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Abstract

A tota of 145 inclusions, trapped and isolated in Mg-rich olivine phenocrysts (Fogg;_q¢4) from basalts and ultramafic
lavas, and representing the most primitive mantle melts known, have been analysed by ion microprobe for their H,O
contents. This approach allows us to conduct a general survey of the distribution of water in primary melts derived from the
mantle beneath mid-ocean ridges and above subduction zones. The primitive melts included in MORB olivines have low
H,O contents (mean at 0.12 wt% for N-MORB (14 samples), 0.17 wt% for T-MORB (9 samples) and 0.51 wt% for
E-MORB (14 samples)). A strong decoupling between H,0 and K ,0 has been found in some MORB primary melts which
might well be explained by the presence of a H ,0-bearing CO,-rich fluid. In contrast with mid-ocean ridges, primitive melts
of subduction zones basalts are very rich in H,O (between 1.0 and 2.9 wt% (mean at 1.7 wt%, 84 samples) for boninites and
between 1.2 and 2.5 wt% (mean at 1.6 wt%, 24 samples) for island arc tholeiites). In addition, most of these melts have high
H,0/K ,0 ratios which are consistent with a transfer of H,0 as a fluid phase from the subducted slab to the mantle wedge.
For boninites and island arc primary melts, the present H,O contents are = 2.5 X higher than commonly assumed, which
suggests that the amount of H,O released to the surface in arc magmatism has been previously underestimated.

1. Introduction

Because of its dramatic influence on the melting
and the physical properties of mantle rocks[1,2], the
presence of water in the mantle, either as H,O
molecules or OH™ groups, has been the subject of
long term interest in geochemistry and geophysics.
However, its concentration is difficult to determine

* AV.S. Fax: 7-095-9382054; e-mail: asobolev@glas.apc.org.
M.C.: Fax: 33-83 51 17 98; E-mail: chocho@crpg.cnrs-nancy.fr

because mantle-related rocks, which are exposed at
the surface, have commonly suffered severa mag-
matic and post-magmatic processes which can read-
ily ater their original water contents. Available esti-
mates are based either on reconstruction of bulk
contents of peridotite xenoliths from modal propor-
tions and water concentrations of each mineral [3] or
on analysis of mantle melts and reconstruction of the
water content of the source [4—6]. Almost all data for
H,O contents of mantle-derived melts come from
analyses of submarine glasses [7—13]. These glasses,
even if opticaly perfectly fresh, may have lost part
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of their water by degassing at low pressures, as
shown by the presence of abundant vesicles [7], or
have gained exotic water by assimilation or contami-
nation at a late stage, as shown by the correlations
observed in some cases between water contents, 6 D
and/or 680 values [13-15]. Additionally, nearly
all the H,O contents known for mantle melts might
have been significantly increased by fractional pro-
cesses since H,O is incompatible in common crys-
talline phases. In fact, only three of all the MORB
glasses analyzed for H,O [4,6] and none from sub-
duction zones fit the widely accepted criteria for
primary mantle-derived melts (Mg number > 0.68
[16)).

The aim of this study was to determine directly by
ion probe anaysis the H,O contents of the most
primitive mantle melts known. These melts were
trapped and isolated as melt inclusions of 40-200
um in size in early olivine phenocrysts at the very
beginning of crystallization. The olivines selected
(Fog g7_094) @€ more Mg-rich than any previously
investigated for the H,O concentration of their inclu-
sions [17-20] and hence are more representative of
primary mantle melts. These olivines are commonly
not at equilibrium with matrix glass but show euhe-
dral shapes and primary melt inclusions so that they
can be considered as early intratelluric phases or
xenocrysts which originated in the same plumbing
system. Additionally, H,O concentrations were mea-
sured in melt inclusions trapped in olivine microphe-
nocrysts and in matrix glasses in order to charac-
terize the possible loss and /or gain of water during
the evolution of mantle melts. Different localities
and geodynamic environments of oceanic lithosphere
were studied.

Although leakage of water through the surround-
ing olivine by volume diffusion of H or of H,O
molecules could occur [21,22] the H,O contents of
melt inclusions are believed to be better estimates of
primary H,O contents than those of the matrix
glasses, because the latter act as a completely open
system for volatiles when saturated by a fluid phase.
Despite the high diffusion rates recently found for H
in olivine [21] some of the present melt inclusions
have very high H,O contents of up to = 4.4wt%.
Modelling of diffusive re-equilibration of melt inclu-
sions in phenocrysts with matrix glass has shown
that the process is much more rapid and more effi-

cient if the element considered is compatible or just
moderately incompatible [22]. However, the present
inclusions show high disequilibrium (see Fig. 2) for
both H,O which is strongly incompatible in olivine
[3], and for Mg—Fe which are compatible in olivine.
This implies that even if the H,O contents of the
melt inclusions represent a minimum H,O content
for the primary melts, the effect of re-equilibration of
the trapped melts with matrix melts by diffusion
through the olivine host was in most cases minimal.

2. Sample selection and inclusion treatment

The samples studied, either glasses or coarse crys-
talline rocks, were selected on the basis of (1) the
high Mg content of olivine (between Fo 87 and Fo
94 mol%) which indicates crystallization from nearly
primary magmas of mantle origin [16] and of (2) the
presence of primary melt inclusions trapped during
crystal growth [23] with no evidence of decrepitation
(small shrinkage bubbles (less than 5 vol%) and no
visible cracks). All the glasses contain abundant
vesicles, showing fluid saturation during quenching.
Olivine phenocrysts (typically 0.5—-10 mm in size)
and microphenocrysts (typically 0.1-0.5 mm in size)
were studied in the same samples for the composi-
tion and petrography of the melt inclusions. In glassy
samples, melt inclusions in olivines commonly con-
sist of glass with or without shrinkage bubbles. In
coarse crystalline samples, most inclusionsin olivines
comprise skeletal quenched clinopyroxene crystals,
opaque phases, glass, and shrinkage bubbles.

The naturally quenched glassy melt inclusions
were studied unheated. However, they are usually
not in equilibrium with the host olivine as shown by
Mg—Fe partitioning criteria [24], which indicate sig-
nificant olivine crystalization on the walls of the
cavity [23,25,26]. Therefore, corrections were ap-
plied to the measured compositions to take into
account the effect of olivine growth on the walls of
the inclusions. The details of this correction proce-
dure have aready been described [27,28] and will
therefore not be given here. It suffices to say that the
principle of the correction is to reconstruct the com-
position of the trapped melt by modelling the reverse
fractional crystallization of olivine up to the equilib-
rium of included melt with host olivine [25] at 1 atm
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and Fe?* /Fe** ratios in the melt corresponding to
the oxygen fugacity of the quartz—fayalite—magnetite
buffer. Water is assumed to be totally incompatible
in olivine. Uncertainties introduced by these correc-
tions because of possible variations in oxygen fugac-
ity or in post-entrapment Fe—Mg exchange between
olivine and melt are small (i.e., less than 12% rela-
tive on the amount of added olivine for variations in
the oxygen fugacity of +1 log unit around QFM).
Additional corrections were applied for inclusions
which show significant loss of Fe due to Fe—Mg
exchange between the trapped melt and the host
olivine after entrapment (see [27] for details). Such
cases are quite evident from inclusions which have
lower FeO contents than that of primitive rocks and
glasses from the same suite which always have a
restricted range of FeO contents (+10% relative).
The effect of al these corrections on the H,O con-
tent of the inclusions is less than 20% relative for
90% of the inclusions studied.

In contrast with naturally quenched glassy melt
inclusions, the partly crystallized melt inclusions in
olivines were heated up to the temperature of disso-
Iution of the last silicate crystal in the cavity or total
homogenization and quenched [23]. This procedure
can lead to the loss of some H,O from the inclusions
because of the fast diffusion of H through the vol-
ume of host olivine in the presence of the strong
pressure gradient of H between the inclusion and the
external atmosphere [27]. To minimize this effect the
total time of exposure at a temperature of more than
1000°C was reduced to less then 15 min. However,
even for such short durations up to 30% of the
original H,O can be lost from the inclusions (our
unpublished data on the Kluchevskoy volcano). Thus,
the H,O contents measured in heated inclusions
must be considered as minimum estimates of the
original concentration. In a second step, the composi-
tions of the melt inclusions quenched from the tem-
perature of the last cotectic phase dissolution were
corrected for the potential crystallization of olivine
in the same way as for unheated inclusions. The
composition of the totally homogenized melt inclu-
sions represents the origina composition of the
trapped melt [23] unless the inclusion was signifi-
cantly overheated due to the decomposition of H,O
[27]. Overheated inclusions were rejected using the
criteria for equilibria between olivine and melt.

3. Analytical techniques

The H,0 contents in the glasses were measured
with a CamecaIMS 3f ion probe at the CRPG—CNRS
(Nancy, France). The samples were polished to 1
um, ultrasonically cleaned in pure alcohol, baked at
40°C overnight, coated with gold, and kept at 40°C
until introduction into the ion probe. The intensities
on peaks "H* and **Si* were recorded, under bom-
bardment of an O~ primary beam with an intensity
of 10-15 nA and a size of =10 um, a a mass
resolution of 1200 and with an energy filtering of
—100 + 10 V. In order to minimize the H,O back-
ground, the ion probe was repeatedly baked at 120°C
overnight, and a liquid nitrogen cold trap in the
source was used [29]. Measurements were then started
when the '"H* /®Si* ratio measured on the olivine
hosts was lower than a value corresponding to a
H,O content of 0.03 wt%. The olivines being sup-
posed to contain water at the ppm level only, this
value of 0.03 wt% H,O is thus the estimate of the
detection limit of water by ion probe under these
conditions. The measured "H*/*Si* ratios were
calibrated versus the wt% H,O/wt% SiO, ratios in
the range 0.09-8 wt% H,O (Fig. 1) using seven
glass standards of water contents analyzed at the
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Fig. 1. Cdlibration curves for H,O concentration measurements by
ion microprobe. Two slightly different curves (see text) were used
for contents of <1 wt% H,O (a, wt% H,O0/wt% SO, =
0.0332716 X *H / *°Si — 0.000329) and contents of > 1 wt% H,O
(b, Wt% H,O0/Wt% SiO, = 0.025757 x*H / 3°Si + 0.003940).
@ = CRPG standards used to determine the calibration curves.
The error bars indicate the reproducibility for these standards,
which varies between 2% relative (20°) and 16% relative (20),
the counting statistics being always better than 5% relative. Also
shown for comparison are other glasses measured by the Fourrier
transform infrared technique, high-temperature gas chromatog-
raphy and mass spectroscopy ([33] and unpublished data).
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CRPG by heating under vacuum, conversion of H,O
to H, in a uranium furnace, and manometric mea-
surement, the procedure commonly used for isotopic
measurement of H,. This calibration curve was
checked by analysis of eleven additional glasses
which covered the entire compositional range of the
inclusions and which were analyzed by either the
Fourier transform infrared technique, high-tempera-
ture gas chromatography or mass spectrometry (Fig.
1). It was found that the use of two separate calibra-
tion curves (Fig. 1), one for low water contents and
another for high water contents, gives a better fit for
the standards. This feature, which was not noted in
previous studies, suggests that the emissivity of H*
is dightly higher for high water contents than for
low water contents. This is not yet theoretically
understood but it could be related to the observed
change of speciation of water in glasses that contain

a higher proportion of molecular H,O to hydroxyl
groups a high H,O contents than at low H,O
contents [30]. Because our two cdlibration curves
crosscut at = 1 wt% water it was decided for sim-
plicity to use one curve for contents lower than 1
wt% H,O and the other for contents higher than 1
wt% H,O (Fig. 1). No strong matrix effects were
found on our standards ranging in SiO, content
between =49 and = 71 wt% (a larger range than
that of the melt inclusions), probably because a
strong energy filtering of —100 + 10 V was used.
This is known to decrease matrix effects (e.g., [31]).
The reproducibility of the analyses for ten measure-
ments made over a 5 day interval was 8% relative
(20) for one of the samples with the highest water
content (3.2 wt% H,0) and 11% relative (20) for
one sample with low water contents (0.4 wt% H,0).
Counting times on the H peak were varied so that

Table 1
H,0O and selected major element contents of representative melt inclusions from mid-ocean ridge and supra-subduction zones

Melt inclusion corrected
Al0O3 FeO MgO K0 H0

Matrix glass
AlpO3 FeO MgO K20 H0

Melt inclusion Host olivine
treatment* Al03 FeO MgO K0 Hp0 Fo* Olcor

N-MORB

20-5/82 (Siqueiros F.Z., EPR) 0) 18.03 731 9.11 0.02 0.13 0910 0.032 17.32 7.33 1037 0.02 0.12 17.26 8.03 9.54 0.05 0.11
20-5/89 (Siqueiros F.Z., EPR) 6] 17.97 7.79 9.18 0.03 0.10 0.903 0.030  17.34 7.83 1035 0.03 0.10 1726 8.03 9.54 0.05 0.11
84-10/135A (12°N, MAR) U 17.92 895 10.01 0.03 0.12 0.895 0.037 17.24 9.01 11.44 0.03 0.12 17.83 876 9.72 0.03 0.13
T-MORB

DR8CH31-344 (Famous) U 16.81 7.25 6.23 0.02 0.20 0.899 0.108  15.07 7.82 10.73 0.02 0.18 1599 7.08 8.88 0.04 0.16
DR8CH31-344 (Famous) U 17.40 738 5.72 0.17 0.17 0.904 0.136 1511 8.01 11.40 0.15 0.15 1599 7.08 8.88 0.04 0.16
E-MORB

30-1L/8 (14°N, MAR) U 1632 6.1 7.01 0.07 0.63 0.909 0.038 1587 6.17 9.02 0.07 0.60 1521 10.07 6.00 0.57 0.60
30-1L/31A (14°N, MAR) 0] 16.86 6.09 6.65 040 0.62 0.906 0.059 1590 636 9.15 038 0.58 1521 10.07 6.00 0.57 0.60
8-13-36 (15°N, MAR) H 1537 6.43 10.72 0.03 0.60 0.905 0 1543 6.45 10.76 0.03 0.60 - - - - -
8-13-38 (15°N, MAR) H 15.06 6.63 11.17 0.13 0.59 0.904 0 15.15 6.67 11.24 0.13 0.59

High-Ca boninites

Trd-39/29 (Cyprus) Ht 1313 562 1400 008 241 0.921 0.10 11.55 824 15.81 0.07 2.12

Trd-41/41 (Cyprus) HY 1326 577 1499 0.16 2.15 0.926 0.10 11.80 833 16.72 0.15 1.90

Trd-41/glinc (Cyprus) Ut 1445 576 3.58 001 1.90 0.910 0.27 10.87 8.60 14.39 0.01 1.38

3-47/13b (Tonga trench, Pacific) Ut 1275 657 438 050 3.19 0.920 0.26 9.58 797 15.39 037 236 - - - - -
5-25-3 (Tonga trench, Pacific) U 11.64 655 723 0.13 3.50 0.940 0.41 7.06 9.11 23.40 0.08 2.03 13.11 1001 583 020 1.00
77/28-44 (Hunter FZ, Pacific) Ut 11.58 626 8.89 019 3.11 0911 0.07 10.86 6.52 11.67 0.18 2.90 13.63 843 695 0.20 1.70
AAV-7-103 (Bonin isl., Pacific) u 15.33 4.69 343 044 250 0.904 0.26 11.35 8.49 13.57 0.32 1.81 - B - - -

Low-Ca boninites
41F/OL (Cape Vogel, Papua New Guinea) Ut 991 0.82 0.84 0.13 285 0.940 0.56 444 836 2549 0.06 1.25

173 (New Caledonia) Ut 13.01 360 7.60 051 4.40 0.934 0.33 8.71 7.84 19.63 0.34 2.86

Island arc tholeiites

Trd-150 (Troodos, Cyprus isl.) HT 1567 629 1264 001 1.70 0.909 -0.04 16.14 6.83 10.52 0.01 1.75 -

Trd-150-28 (Troodos, Cyprus isl.) Ht 1421 651 1177 003 1.76 0.900 -0.04 1488 6.93 9.78 0.03 1.81 -

Trd-150 01168 (Troodos, Cyprus isl.) Hf 1645 598 9.00 037 143 0.896 0.03 1594 713 9.75 036 136 - - - - -
101/1-13 (Hunter FZ, Pacific) Ut 1662 665 621 021 221 0.886 0.05 1596 7.02 835 0.21 2.09 1640 8.02 518 0.29 133
04-1 (Kamichatka) H 1455 7.12 818 059 197 0.897 0.06 13.92 832 1031 0.56 1.85 1725 894 464 1.16 0.10
4-2a (Kamtchatka) Ht 1649 733 770 079 2.58 0.873 0.05 15.58 8.52 8.75 0.74 246 1725 894 464 1.16 0.10

Major elements were analyzed using routine electron microprobe procedure (e.g., [34]), with the exception of the low K ,O contents in
glasses (< 0.1 wt%). The latter were reanalyzed with increased counting time (30 s on three points) to obtain an accuracy of 0.015 wt%
(20) for K ,0.

* U = inclusions studied unheated; H = inclusions heated for homogenization (see text).

T These inclusions were also corrected for post-trapping Fe—Mg exchange (see text).

Ol cor = amount of olivine that crystallized on the walls and used for the correction of the composition of the melt inclusion (see text).
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for all samples the counting statistics were better
than +5% relative. Taking into account the main
source of uncertainty—the calibration curve—the
accuracy obtained on the H,O contents is estimated
to be always better than +20% over the entire range
investigated, even if many of the measurements are
more precise.

4. Results

Magjor element and water contents are given for a
set of representative samples in Table 1 for mid-oc-
ean ridges (classically divided on the basis of incom-
patible element contents into norma basalts [N-
MORB], transitional basalts [T-MORB] and enriched
basalts [E-MORB]) and for supra-subduction zones
(8S7). The complete dataset is available on request
from the authors. The SSZ lavas are represented by
high-Mg basalts (HMB) from the world’s most ac-
tive idand arc volcano (Kluchevskoy, Kamchatka),
which are parental to typical island arc high-alumina

49

basalts [32], by island arc tholeiites (IAT) from the
Hunter fracture zone and from the lower pillow lava
section of the Troodos ophiolite[33], and by boninites
(BON) from Troodos, Cape Vogel, Tongan, the
Hunter fracture zone and New Caledonia.

4.1. First-order observations: High H,O contents of
SSZ primary melts

The melt inclusions have MgO contents ranging
between 7.3 and 25.5 wt%, which clearly demon-
strate that most of them correspond to the most
primitive melts known for supra-subduction and
oceanic environments. The highest MgO concentra
tions were found in boninitic primary melts and are
consistent with independent estimates made from the
composition of glasses and whole rocks which give
= 20 wt% for Cape Vogel boninite [34], 17—24 wt%
for Tongan boninites [26,27] and 19-22 wt% for
Troodos boninites [33]. The water contents of the
primitive melts from boninites range between 1.0
and 2.9 wt% (84 samples, mean at 1.7 wt%) and
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Fig. 2. H,0 vs. MgO contents of primary melt inclusions. The fields correspond to glasses containing more than 6 wt% MgO from similar
geodynamic environments [4—15]. Isotherms for the melts (between 1200 and 1500°C, dashed lines) were calculated for a pressure of 10

kbar using the following equation: T°C = 1042 + 18.79 X MgO —

are in wt% and P isin kbar. This equation is a combination of t
MgO content of the melt [36] and of the experimental equation for
equation is valid for most of the MgO range of the present inclusi

331X H,0+ 5 P, where MgO and H,O concentrations in the melt
he empirical eguation for the dependence of liquidus temperature on the
the effect of H,O on liquidus temperature [37]. With respect to MgO his
ons (10-25 wt% MgO [36)), but the fact that the effect of H,O for high

MgO melts is poorly known could add some uncertainty to the temperature estimates. Note that the high H,O contents of the melt

inclusions are for unfractionated melts (high MgO); these water

contents are much higher than most of those that can be calculated for

primary melts from the basalt glasses which have suffered significant fractionation (see text).
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those of idand arc tholeiites range between 1.2 and
25 wt% (24 samples, mean at 1.6 wt%). These
contents are at first glance roughly similar to the
previous data on evolved melts [8,12—-14,35], but are
in fact 1.5-3 X higher than what can be expected in
the parental melts of these evolved melts (Fig. 2).
This is in particular true for boninites, while for
isand arc tholeiites very high water contents (be-
tween 3 and 6 wt% H,O) were previously reported
for melt inclusionsin olivine from the high-Al basalts
of Fuego volcano, Guatemala [20]. Starting from our
primary melt compositions, the water contents that
can be extrapolated for evolved melts comparable to
those previously published are also very high. For
instance, a content of at least 3.5-4.0 wt% H,O0 is
predicted for evolved high-Al basaltic and andesitic
melts from the H,O-rich primary melts of the
Kluchevskoy volcano, after the 30—-40% of fractional
crystallization required to reach evolved composi-
tions similar to those of Fuego volcano [20] or those
of the matrix glasses (Table 1).
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In contrast with the SSZ results, primitive melt
included in MORB olivines has much lower water
contents, at between 0.34 and 0.66 wt% for E-MORB
(14 samples, mean at 0.51 wt%) and between 0.07
and 0.19 wt% for N-MORB (14 samples, mean at
0.12 wt%). The T-MORB fall in the range between
N-MORB and E-MORB, with water contents be-
tween 0.13 and 0.23 wt% (9 samples, mean at 0.17
wt%).

4.2. Comparison between melt inclusions and matrix
glasses

Systematic differences in H,O contents between
inclusions in olivine phenocrysts, inclusions in
olivine microphenocrysts and matrix glasses are ob-
served for al of the SSZ samples (Fig. 3a). This is
not the case for MORB. For SSZ, the melts trapped
in olivine phenocrysts tend to be significantly richer
in H,O than the late melts trapped in olivine mi-
crophenocrysts, which have contents similar to those
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Fig. 3. Comparison of the H,O contents of melt inclusions and matrix glasses. (@) H,0/Al, O, ratios of melt inclusions vs. those of matrix
glasses. H,0 was normalized to Al,O5 for melt inclusions and glasses in order to exclude the possible effect of olivine and pyroxene
crystallization, which will influence both concentrations but not the ratio of the concentrations. Melts included in olivine microphenocrysts
are similar to matrix glasses for all environments, while for SSZ basalts melts included in olivine phenocrysts are up to 4 X more H,O rich

than matrix glasses. (b) and (c) Relative H,O enrichment of

inclusions compared to glasses (measured as

[(H,0/Al,03)inciusion/(H20/Al ,03)g1ass]) vs. degree of disequilibrium of host mineral and matrix glass, presented as the difference
between the measured composition of olivine and the composition of olivine calculated at equilibrium with host glass using the model of
Ford et al. [49] for FeO/Fe,O5 in the melt of 8. The H,O contents of the SSZ melts changed in the course of their evolution, as is evident
from primary melt inclusions (the most ‘ disequilibrated’ olivines being the richest in H,0), in contrast to MORB melts which have constant

H,O contents.
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of the latest melts represented by the matrix glasses.
The most primitive melts are enriched in H,O by a
factor of 1-4, this being positively correlated with
the degree of olivine disequilibrium with matrix
glass (Fig. 3b). These data imply that the SSZ melts
which are erupted at the sea bottom (most of the
samples) or at the surface (Kamtchatka HMB) have
lost most of their initial H,O (up to more than 96%
for Kamtchatka HMB). Degassing in the course of
the evolution of the SSZ melts is the most likely
process because (1) the glasses are saturated with a
H,O-rich fluid which is obvious from the presence
of H,O-bearing fluid inclusions in the glasses [27]
and (2) the H,O and MgO contents decrease to-
gether. In the case of MORB (Fig. 3c), no strong
variation in the H,O content of the melts is observed
from their generation to their emplacement, which
suggests that they were never saturated with a H,O-
rich fluid.

4.3. Second-order observation: Decoupling between
H,O and K,O in MORB

In addition to the well-known correlation between
H,O and K,O observed for MORB glasses [6,39],
the present data also show that most of the primary
or nearly primary melts follow the same relationship
(Fig. 4), the lowest H,0 and K ,O contents being
characteristic of N-MORB and the highest of E-
MORB, with T-MORB in between. This correlation
demonstrates the similar incompatible behaviour of
K and H,O with respect to common silicate miner-
as, albeit with a rather greater incompatible affinity
of K [6,39]. What is completely new in our dataset is
the presence in each MORB type of melts depleted
in K but with relatively high H,O contents. Such
melts, which are ultradepleted in highly incompatible
elements, have recently been shown to exist in dif-
ferent geodynamic settings [28,33]. The lack of any
correlation between the K,0 and the H,O contents
is clear for the different melt inclusions of a given
sample, and this for severa samples of different
compositions (Fig. 4). This decoupling of H,O and
K ,O in the highly depleted primary melts of MORB
leads to anomalously high H,O /K ,O ratios of more
than 10, which have never before been reported for
MORB glasses.

A simple explanation of this decoupling could be
the buffering effect due to the presence of a H,O-

MORB glasses

Wt %H0

0.01 0.1 1
wt% K0

Fig. 4. H,O vs. K,O contents of primary melts (symbols are the
same as in Fig. 2). For MORBs, inclusions in olivines coming
from the same sample are joined by a line. Field derived for
N-MORB and E-MORB from the study of oceanic basalt glasses
[6,38] is shown for comparison. Although the agreement is good
between MORB primary melts and MORB glasses, a significant
decoupling of H,O and K ,O is observed for several samples. For
SSZ melts, avery strong decoupling of H,O and K ,O is observed
for most of the samples, suggesting the introduction of water as a
fluid phase in the mantle wedge.

bearing and K-poor phase, such as a CO,-rich fluid.
Dense CO, inclusions, indicating a magmatic pres-
sure of CO, at around 1.5-2.5 kbar, have indeed
been observed in high-Mg olivine phenocrysts from
the same samples. Preliminary Raman studies of
such inclusions in E-MORB (Sobolev and Dubessy,
unpublished results) have shown H,O concentrations
of 3 mol% which correspond to a partial H,O pres-
sure of 40-50 bar and to 0.6-0.7 wt% H,O in the
equilibrium melt. Similar CO,-rich fluids with vari-
able H,O contents, that appear during deep de-
gassing of MORB melts, could produce a permanent
background at every location of active MORB vol-
canism and could buffer the H,O concentration of
small, separate melt fractions represented by ultrade-
pleted melts [28]. The huge mass of MORB melts
should not be affected by such a process because the
total amount of CO, fluid expected is not more than
= 0.01 in mass of the melt. An alternative explana-
tion for this decoupling between K,O and H,O in
MORB could be the diffusion of external H,O inside
the inclusion to reach a concentration similar to that
in the matrix melt. However, this scenario contra
dicts the fact that the olivine hosts of such inclusions
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show no diffusional re-equilibration of Mg—Fe with
the matrix glass, which should be expected to occur
more rapidly than for H,O, which is incompatible in
olivine [22].

A similar decoupling of H,O and K,O is also
present for SSZ magmas from Troodos, and can be
explained by a buffering effect of a H,O-rich fluid
phase in the source of the SSZ magmas (see next
section).

5. H,O distribution in the sources of the primary
melts

The H,O concentrations in depleted MORB pri-
mary melts (in the range 0.07-0.16 wt%) correspond
to 80—330 ppm in the mantle source for 10—-20%
aggregated fractional melting, or batch melting using
abulk K, for H,O of 0.01[4,5]. Similarly, the H,O
content calculated for the mantle sources correspond-
ing to the primary melts of either T-MORB type
(= 0.17 wt% H,0) or E-MORB type (0.34-0.60
wt% H,O) are, respectively, 190-290 ppm and
200-950 ppm for 5-15% partiad melting. These
values are entirely consistent with previous estimates
for the sources of N-MORB (100-180 ppm H,0O)
and of E-MORB (250-450 ppm H,O) [4], which
were obtained from the study of submarine basaltic
glasses. This consistency is also in agreement with
the fact that the primary melt inclusions in olivine
suggest no significant variation in the H,O content
of MORB type melts during their evolution. In con-
trast, degassing of H,O is evident for the SSZ
magmas (Fig. 3). Thus, the maximum values found
for boninites (2-2.9 wt% H,O) and for island arc
tholeiites (2—2.5 wt% H,0O) are the most reasonable
estimates for the initial H,O contents in their pri-
mary melts. This implies that, in the case of more
than 5% melting, the minimum H,O concentration
in the SSZ mantle sources is between 1190 and 1900
ppm.

The H,0 contents found for the source of N- and
T-MORBS, and some of the H,O contents for the
source of E-MORB, are consistent with the amount
of H,O that can be contained in an anhydrous
Iherzolite (up to = 300 ppm H,O [3]), this being
probably a lower limit since olivine alone accommo-
dates up to 300 ppm H,O [40]. In contrast, the

source for the SSZ magmas must be different. In-
deed, the minimum H,O contents found for the
upper mantle in subduction zones (from 1190 to
1900 ppm) far exceed the amount of H,O that could
be stored in common anhydrous mantle minerals and
thus require the presence either of additional H,O-
bearing crystalline phases or of H,O-rich melts or
fluids. However, the temperatures indicated for the
mantle sources of SSZ primary melts by the melt
inclusions (> 1200°C for 10 kbar, Fig. 2) are too
high for common hydrous silicates (e.g., amphibole
and phlogopite) to be stable in the mantle wedge, at
least in the melt source area. It seems more likely
that water was introduced in the mantle wedge as
fluids or melts produced by the dehydration/melting
of the hydrous silicates formed with increasing meta-
morphism in the subducted slab. As shown by recent
experiments [41], the release behaviour of water
from the subducted slab depends primarily on the
pressure—temperature conditions and for certain con-
ditions water can well ascend to regions of the
mantle wedge which are above their wet solidus,
thus causing melting.

6. The ‘boninite paradox’

It is clear from Fig. 2 that very high temperature
melts (> 1350°C) belong solely to the boninite fam-
ily. Although these melts show high temperatures,
they aso show an enrichment in H,O. At first
glance these results contradict the well-known be-
haviour of water in decreasing the melting tempera-
ture of peridotite and thus could be referred to as the
“boninite paradox’. This has already been discussed
for boninites from different localities (e.g., [27,33)])
but the present dataset shows that it is in fact a
general feature of the boninites. The most smple
explanation for this apparent paradox would be that
boninites formed by the remelting of an extraordi-
nary hot residual mantle which could be related to
mantle plumes, the melting being driven by a flux of
H,O fluid from the subducted slab. One major point
is that this residual mantle is too hot to be related to
MORBSs, as is commonly suggested for boninites
(eg., [42)]), but that it is very close in temperature to
mantle plumes [43]. The independent geochemical
evidence for the involvement of plume components
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in the origin of boninites [27,33] strongly supports
this hypothesis.

7. H,0 cycling in subduction zones

The extremely high H,0/K,O ratios of some
melt inclusions from Troodos (up to = 200, see Fig.
4) and the generally high H,0/K,O ratios of most
of the boninite primary melts clearly demonstrates
that, at variance with previous suggestions [42], the
metasomatic component derived from the slab is not
necessarily enriched in LILE. In addition, these high
H,O0/K O ratios are very different from those of
the subducted dab both before subduction (= 1-4
[44]) and after water remova in arc magmatism
(= 0.7-1[6]), which implies that water is not simply
extracted from the subducted slab and transferred to
the mantle wedge dissolved in a melt. This conclu-
sion is of importance for the estimation of the geo-
chemical fluxes between the mantle and the sub-
ducted dab [45]. The high H,O/K ,O ratios of the
present primary melts indicate that water was trans-
ferred by a process capable of decoupling two
strongly incompatible elements such as K and H,0,
and most probably by a fluid phase [12,20]. This
transfer of H,O as a fluid phase is consistent with
the high H,O0/K,O ratios observed for high-pres-
sure fluids [46] but cannot be demonstrated for all
the present island arc samples because the
Kluchevskoy primary melts have much lower
H,0/K,0 rdtios. Finaly, the high H,O0/K,0 ra
tios aso imply that the mantle source of boninitesis
very poor in K,O, which is consistent with its
depletion during severa episodes of partial melting
[42].

Although evidence for the presence of subducted
water in the upper mantle is provided by the high
6D values (between —56 and —28%.) of some
amphiboles from peridotite xenoliths from the Mas-
sif Centra (France) [47], major uncertainties till
exist concerning the behaviour of water in subduc-
tion zones [48] and concerning the amount of water
which can be retained in metamorphic minerals
within the subducted slab [2]. A precise quantifica
tion of the amount of H,O introduced into the
mantle by subduction is beyond the scope of this
work, but important constraints are imposed by the

high water contents of primitive melt inclusions from
IAT. If the Kluchevskoy data are representative of
island arc lavas, and if the highest H,O contents are
the best estimates of the primary melt compositions,
a value of at least 2.5 wt% H,O is suggested for
primary island arc melts. Such high water contents
are consistent with recent experimental estimates
[37] but are 2.5 higher than previously assumed
for this type of magma [48]. This would increase the
previous estimate for water recycling efficiency at
subduction zones (ratio between water released in
arc magmatism and the total water subducted) from
= 15% to = 40%. This leaves the possibility that
most of the subducted H,O is recycled back to the
surface beneath island arcs, as previously suggested
from the H,O/He ratios of some arc and back arc
lavas [49].
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