10%o) reflecting the inheri-
tance of the isotopic compositions from earlier
low-temperature seafloor alteration [11,26]. Pre-
liminary oxygen isotope studies of whole-rock
samples of metabasalts and serpentinites of the
UTU ophiolitic unit [10] also showed high 8'*0O
values. Despite their different metamorphic his-
tories, the Tinos UTU metagabbros feature
many similarities to their LTU counterparts on
Syros. Relict hydrothermal amphiboles are pre-
served and the exposures on both islands consist
of massive metagabbroic bodies as well as smaller
meter-size boulders.

3. Methods

The very fine scale of intergrowth among the
different mineral generations required careful sep-
aration procedures. In samples where only small
amounts of pure mineral could be separated, ad-
vantage was taken of the ability of the laser probe
system to routinely analyze 1-2 mg of material.
Portions or slabs of each sample, usually a few
hundred grams, were crushed and sieved, and
concentrates were produced by mechanical meth-
ods (magnetic Frantz separator, air-abrasion-mill
or vibration table). Between 2 and 3 mg of mate-
rial was handpicked from the concentrates for
oxygen isotope analyses (usually with grain-sizes
between 100 and 500 pm). In some cases, hand-
samples were sectioned according to their layering
or zoning, and each layer or zone was individually
processed. Whole-rock samples were powdered to
< 150 um for analysis.



B. Putlitz et al. | Earth and Planetary Science Letters 193 (2001) 99-113 103
Table 1
Oxygen and hydrogen isotopic compositions of metagabbros and host rocks from Tinos, Greece
Sample  Rock 380 % SMOW 8D %o SMOW
no. type

Igneous CPX Hornblende Actinolite Whole Others Hbl, Ep, Act
rock
Green Brown

Mount Tsiknias, massive layered gabbros
TC 3 MG 6.66+0.04 (3) 6.52%£0.21 (3) 7.18%£0.10 (2) 7.07
EX 6 MG 4.47+0.08 (2) 5.84%0.02 (2) FV 5.27+0.09 (2)
Ti 39 MG 549+0.18 (2)
Ti 34 MG Hbl —66.3+6.9 (2)
EX 5 Qv Qtz 12.19+0.31 (2) Ep —59.1
Cape Stavros, massive layered gabbros
TT 49 MG 6.31£0.08 (3)
TT 55 MG 6.27+0.02 (2) 5.75+0.10 (5) 6.99 6.99
Ti 51 MG 5.48+0.13 (2) 6.45 6.50 Hbl —66.2+2.8 (2)
TT 51 MG 9.59 Hbl —69.0
TT 44 MP 8.04
Kalloni, massive layered gabbros
Ti 65 MG 6.621£0.21 (2)
Kionia Hill, gabbro blocks
Ti 55 MG 6.64%0.08 (2) 10.56 Hbl —49.7
Ti 59 MG 6.96+0.06 (2) 6.77£0.03 (2) 8.96+0.02 (2) 10.76 FId 14.59+£0.07 (2) Hbl —67.1
Ti 58 MG 7.44£0.09 (4) 6.65%£0.01 (2) 8.42+0.16 (2) 10.18 FId 14.91£0.11 (4) Hbl —67.7
TK 131 AC 8.82
TK 190 MP 11.72 Act —54.6
Kalloni, gabbro blocks
Ti 72 MG 6.69 6.25£0.11 (2) 8.06 Hbl —60.6
™ 209 MG 5.60£0.09 (2) 10.19+0.01 (2)
Ti 76 MG Hbl —57.0+2.8 (2)
Ti 73 MP 9.91
™™ 112 MP 9.88
™™ 212 MP 10.52

Rock types: AC, actinolite—chlorite rock (metasomatic); FV, felsic vein; MG, metagabbro; MP, mafic phyllite; QV, quartz-epi-
dote-chlorite vein. Minerals: Act, actinolite; Ep, epidote; Fld, feldspar; Hbl, hornblende; Qtz, quartz. Number in parentheses is
number of repeat analyses; stated precision is 1 S.D. or half of the average difference if n=2.

Micro-sampling at the sub-millimeter-scale was
achieved using the thin saw technique or drilling
with a 0.5 mm diamond drill bit. These techniques
permitted separation between different mineral
generations as indicated by microtextures. Care
was taken to distinguish between minerals accord-
ing to their texture, color, grain-size, habit and
inclusion density.

The purity of mineral separates was optically
checked under the binocular and petrographic
microscope and by X-ray diffraction. Aliquots of
separated minerals were analyzed for chemical
composition using a JEOL JXA 8600 electron
microprobe in Jerusalem.

Mineral and whole-rock powders were analyzed
for their oxygen isotope composition in the laser
fluorination system at the University of Wiscon-
sin-Madison using a CO; laser, BrFs reagent, and
a Finnigan-MAT 251 mass spectrometer [27].
Whole-rock powders were analyzed using an
‘air-lock’ sample chamber [28], which allows fluo-
rination of each sample individually. The UWG-2
garnet standard was analyzed on each day of laser
analysis. Daily averages were within the uncer-
tainty of the recommended value 8'%0=58+
0.1% (1 S.D.). All analyses were corrected to
the UWG-2 standard and most of the samples
were duplicated or triplicated. The deviation
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from the mean for replicates is routinely better
than +0.1 %0 .

A vacuum line based on the zinc-reduction
method [29] was used in the extractions for
hydrogen isotope analyses. Sample size was 30—
40 mg of mineral separate. Isotopic analyses
were made on the SIRA II mass spectrometer at
the Geological Survey of Israel. Analyses were
corrected to SMOW with NBS-30 biotite
(0D =—64%0) and an internal phengite standard
(230 Mica) with  measured  differences
AD(230 Mica—NBS—30 biotite) — 17.3+2.3%0 . Duplicate
analyses suggest that the precision is better than
4 %o (Table 1).

Isotopic fractionation between two minerals
X and Y is described by the notation:
AX—Y)=38X—8Y=1000 In o(X—7Y), where dX
is the isotopic composition of the mineral mea-
sured in %o relative to the SMOW standard.
A (X—7Y) refers to the coefficient in the mineral
fractionation equation:

1000 In o(X—Y)=A(X—Y) X 10°T 2.

4. Results

The oxygen isotope compositions of minerals
(augite, hornblende, actinolite and feldspar)
from the Tinos metagabbros are listed in Table
1. The variations in isotope composition are
shown in Figs. 3 and 4. For reference, a bar is
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Fig. 3. The range of 88O values of various minerals and
whole rock of metagabbros from Tinos. The stippled band
at 8'80=5.7+0.2%0 indicates the oxygen isotopic composi-
tion of unaltered igneous MORB.
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Fig. 4. Oxygen isotope ratios of minerals plotted from mas-
sive gabbros and gabbroic blocks. Minerals from blocks
show heavier and more variable values.

shown indicating the compositional range of typ-
ical MORB whole rock.

Pyroxene separates from the Tinos gabbros
have 8'30 values of 5.3-5.7%o (excluding sample
EX 6, that is intruded by a felsic vein). These
values are characteristic of primary igneous py-
roxenes in oceanic gabbros [3,4]. The §'80 values
of hornblende range from 5.5 to 7.4 %o . This rel-
atively restricted range is observed in both the
massive metagabbros and the metagabbroic
blocks (Fig. 4). No marked isotopic composition-
al differences are evident between the brown and
green hornblendes. The actinolite and feldspar
8'30 values plot in two groups. Actinolite in mas-
sive metagabbros has 880 values in the range
from 6.5 to 7.2%o0. These values are close to,
but slightly higher than, those of the hornblende
that they replace (Fig. 4). In contrast, actinolites
from metagabbroic blocks have significantly high-
er 8'%0 values, varying from 8.4 to 10.2 %o . Sim-
ilarly, albite in the metagabbroic blocks has high
8180 values of 14.6-14.9 %o, whereas a felsic vein
from a massive metagabbro has a low value of
5.3%0 . Whole-rock 8'80 values exhibit the same
trends, with relatively low values (<10%0) in
massive metagabbros and higher values (generally
> 10 %0 ) values in the metagabbroic blocks.

The 8D values of amphiboles and one epidote
are given in Table 1 and plotted in Fig. 5. The 8D
values of hornblende fall in the range —69-
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Fig. 5. A plot of the 8D and 8O values of Tinos horn-
blendes. Also shown are the isotopic compositions of actino-
lites and glaucophanes from Syros island [11]. The range of
isotopic compositions of amphibole and chlorite reported
from seafloor altered rocks and ophiolite suites is plotted for
reference (data from [2,3,34,50]). Also shown are fields that
correspond to the isotopic compositions of seawater in equi-
librium with amphiboles of Troodos ophiolite gabbros at 300
and 500°C [34].

—50 %0 and the one epidote separate gave a value
of —59%o. Samples Ti 55, Ti 58 and Ti 59 are
from the same metagabbroic block, the Kionia
block, easily recognizable in the field (Fig. 2a).
However, whereas samples Ti 58 and 59 with
3D of hornblende = —67-—68 %o are only moder-
ately overprinted by greenschist-facies assemblag-
es, sample Ti 55 is strongly overprinted and de-
formed, and gives a higher 8D value of —50 %o .
An actinolite separate was also analyzed for one
sample in this block (TK 190) and likewise yielded
relatively high 8D value of —55%o. These differ-
ences suggest that the greenschist overprint lead
to D/H enrichment in minerals.

5. Discussion

5.1. Isotopic exchange during seafloor
hydrothermal alteration of gabbros

The oxygen isotope ratios of hornblende are
higher than expected for fresh mid-ocean ridge
basalts (MORB) and gabbros that have under-
gone high-temperature seafloor alteration. This
is clearly illustrated in Fig. 6, which compares

the range of 'O values of the Tinos hornblendes
with amphiboles from classical ophiolite suites
such as Troodos and Samail (Oman), present-
day oceanic gabbros, and relict seafloor amphib-
oles in the eclogite-facies metagabbros of Syros.
The Tinos hornblendes are on the average 1.5—
3.5%0 higher in 8'80 than the other gabbros
and do not show '80/'°O-depleted compositions
typical of high-temperature exchange with sea-
water.

The chemical composition of the Tinos horn-
blende is characteristic of hydrothermally altered
mid-ocean ridge gabbros and indicates that it did
not form as a primary igneous mineral [10,30,31].
Hornblende is observed to replace augite and is
texturally secondary with respect to the igneous
pyroxene. The oxygen isotope fractionation be-
tween hornblende and clinopyroxene is small
(A(Hbl—Di)=0.2£0.3) [32] and typically
A(Hbl—Di)=0.1-0.5%0 in oceanic rocks [2].
However, the 880 values of the Tinos horn-
blendes are approximately 1 %o higher than values
found in the pyroxenes. For one sample in which

gabbros in ophiolites |«——MORB

Tinos (Cyclades)

Syros (Cyclades)

Troodos

Oman (N)
Oman (S)

oceanic gabbros
1 Mid-Cayman Rise

ODP 735B

* Indian Ocean

4 5 6 7 8
3'80 (%) amphiboles

Fig. 6. Comparison between the §'30 values of hornblendes
from Tinos metagabbros and the values reported for amphi-
boles of gabbros from ophiolites and present-day oceanic
crust. The gray band at §'80=5.7+0.2%. indicates the oxy-
gen isotopic composition of unaltered igneous MORB. Data
sources are: Syros [11]; Troodos [34]; Northern Oman [45];
Southern Oman [1]; Mid-Cayman Rise [2]; ODP 735B [50];
Indian Ocean [3].
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a mineral pair could be separated (EX 6),
A(Hbl—Di)=1.37%0. This indicates that the
hornblende did not grow in isotopic equilibrium
with respect to the precursor pyroxene. It is not
possible to exactly estimate the §'80 of the fluid
from which the hornblende grew, since tempera-
tures of hydrothermal alteration on the seafloor
are not known and the hornblende-water frac-
tionation has not been calibrated. An empirical
estimate of the hornblende—water fractionation is
given by combining the A(Hbl—Di)=0.2 [32] with
the diopside—water fractionation [33]. Hornblende
in submarine oceanic gabbros of the Mid-Cayman
Rise forms within the temperature range 400-
700°C [30]. Thus, the hornblende-water fraction-
ation varies from ~ —0.4%o at 700°C to —0.9 %o
at 400°C. The isotopic composition of the water
in equilibrium with the Tinos hornblende (average
8'0=6.4+0.5%0) at these temperatures could
vary from approximately 6.5 to 8.0%o, i.e. it is
significantly '80/'°O-enriched relative to seawater
with 880 =0 %o .

Moderate- to high-temperature oxygen isotopic
exchange between seawater and mafic plutonic
rocks of primary igneous composition results in
30/1°0 depletion of the rocks and '*0/'°O en-
richment of the seawater [1,34,35]. However, as
has been noted above, the 830 values of the Ti-
nos hornblende are higher than those considered
representative of ocean floor rocks (Fig. 6) and
correspondingly, the 8'%0 of the water is higher
than that typically found in such alteration. These
data imply that the 8'®0 of the seawater that
interacted with the Tinos gabbros was previously
modified by high-temperature water-rock interac-
tion. The D/H results may shed further light on
exchange process because 6D values are sensitive
to change at low amounts of exchange or water/
rock (W/R) ratios. On the 8D vs. 8'%0 plot (Fig.
5), the Tinos hornblendes are slightly lower in 8D
and slightly higher in §'80 than typically observed
in the amphiboles formed by seafloor alteration.
This implies that the 6D value of the water in-
volved in the Tinos alteration was more negative
than that involved in ‘typical’ seafloor alteration.
Fig. 5 also shows the isotopic compositions of
seawater produced during hydrothermal exchange
of the Troodos ocean floor at 300 and 500°C [34].

These waters are both lower in 8D and higher in
8'80 than unaltered seawater and qualitatively fit
the compositional ‘profile’ of the water that could
produce the 8D and §'80 values of the Tinos
hornblendes by water-rock exchange. Thus,
both the 8D and §'80 data indicate that the water
involved in the Tinos alteration had previously
been exchanged by moderate- to high-temperature
seafloor exchange.

5.2. Mass balance model of oceanic isotopic
exchange

Constraints on the thermal structure and mag-
nitudes of fluid fluxes of the sub-seafloor hydro-
thermal system at which the '*0/'®O-enriched sea-
water and gabbros could have developed are
illustrated by model calculations in Fig. 7. The
model builds directly on the transport equations
and assumptions of Dipple and Ferry [36] to com-
pute the isotopic changes in seawater and gabbro
for a given temperature gradient and path length
across the oceanic crust, assuming local equilibri-
um at different time-integrated fluid fluxes ([36],
equation 9, [37]).

Our model assumes that isotopic exchange be-
tween seawater and gabbros occurs during the
formation (and equilibration) of hornblende, at
the 400-700°C temperature range [2,30]. The gab-
bro—water fractionation can be approximated by
the plagioclase (Angy)-water fractionation:
A=2.36x10T2—3.24 [38], because the chemical
composition of Ang is quite close to that of Tinos
metagabbros [10]. The plagioclase-water fraction-
ation shows a crossover at high temperature: it is
negative (A=-—0.75) at 700°C, but positive
(A=2.0) at 400°C. We consider a two-stage flow
path: (a) recharge of seawater into the gabbro
column along a positive temperature gradient
(heating) followed by (b) discharge of the isotopi-
cally altered seawater along a negative tempera-
ture gradient (cooling). The results of the calcu-
lations are shown on graphs of 8'%0 (water) and
880 (gabbro) vs. depth (or temperature) within
the gabbro section (Fig. 7a,b).

1. Recharge: The recharge path illustrates the ef-
fect of isotope exchange during downward
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Fig. 7. Calculated change in 8'80 of seawater (a) and gabbro
(b) as a result of progressive isotopic exchange during flow
of H,O through gabbro along a linear temperature gradient
of 50°C/km between 400 and 700°C. The calculation is based
on the model for fluid flow and stable isotope alteration of
Dipple and Ferry ([36], equation 9). Curves are labeled with
values of time-integrated fluid flux in mol fluid/cm? rock.
Both figures (a, b) describe a two-stage flow path: in the left
part of each figure recharge of seawater (8'8Ojpnita1 =0 %o0)
into a 6 km gabbro column (8'®Ojpijja1 = 5.7 %0 ) along a heat-
ing, positive temperature gradient is modeled. This is fol-
lowed by discharge of the isotopically altered seawater along
a cooling, negative temperature gradient to the top of the
gabbro section as shown in the right part. The curve labeled
‘fluid in equilibrium’ in (a) shows 8'%0 values of water in
equilibrium with gabbro at static conditions, prior to infiltra-
tion.

movement of seawater (originally with
880 =0%0) into a 6 km thick gabbro column
with uniform initial 3'®0=5.7%0 and along a
linear temperature gradient of 50°C/km be-
tween 400 and 700°C. The initial water at
Z=0 has isotopic composition 3.7%o less
than water in equilibrium with gabbro at
400°C. The higher the fluid flux, the deeper
the initial 3.7%o discontinuity (alteration
front) in 880 (water) propagates. At depths
greater than the depth of the 880 front, in-
creasing temperature results in a gradual in-
crease in 880 (water) at all time-integrated
fluid fluxes < 5X10° mol H,O/cm? rock. The
final result of the isotopic exchange in the re-
charge path is a high-temperature fluid en-
riched in '80/!0, up to 6.4%0 at low fluxes.
Correspondingly fluid flow results in '30/'°0
depletion of the rock to variable degrees, de-
pending on the magnitude of the time-inte-
grated fluid fluxes.

2. Discharge: The '80/!°O-enriched water is then
allowed to flow back to the top of the 6 km
thick gabbro section and down the tempera-
ture gradient (50°C/km). Initially, 8'%O (water)
increases to a maximum value of ~6.4 %o and
then gradually begins to decrease as the effect
of the lower-temperature (positive) gabbro-—
water fractionation becomes influential. The
isotopic composition of the gabbro gradually
increases until it reaches a maximum value of
>6%0 at the end of the path flow (400°C).
Significant isotopic enrichment of high-level
gabbros to values of above 7%o is indicated
at fluxes=2x 10* mol H,O/cm? rock.

The overall conclusion of the modeling is that
high-temperature exchange is an effective process
for raising the 8'%0 of seawater infiltrating into
and hydrating a gabbro. Discharge of the en-
riched seawater in a regime of decreasing temper-
ature is a particularly effective process of raising
the 880 of the gabbro to >6%0 at time-inte-
grated fluid fluxes >4 X 103 mol/cm?. The degree
of enrichment in the rock is dependent on the
chosen path length and especially on the temper-
ature range and gradient, due to the temperature
dependence of the fractionation. Thus, the low-
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temperature part of the discharge path will
strongly influence the final 880 value of the
rock. For simplicity, we chose the same temper-
ature gradient and path length for the recharge
and discharge paths. However, hydrothermal sys-
tems in oceanic spreading centers are thought to
consist of widespread recharge zones and focused
discharge zones [39]. Thus, the down-temperature
discharge path might be shorter and the thermal
gradient steeper than in the recharge path (Fig.
8b), resulting in high 8'30 gabbros at deeper lev-
els. Kinetic control of oxygen isotope exchange
during fluid-rock interaction is possible: amphib-
ole and pyroxene exchange oxygen much slower
than plagioclase [33,40], and consequently their
30/1°0 enrichments will lag behind. We found
that the results reported here would not be signifi-
cantly different if hornblende-water or pyroxene—
water fractionations were alternatively used. Yet,
higher fluxes are needed to shift the isotopic com-
position of the rock.

The '80/'°0 enrichments in Tinos gabbros
could have occurred in a process similar to the
one modeled here. In that case they represent
only the discharge path of the hydrothermal cell
described by the model.

5.3. Tectonic environment of seafloor hydrothermal
alteration

High 8'30 values (or the lack of '#0/'°O deple-
tion) in the upper plutonic level have been ob-
served in a number of oceanic rocks: San Luis
Obispo and Del Puerto ophiolite fragments in
California [35,41]; Macquarie Island [42]; veins
in Hole 504B [43]; gabbros from the Mathemati-
cian Ridge [31]. The data are largely determined
for plagioclase and whole-rock samples, where
later low-temperature exchange might potentially
be responsible for '80/!1°0O enrichment [44]. Not-
withstanding, Gregory and Taylor [1] reported
high 880 values for the pyroxenes (4-8%o) of
gabbroic dikes in the lower crustal section of the
Oman ophiolite, to account for which they and
Alt [39] proposed isolated, very hot, low sea-
water/rock ratio, hydrothermal cells beneath part
of the axial magma chamber.

Stakes and Taylor [45] found that in all three
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Fig. 8. Diagram illustrating the proposed tectonic setting for
the oceanic fluid—rock interaction and the following regional
metamorphism. a: Inter-oceanic thrusting of young and hot
ophiolitic slab. b: Smaller-scale faulting and fracturing within
the hanging-wall of the principle thrust allows penetration of
seawater to deep, layered gabbros of the hot oceanic litho-
sphere. Gabbro-water oxygen exchange in a regime of in-
creasing temperature results in '30/1°O enrichment of the hy-
drothermal fluid, which in turn induces crystallization of
180/1°0-enriched hornblende in gabbros during the discharge
path. ¢: A schematic columnar section of the UTU on Tinos.
The UTU includes a duplicated ophiolitic sequence with ser-
pentinized peridotite slices overlying metagabbro and meta-
basalt. Tectonic duplication occurred during inter-oceanic
thrusting suggested by remnants of dynamic metamorphic
aureole (‘metamorphic sole’) at the top of the basaltic slice.
Whole-crust extension commenced at Late Oligocene times
and involved significant attenuation of the ophiolite slices.
The UTU was juxtaposed on top of exhumed HP rocks
(LTU) during greenschist-facies overprint at the Early Mio-
cene.

transects they made through the Samail ophiolite,
the highest 880 plagioclase (7-12 %o ) occurred in
deep-seated gabbro located near the Moho. Since
the elevated 8'%0 values were confined to plagio-
clase (8'%0 (Hbl, Cpx)=5.7%o ), and the associa-
tion of this enrichment with low-temperature hy-
drous minerals like prehnite and zeolite, they
concluded that late stage high-8'*0 aqueous fluids
penetrated the deepest gabbros. This fluid move-
ment was related to ‘structural dislocation’ near
the Moho, suggested by shear zones in the peri-
dotite below the Moho [46] and connected to
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thrusting at the base of the whole ophiolite slab
[45]. The tectonic disruption caused fracturing
that enabled penetration of high-8'0 fluids. The
short time interval between igneous crystallization
of the Samail ophiolite and subsequent inter-oce-
anic thrusting (1-4 Ma) and granulite-facies meta-
morphism in the underlying metamorphic sole in-
dicate obduction of very young and hot oceanic
slab [47]. Thus, the inferred influx of aqueous flu-
ids to the layered gabbros may have begun at high
temperatures soon after the gabbros were able to
sustain open fractures. Compared to the relatively
intact ophiolite in Oman, the Tinos ophiolite ex-
posures provide good field evidence for inter-
ophiolitic (oceanic) thrusting. Deep, layered gab-
bro overlies serpentinite, which overlies mafic
phyllites (metabasalts) in the Tsiknias exposure,
and gabbro overlies mafic phyllites in the Cape
Stavros exposure. Highly-tectonized amphibolite
associated with a shear zone at the base of the
ultramafic slice in Tsiknias was interpreted as a
relict of a metamorphic sole formed by hot thrust-
ing of a young ophiolite slab over mafic oceanic
rocks [10]. Correspondingly, it is suggested that
the evidence for early, high-temperature near-
axis intra-oceanic thrusting, fracturing and infil-
tration that is required by the Stakes and Taylor
model [45], is found in the isotopic data of the
Tinos hornblende.

Cross-sections illustrating the fluid infiltration
process are shown in Fig. 8. Near-axis thrusting
enabled infiltration of high-8'80 fluids to the
deep-seated layered gabbros (Fig. 8a,b). The thick
crustal section through which these fluids must
have penetrated enabled prolonged O exchange,
raising the 8'%0 of the water. Temperature in-
creases with downward fluid movement into the
deeper gabbroic section and therefore isotopic ex-
change and '*0/'°0O enrichment in the water is
best approximated by the 400-700°C recharge
path calculation given in Fig. 7a. The '*0/'°O-
enriched water then flowed upward in discharge
zones to enrich gabbros in progressively decreas-
ing temperatures as modeled in Fig. 7b. The cal-
culation requires an earlier up-temperature iso-
topic exchange zone in which &880 (water)
increases but the gabbro becomes '20/°O-de-
pleted relative to its initial value of 5.7%o. As

noted, this section is not seen at Tinos, but is
found in the metamorphosed ophiolite exposures
on Syros. The exposures of the Tinos upper unit
were shown to represent a sliced and dismem-
bered ophiolite complex: ultramafic, gabbroic
and basaltic members are represented on Tinos,
but other components, such as the sheeted dykes
and the sedimentary cover, are missing [10]. The
thickness of the exposed sections on Tinos is also
smaller by one or two orders of magnitude than
found in complete ophiolite sections. It is there-
fore suggested that '80/'°O-depleted rocks were
originally present on Tinos, but were tectonically
removed during the emplacement and subsequent
thinning due to extensional tectonics (Fig. 8c).
The '80/'°O-enriched Tinos gabbros stand in
distinct contrast to the high-pressure metagabbros
on Syros, which preserve low 80 sub-seafloor
alteration values. The simplest explanation for
this difference is that the Tinos and Syros meta-
gabbros represent different segments of the Pindos
ocean floor that have undergone different seafloor
alteration. In this respect, the Syros metagabbros
would represent ‘typical’ seafloor alteration and
the Tinos metagabbros a different environment,
affected by early, inter-oceanic thrusting. The
metabasalts of both the upper and lower tectonic
units on Tinos, however, preserve the high §'0
values (typically >10%0) representative of low-
temperature seafloor alteration [10,11,26].

5.4. Isotopic exchange during the orogenic stage

A marked feature of the oceanic alteration
stage was that similar 8'%0 and 8D values were
observed in the hornblende of both massive lay-
ered metagabbros and meter-sized metagabbroic
blocks (Fig. 4). This is not the case with minerals
that grew during the regional greenschist meta-
morphic overprint that occurred during the oro-
genic stage of evolution, as the result of either
thrusting and piling up of nappes during obduc-
tion or ductile shear during extension
[10,22,24,25]. Distinctly higher 8'80 values are
observed for greenschist minerals (actinolite, al-
bite) in the metagabbroic blocks compared to
the values for these minerals in massive metagab-
bros (Fig. 4). A slight increase in 8D of amphi-
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boles has also been inferred in one of the blocks
strongly overprinted by the greenschist metamor-
phism.

The actinolites in massive metagabbros have
880 values (6.5-7.0%0) that are close to those
of hornblende. In the three samples for which
both hornblende and actinolite overgrowth were
analyzed, A(Act—Hbl) varies from 0.3 to 1%o.
This compares with the equilibrium actinolite—
hornblende fractionation of ~0.2 at 575°C [32],
which implies an equilibrium fractionation of
~ 0.3 at greenschist-facies temperatures of 400—
450°C. Thus, the measured A(Act—HbI) values
approximate the equilibrium value. The green-
schist overprint can be represented by the reaction:

hornblende + plagioclase + H,O =

actinolite + clinozoisite + chlorite + albite

The stoichiometric hydration reaction requires
the addition of a small amount of water (~ 1 wt%
of the rock). This small amount of water would
not change the isotopic composition of the whole-
rock assemblage, thus allowing actinolite to form
in or near oxygen isotope equilibrium with the
hornblende. The slight disequilibrium fractiona-
tion in two samples, however, indicates that a
small amount of high-8'%0 fluid has also pene-
trated the rocks as well and influenced the iso-
topic composition of the actinolite.

Albite and actinolite of the greenschist-facies
overprint in the metagabbroic blocks have high
830 values (9-15%0) and clearly developed in
isotopic disequilibrium with the hornblende and
in the presence of relatively high-8'%0 water.
The isotopic fractionation in samples Ti 58 and
59, A(Ab—Act)=5.6-6.5%o0, is much larger than
the expected equilibrium fractionation at peak
metamorphic temperatures (A(Ab—Act)=2.7 %o
at 400°C). A plausible explanation for this dis-
equilibrium is resetting of 80 (albite) by ex-
change with water during cooling below peak
metamorphic temperatures. An estimate of the
isotopic composition of this water is obtained
from 880 values of 14.6 and 14.9 %o for the al-
bite separated from samples Ti 58 and 59. At
post-peak temperatures of 300-350°C, the al-

bite-water fractionation is 6-4.5%o [38], thus im-
plying 8'80 (water) of 8.5-10.5 %o . The host rocks
of the blocks are mainly mafic phyllites with §'%0
values in the range 11-12.5 %o [10]. The calculated
8'80 of the water in equilibrium with these phyl-
lites at 300-350°C is in the range 7-10 %o (calcu-
lated as for gabbro using the plagioclase (Angy)—
water fractionation). Thus, the most likely source
of the high-8'%0 fluid in the overprint of the
metagabbroic blocks is dehydration of the sur-
rounding mafic phyllites. The high §'80 of mafic
phyllites indicates that precursor basalts had
undergone low-temperature seafloor alteration
and hydration. During the greenschist metamor-
phism, these rocks would have undergone dehy-
dration.

Deformation is a major factor controlling the
difference in scale of fluid—rock interaction exhib-
ited by the two gabbro types. The metagabbroic
blocks are meter-size or less, deformed and more
strongly overprinted by the greenschist metamor-
phism (Fig. 2a). In comparison, the massive lay-
ered metagabbro sequences are thicker (5-20 m),
still preserve igneous textures, and are much less
overprinted. Deformation as a controlling factor
of permeability enhancement is well known from
isotopic studies of shear zones ([48] and references
cited therein). In the Tinos metagabbros, the de-
formation was stronger in the smaller blocks, and
the permeability created during this deformation
facilitated the greater degree of fluid infiltration
and greenschist overprint in these rocks.

6. Conclusions

The metagabbros of Tinos form part of a dis-
membered ophiolitic sequence that records pro-
cesses of oceanic hydrothermal alteration as well
as regional greenschist-facies metamorphism dur-
ing orogenesis. Laser fluorination analyses show
that these metagabbros are characterized by un-
usually high 8'%O values of minerals and rocks
and allow the distinction between hydrothermal
and regional metamorphic water-rock interaction.

The hydrothermal alteration pattern of the Ti-
nos gabbroic section is more complicated than
predicted from previous studies, and presumably
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reflects the complexity of hydrothermal flow with-
in the deeper oceanic crust [1,39,45,49]. The §'80
of hornblende reflects high-temperature hydro-
thermal alteration of gabbro by '80/!°O-enriched
seawater. Taking into account the D/H composi-
tions of hornblendes and modeling of fluid—rock
interaction, it is suggested that progressive 80/
160 enrichment in the seawater-derived hydro-
thermal fluid occurred as the result of gabbro-
water exchange in a regime of increasing temper-
ature. Near-axis thrusting and fracturing enabled
infiltration of high-8'80 fluids to the deep-seated
layered gabbros. The buoyant fluids rose upward
in discharge zones and enriched the gabbros. This
model of fluid—rock interaction implies that a
zone of 80/'°O-depleted rocks was also present
at the time of hydrothermal alteration. Such a
section of '80/'°O-depleted metaigneous rocks is,
however, absent in the Tinos ophiolite section and
it is suggested that it was tectonically removed
from the original ophiolitic suite, possibly during
obduction and emplacement and subsequent thin-
ning due to extensional tectonics.

The isotope ratios of the metagabbros acquired
during the hydrothermal alteration were subse-
quently modified by the regional greenschist-facies
metamorphism, which produced '80/'°O enrich-
ment in the greenschist-facies minerals (actinolite
and albite). The greenschist-facies overprint only
slightly affected the massive layered gabbros, but
strong '80/1°0 enrichment was observed in iso-
lated blocks. The host rocks to the gabbro blocks
are ocean floor basalts that underwent '80/'°0O
enrichment during low-temperature alteration on
the seafloor. Dehydration reactions accompanying
their metamorphism thus provided the high-5'*0
infiltrating fluid, and deformation undoubtedly
assisted the infiltration through the creation of
deformation-enhanced permeability.
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