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Abstract: Submarine basallic glusses [rom five widely separaled sites on the Ontong Java
Plateau {QJP) were analysed for major and volatile clements (H,O, CO,, 8, Cl). At four
of the sites (1183, 1185, 1186, 1187) the glass is from pillow basalt rims, whereas at Site
1184 the glass occurs as non-vesicular glass shards in volcaniclastic rocks. Glassy pillow
rims from Site 1187 and the upper group of Mows at Site 1183 have 8.3-9.3 wt% MgO com-
pared with values of 7.2-8.0 wi% MgQO [or glasses from Siles 1183, 1184 1186, and the
lower group ol llows at Site 1185, Low-MgO glasses have slightly higher H,O conlenis
{average 0.22 wt% H,0) than high-MgO glasses {average 0.19 wi%), with the exception
of Site 1184, where low-MgO glasses have lower H;O (average 0.16 wi%). Average S con-
centrations are 910 = 60 ppm for the high-MpgO glasses v. 1030 + 60 ppm for the low-MpO
alasses. When compared with mid-ocean ridge basalt (MORB), the OJP glasses have
lower 8§ a1 comparahle FeOT, This suggests that OFP basaltic magmas were not saturaled
witlt immiscible sulphide liquid during crystallization, but small decreases in 5/K.+0O and
5/Ti0, with decreasing MgO require some sulphide [ractionation, Measurements of the
wavelength af the § Ko peak in the glasses indicale low oxygen fupacities comparablc to
MORB values. Chlorine contents of the plasses are very liigh compared with MORB, and
CUl/K ratios for all glasses are relatively high (0.7). This ratio is sensitive to assimilation
of hydrothermally altered material, so the high values indicate assimilation during
shallow-level crystallization of OJP magmas. Ratios of H.0 te Ce, which have similar
incompatibility o each other, are higher than most depleted and enriched MORB,
However, these high H,0/Ce values are probably also cavsed by the same assimilation
process that results in high CL The water content of the high MgO-magmas before con-
tamination is estimated to be approximately 0.07 wt% HaO, corresponding to H.O/Ce of
135 for OJP basalts, a value at the low end of the range for Pacific MORB. There is no
evidence for high H-O contents that would have significantly increased extents of mantle
melting beneath the OJP, and the estimated H,0 content of the OJP mantle source region
(170 30 ppm H,0) is similar 1o that of the depleted MORB source (140 + 40 ppm H,0).
Instead, larpe cxtents of melting beneath the OJP must have been cauvsed by a
relatively high mantle potential tcmperature, consistent with upwelling of a hot mantle
plume.

The Ontong Java Platean (OJP) is the largest
volcanic oceanic plateau and may represent the
largest magmaltic eveni on Earth in the last
200 Ma. The QIP is located in the SW Pacific
and is believed to have formed in response to the
emplacement of a mantle plume head (e.g.
Mahoney & Spencer 1991; Richards er af. 1991},
Large igneous provinces such as the OIP are
important because they provide information on
mantle processes and compositions, and because
their formation may have global environmental
consequences (Larson & Erba 1999; Courtillot
& Renne 2003). Magmatic volatiles are
especially important in many aspects of large
igneous province formation. Basallic magmas

related to mantle plumes commonly have higher
H,0 than depleted mid-ocean ridge basalt
{MORB}, suggesting that the excess magmatism
associated with mantle plumes could be caused,
at least in parl, by the effect of higher H,O on
manlle melting (Schilling er ol 1980; Bonatti
1990 Nichols et al. 2002). A grealer H;O content
for the lower mantle, from which mantle plumes
are probably derived (Hofmann 1997}, could
ulso indicate the involvement of undegassed
primitive mantle (based on high *He/*He), or
could result from recycling of subducted oceanic
crust and sediments into the lower mantle. At
the Earth’s surface release of volatiles such as
CQ,, S, Cl and F during eruption of enormous
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Fig. 1. {a) ETOPOS5 bathymelric map ol the Ontong
Java Plateau showing locations of Leg 192 drill sites
(large solid circles). Locations of previous ODF and
DSDP drill sites that reached basement (small solid
circles) are also shown, Depth contours are in metres
below sea level. (b) Stratigraphic sections drilled
during Leg 192 and at previous DSDP/ODP Ontong
Java Platcau basement sites (modified from Mahoney
et al. 2001).

volumes of basaltic magma in large igneous
provinces may have significant environmental
consequences.

During Ocean Drilling Program (ODP) Leg
192, igneous rock and sediment cores were
obtained from five widely separated sites in pre-
viously unsampled regions across the OIP
(Fig. 1). An exciting result of Leg 192 was the
discovery that the basement at Site 1187 and the
upper group ol flows at Site 1185 are composed
of high-MgQ, incompatible-clement-poor basalt
that is unlike the more evolved basalts found
elsewhere on the QJP. Because they are less dil-
ferentiated, these high-MgQO basalts are
especially vatuable in providing information on
parental magma compositions. Basallic lavas
recovered during Leg 192, as well as lavas
sampled previously in DSDP/ODP drill sites and
on land in the Solemon Islands, were all erupted
well below sea level, except for a basaltic vol-
caniclaslic sequence erupted in shallow water at
Site 1184 (Mahoney er @l 2001). Submarine-
erupted lavas are particularly valuable for study-
ing magmatic volatiles because quenched plassy
pillow rims preserve information on pre-
eruption volatile contents.
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In this chapter we present major- and volatile-
(H,O, CO,, §, CI) element concentrations of
{resh glass derived from pillow basall rims (Siles
1183, 1185, 1186 and 1187) and non-vesicular
glass shards in volcaniclastic rocks (Site 1184).
Qur results complement previously published
data for glasses recovered from Sites 803 and 807
on the OJP (Michael 1999). We use the new and
published data to infer the H,O content of the
source region for OFP basallic magmas, to assess
magmatic processes such as pressures of frac-
tionation and assimifation in crusial magma
chambers, and Lo discuss possible environmental
ellects of released volatiles during formation of
the OJP. Volatile solubilities in magma are
pressure dependent, and thus knowing the
volatile content of the quenched glass also
allows us to estimate the original eruption depth.
A discussion of eruption depths and their impli-
cations for plateau subsidence will be presented
elsewhere (Roberge er al. 2004).

Geological setting and sample
characteristics

The Ontong Java Plateau (OJP) covers an area
af approximately 2.0 X 10% km” and is delimited
by the Lyra Basin to the NW, the East Mariana
Basin to the north, the Nauru Basin to the NE,
and the Ellice Basin to the SE {Fig. 1). WAr-"Ar
geochronology suggests that the bulk volume of
the plateau was formed in a single episode
around 122 Ma (Mahoney et al. 2001; Chambers
et al. 2002). A second, volumetrically minor
episode happened at about 90 Ma, but none of
the lavas recovered during Leg 192 were of this
age (Mahoney et af. 2001). After its formation,
the QJP collided with the Solomon Islands arc
and now lics between the Pacific and Australian
plale, resisting subduction (Neal ef al. 1997). The
igneous rocks that form the OJP are now
covered with thick accumulations of pelagic
sediment. At its highest point, the upper surface
of sediment on the plateau is approximately
1700 m below sea level, but elsewhere lies
hetween a depth of 2 and 3 km. ’
During ODP Leg 192, five widely spaced sites
were drilled (Fig. 1) (Mahoney e al. 2001). Site
1183 is located on the northern part of the high
plateau. The sediment sequence overlying the
basement is approximately 1130 m thick, and
about 80 m of basement rocks consisting of
pillow basalt were penetrated. Basallic glasses
analysed from this site come from throughout
the recovered basement sequence. Site 1184 is
on the northern ridge of the easlern lobe of the
OJP. The recovered section at this site contains
337 m of velcaniclastic sequences formed by

hydroclastic eruptions in shallow water, but the
hole did not penetrate into the underlying
igneous basement, nor is the depth to basement
known (Mahoney er al. 2001). The entire
sequence recovered is altered to varying
degrees. Unaltered, non-vesicular glass shards
from Subumits 1A, IID and ITE were used for
analysis; Subunits IIB and TIC do not contain
any unaltered glass shards, At Site 1185, which
lies on the castern edge of the OIP, 216 m of
basement rock was recovered beneatl a 300 m-
thick sediment sequence. The basement rocks at
this site consist of pillow basalt and massive
basalt; because abundant pillow basalt is present
only in the first ¢. 150 m of the hole, most glasses
sampled for analysis come from this interval.
However, we did sample glass from (wo
quenched margins associated with the under-
lying sheet fAows. Site 1186 is located on the
eastern slope of the OJP between Sites 1183 and
11835. The sediment sequence at this site is %68 m
thick, and about 65 m of basement rocks were
penetrated. The basement rocks consist of
pillow basalt allernating with massive basalt.
Again, because pillow basalt is present only in
the upper part of the drill hole, the samples
analysed from Sile 1186 represent only the
uppermost 50 m of the recovered sequence.
Finally, Site 1187 is located about 100 km north
of Site 1185 on Lhe eastern edge of the OJP, At
this site the sediment thickness is 372 m and the
basement penctration was 135 m, consisting
almost entirely of pillow basalt. Thereflore, the
samples analysed from this site represent the
entire sequence of the recovered basement.

Based on whole-rock analyses (Mahoney et al.
2001; Fitton & Godard 2004), basalts at Sites
1183, 1186 and the lower part of 1185 are homo-
geneous, moderately evolved, low-K tholeiites,
whereas the low-K basalts found in the upper
parl of Site 1185 and at Site 1187 have higher
Mg (between 8 and 10 wt%).

Anmnalytical methods

Sample preparation

Fragments of visually unaltered glass from
pillow margins or volcaniclastic sediment {Site
1184) were selected for infrared (IR) spec-
troscopy. Pileces of glass containing hair-like
tubules thal are the result of microbial alieralion
(Fisk et al. 1998; Banerjee & Muehlenbachs
2003) were avoided. The pieces of glass chosen
were mounted on a glass slide using acetone-
soluble cement. The samples were then doubly
ground and polished into wafers with two paral-
lel sides. The thickness of each glass wafer was
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measured using a micrometer with a precision of
&2 um,

Infrared spectroscopy

A Nicolet Magna 560 Fourier transform IR spec-
tromeler interfaced with a Spectra-Tech Nie-
Plan microscope was used at Texas A&M
University lo obtain transmission IR spectra.
Two individual spectra, taken on different arcas
of each glass sample, were acquired using a cir-
cular aperture 100 pym in diameter.

Band assignments for dissolved water and
carbonate in basaltic glass are based on Dixon et
al. (1993). Quantitative measurements of
dissolved total H-0, molecular H,O and carbon-
ate (CO4>) were obtained using Beer's law:

MA
pde

where ¢ is the concentration (weight fraction) of
the absorbing species, M is the molecular weight
of HaO (18.02) or CO, (44.00), A is the
absorbance intensity of the band of interest, p is
room temperature density of the basaltic glass
(2800 kg m~* was used for all glasses), d is the
thickness of the glass waler and € is the molar
absorption coefficient.

Total dissolved H,O was measured using the
intensity of the band centred at 3550 cm™!, which
corresponds to the fundamental O-H stretching
vibration (Thinger ef af. 1994). On a printed copy
of the spectra the background was drawn us a
smooth curve and graphically subtracted from
the peak height lo measure the absorbance
intensity of the 3550 cm™ band. The total
dissolved water contents (Table 1) were calcu-
lated using a molar absorption coefficient of
63 £ 31 mol! cm~! from Thinger er al. (1994),

To examine the speciation of waler in the
glasses as a means of screening Jor low-
temperature hydration, concentrations of
dissolved molecular H.O were measured using
the intensity of the 1630 cm~! absorption band.
Unlike the molar absorptivity for the 3350 em™!
band, which is relatively independent of compo-
sition for basaltic glasses, Lthe molar absorptivity
for molecular water is compositionally depen-
dent {(Dixon et al. 1995). Using the method
described in Dixon et af (1993), the molar
absorptivity of the 1630 cm! band for OIP
basalt plasses is 23 £ 1 1 mol-! eml.

Dissolved carbonate was measured [rom the
absorbance of the 1515 and 1430 cm~! bands,
which correspond o distoried asymmetric
stretching of carbonate groups {Ihinger et al
1994). Because the shape of the background in
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the region of the carbonate doublet is complex, it
is necessary to subtract a carbonate-free refer-
ence spectrum to obtain a flat background {(Dixon
er al. 1995), We measured absorbance iniensities
of the 1515 and 1430 cv? bands using a peak-
fitting program that fits the sample spectrum with
a straight line, a devolatilized basaltic glass spec-
trum, a pure 1630 cm-! band for molecular H,O
and a pure carbonate doublet (unpublished
program by S. Newman). The molar absorption
coelficient of carbonate in basaltic glass is com-
positionally dependent and was derived using the
average composition of the glasses and the linear
equation reported in Dixon & Pan {1995). The
dissolved carbonate content was calculaled using
a maolar absorption coefficient of 384 | mol! e
for the high-MgO glasses and 370 1 mol™! cm* for
the low-MgO plasses.

Based on replicate analyses, precision (2o for
total HyO is «16% (relative) and <11% for CO4.
Accuracy for these techniques is estimated to be
+10% for total H50 and +20% for CO, (Dixon
& Clague 2001).

Electron microprobe

Major elements, S and Cl in most glass samples
were analysed using a Cameca SX-30 clectron
microprobe at the University of Oregon
(Table 1). The major elements were acquired
using an electron beam diameter of 10 pm with
an accelerating veoltage of 15kV and a beam
current of 10 nA. Both glass and mineral stan-
dards were used, and US National Museum glass
standard V(G-2 was used to assess analytical
accuracy (Table 1). Sulphur was analysed using
an anhydrile standard and an 8§ Ka wavelength
position measured on pyrite, which corresponds
approximately to the S%/%S ratio expected for
basaltic glass equilibrated at the fayalite-mag-
netite-quartz (FMQ) oxygen buffer (Wallace &
Carmichael 1994). For all elements, five spots on
each glass sample were analysed, and the
average value is reported in Table 1. Chlorine
was analysed using an electron beam diameter
of 20 pm with an accelerating voltage of 13kV
and a beam current of 100 nA. The counling
time for chlorine was 200 s on peak and 200 s on
background for each spot analysed. Sulphur spe-
ciation was also delermined [or selected samples
by measuring the § Ko X-ray wavelength
position as described by Wallace & Carmichael
{1994), using sphalerite for $*~ and anhydrite for
86+, The operating conditions for § speciation
measurements were 10 pm electron beam diam-
eter with an accelerating voltage of 15 kV and a
beam currenl of 30 nA. Wavelength scans were
performed using counting times of 405 per
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Fig. 2. Major-element compositions of Ontong Java Plateau basaltic glasses. Data from Sites 803 and 807 and
the island of Malaita are from Michael (1999). Lines show fractional crystallization paths for a parental magma
with 17.6 wt% MgO calculated as described in the text. Crystallization of this parental composition at
pressures of 1 bar-2 kbar can largely reproduce the observed range of major-element compositions. Under
these conditions, the crystallization sequence is olivine, followed by olivine + plagioclase, followed by olivine +

plagioclase + clinopyroxene.

wavelength step on unknowns and 5 s per step
on standards. The sample was moved slightly
relative to the beam after each step in the wave-
length scan to avoid problems associated with
beam damage to the glass (Wallace &
Carmichael 1994). Major elements and S in the
Site 1184 glasses were analysed at the University
of Leicester using procedures described in
White et al. (2004). Chlorine in Site 1184 glasses
was measured at the University of Oregon as
described above.

Two-sigma (207 precision based on counting
statistics is <2.5% (relative) for major elements
and <30% for minor elements (K, Mn, Na, Ti,
P). For Cl and S the 2¢ precision is <9% and
<22%, respectively.

Results

All 55 samples of unaltered basaltic glass, repre-
senting all sites drilled during ODP Leg 192, are
tholeiitic basalts based on a total alkalies v. silica
diagram (not shown). Two types of basalt could
be observed based on MgO contents. Basement
at Site 1187 and the upper group of flows at Site
1185 is composed of high-MgO basalt (average
of 9 wt% MgO), compared to 7.2-8.0 wt% MgO
for basalt found elsewhere on the OJP (Fig. 2).
The low-MgO glasses from Sites 1183, 1186 and
the lower part of 1185 are similar in composition
to those found in the northern part of the OJP
(Hole 803D and units C-G of ODP Hole 807C).
All glasses have relatively low Na,0O, K,O and
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Fig. 3. (A) H,O v. X,0 and (B) H,O versus Mg
number for OJP basaltic glasses. For comparison, the
shaded fields show data for MORB from the
Pacific-Nazca, Explorer and Juan de Fuca ridges
(Michael 1995), and the dashed lines represent data
from Sites 803 and 807, and the island of Malaita
(Michael 1999).

P,Os, and high FeOT, consistent with derivation
of OJP basaltic magmas by large degrees of
partial melting (Mahoney et al. 1993; Michael
1999; Fitton & Godard 2004).

Pillow rim glasses from a given site have a very
restricted range of composition, except at Site
1185, which has both high- and low-MgO glasses
(Fig. 2). Within each of these two chemical
types, however, the glasses are homogeneous. A
similar homogeneity of composition was found
at Sites 803 and 807 by Michael (1999), who
noted that the OJP shows considerably less geo-
chemical variability than is found in drilled sec-
tions of MORB. The homogeneity suggests that
the lavas recovered from a given site (except Site
1185) may represent single large eruptions with
multiple flows or lobes, resulting in multiple
glass-bounded cooling units and interbedded
sheet flows within a given hole. In contrast to the

homogeneity observed for the pillow rim glasses
from most sites, glass shards from the volcani-
clastic sequence found at Site 1184 fall into three
distinct compositional groups spanning a range
of MgO contents (Fig. 2; see also fig. 4 of White
et al. 2004).

Water concentrations are relatively low,
similar to normal MORB (N-MORB) values, in
all glass samples (Fig. 3A). Low-MgO glasses
have slightly higher H,O contents (average
0.22 wt% H,0) than high-MgO glasses (average
0.19 wt%), with the exception of Site 1184, where
low-MgQO glasses have lower H,O (average
0.16 wt%; Fig. 3B). All glasses in Table 1 have
very low amounts of molecular H,O (mostly
below detection), consistent with expectations
for high-temperature equilibrium speciation in
basaltic melts with low total H,O (Dixon et al.
1995). Some of the glasses analysed had much
higher molecular H,O and anomalously high
total H,O, which we attribute to low-temperature
hydration of the glass. These glasses were
excluded from the data set in Table 1.

Carbon dioxide concentrations of OJP glasses
average 47 + 5 ppm for Site 1183, 30 + 9 ppm for
Site 1184, 101 + 4 ppm for Site 1185, 99 + 7 for
Site 1186 and 110 + 7 ppm for Site 1187 (Fig. 4).
Using the method of Dixon et al. (1995), vapour
saturation pressures were calculated for all sites
(Table 1) and then converted into eruption
depths (1 bar = 10 m of water depth) assuming
that the volatiles were not supersaturated at the
time of eruption. As expected, glass shards from
the volcaniclastic deposits at Site 1184 have low
saturation pressures, indicating an average
quenching depth of approximately 540 + 210 m.
Site 1183 glasses, which come from the shallow-
est water site on the crest of the plateau, also
have relatively low saturation pressures of 107
bars (1070 + 90 m), whereas Sites 1185, 1186 and
1187 have saturation pressures of 215-245 bars,
yielding estimated eruption depths of 2150-2450
(+100) m (Fig. 4). These estimated depths must
be viewed with caution, however, because sub-
marine basaltic pillow rims, particularly MORB
samples, are typically supersaturated with CO,
(Dixon & Stolper 1995).

Compared with MORB, the OJP glasses have
lower S (910 + 60 ppm for high-MgO glasses,
1030 + 60 ppm for low-MgO glasses) at com-
parable FeOT (Fig. 5). Sulphur contents of
MORB magmas are usually controlled by satu-
ration with immiscible sulphide (Fe-S-O) liquid
(Wallace & Carmichael 1992), so the lower S
contents of OJP glasses suggest that OJP basaltic
magmas may not have been saturated with
immiscible sulphide liquid during crystalliza-
tion. However, if OJP basaltic magmas had
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Fig. 4. CO, v. H,O for OJP basaltic glasses. Shaded
fields as in Figure 2. Vertical lines represent
degassing paths for basaltic melts with initial CO,
contents of 225 ppm (solid line; value was chosen
based on the maximum concentration in OJP glasses)
and 2000 ppm (dashed line). Also shown are vapour-
saturation curves for basaltic melts at pressures from
100 to 300 bars. All calculations were made using
VolatileCale 1.1 (Newman & Lowenstern 2002).

lower oxygen fugacities than MORB, they could
have been sulphide-liquid saturated because
lower oxygen fugacity reduces the sulphur solu-
bility in basaltic melts (Fig. 5). Measurements of
the wavelength of the S Ko peak in the glasses
indicate low oxygen fugacities (fO,), broadly
comparable to MORB values, but this technique
lacks the precision at low fO, necessary to
resolve whether the OJP glasses are more
reduced than MORB (Wallace and Carmichael
1994). Ratios of S to other incompatible
elements (S/K,0, S/TiO,) in the glass samples
decrease slightly with decreasing MgO, con-
sistent with some fractionation of sulphide
liguid, but sulphides have not been observed in
quenched glass samples and platinum-group
element systematics show no evidence for sul-
phide-liquid fractionation (Chazey & Neal
2004). Given this contradictory evidence, the
issue of whether or not OJP basaltic magmas
were sulphide-liquid saturated remains unre-
solved at this time. The low S contents of OJP
basalts are probably caused by the high degree
of melting, which is estimated from major- and
trace-element modelling to be approximately
30% (Fitton & Godard 2004). Such large
degrees of melting would probably exhaust
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Fig. 5. S v. FeOT for OJP basaltic glasses. The shaded
field shows data for Pacific MORB glasses (MORB
database, http://petdb.ldeo.columbia.edu/petdb), and
small stars show Loihi glasses (Wallace & Carmichael
1992). Lines show 1 bar sulphide saturation limits for
OJP basaltic melts at relative oxygen fugacities
ranging from 2 (NNO-2) to 4 (NNO-4) log units more
reduced than the Ni-NiO buffer. Saturation limits
were calculated using the thermodynamic model of
Wallace & Carmichael (1992) updated to incorporate
the temperature dependence from Mavrogenes &
O’Neill (1999).

residual sulphide in the mantle source during
melting, in contrast to MORB magmas, which
are generated by lower degrees of melting and
probably form in equilibrium with residual
mantle sulphide.

All OJP basaltic glasses have high Cl, and
glasses from a given site are relatively uniform,
except for Site 1184 (Table 1). Average values
for each site are 670 + 40 ppm Cl (Site 1183),
1470 + 600 ppm (Site 1184), 860 = 80 ppm (Site
1185), 750 + 70 ppm (Site- 1186) and 980 + 25
ppm (Site 1187). Melt inclusions in olivine from
a high-MgO sample from Hole 1185A mostly
have Cl contents (c. 900 ppm) similar to the
glass, but some inclusions have lower Cl
(c. 300 ppm; J. Roberge unpublished data).
There is no correlation between Cl and K»O,
despite their similar incompatibility. OJP
basaltic glasses are highly enriched in Clrelative
to MORB, as was found previously for glasses
from Sites 803 and 807 (Michael 1995). The
cause of these very high Cl contents and their
implications for OJP magmatic processes are
discussed later.
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Discussion

Depths of crystallization

Basaltic glasses from the OJP preserve a record
of quenched liquid compositions spanning a
range of MgO contents, making them useful for
constraining differentiation processes on the
plateau. We estimated the composition of a
primary magma by taking the most MgO-rich
glass (9.3 wt% MgO; equilibrium olivine Fogg)
and adding equilibrium olivine in 0.1 wt% incre-
ments until reaching a composition in equilib-
rium with mantle olivine of Foyy, a value that is
constrained by modelling presented in Fitton &
Godard (2004). This calculated primary magma
contains 17.6 wt% MgO and requires addition of
27% olivine to the most MgO-rich glass. We
modelled the liquid line of descent from this
starting composition at a range of pressures
(Fig. 2) using the MELTS program (Ghiorso &
Sack 1995; Asimow & Ghiorso 1998). Previous
modelling of crystallization used an assumed
picritic composition with approximately
16 wt% MgO because of lack of information
about primary magma compositions (Farnetani
et al. 1996; Neal et al. 1997; Michael 1999).
Equilibrium crystallization of the estimated
primary magma (17.6 wt% MgO) at relatively
low pressure (1 bar-2 kbar) yields residual
liquids that match the compositions of OJP
basalts (Fig. 2}, in agreement with results based
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on experimental phase equilibria (Sano &
Yamashita 2004). These results indicate that
derivation of OJP magmas from likely primary
compositions could have occurred at low pres-
sures within the upper crust. A similar con-
clusion was reached by Michael (1999) for
glasses from Sites 803 and 807 using the crystal-
lization program of Weaver & Langmuir (1990).
These pressures are at the low end of the range
found for MORB worldwide; specifically, they
are similar to MORB from fast-spreading ridges
and from robust slow-spreading ridges like the
Kolbeinsey Ridge north of Iceland (Michael &
Cornell 1998; Michael 1999). An alternative
possibility is that crystallization took place in
two stages, with crystallization of picritic liquids
occurring first at deeper (e.g. Moho) levels fol-
lowed by a second stage of crystallization in the
upper crust (Farnetani ef al. 1996; Michael 1999).
However, as shown by Michael (1999), and rein-
forced by our results, no more than about
20-30% of crystallization of primary liquids
could have happened at high pressures because
the increase in clinopyroxene stability results in
residual liquid compositions that do not match
the observed values for OJP basalts. Thus, much
of the crystallization of magmas parental to the
erupted lavas must have occurred in shallow-
level magma chambers, resulting in the for-
mation of extensive volumes of cumulates within
the OJP crust.

Cause of high chlorine in Ontong Java
Plateau basalts

Chlorine contents of normal MORB magmas
are generally low (<50 ppm) reflecting low Cl in
the upper-mantle source region (Michael &
Cornell 1998). Like H,O, Cl is incompatible
during partial melting in the mantle and crystal-
lization of basaltic magmas (Schilling et al.
1980), so variations in Cl can be best understood
by comparing them with other incompatible
elements such as K (Fig. 6). The CI/K ratio varies
from below detection limits (c. 0.01) in normal
MORB to approximately 0.07 in enriched
MORB magmas (Michael & Cornell 1998).
Both CI contents and CI/K ratios are highly sen-
sitive to assimilation involving sea water or sea-
water-derived brine because of their high Cl
contents (Figs 6 and 7). Such assimilation is
common in regions of the mid-ocean ridge
system where magma chambers are relatively
shallow, and in submarine oceanic islands
(Michael & Cornell 1998; Kent et al. 1999).

The very high ClI contents of OJP basalts were
first discovered by Michael (1999) from analyses
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Figure 2.

of glasses from Sites 803 and 807. He attributed
the high Cl to shallow-level assimilation, a
hypothesis that we discuss further below. An
alternative possibility is that the mantle source
region for OJP basaltic magmas is enriched in
Cl, perhaps by addition of subducted materials.
It is well documented that mafic magmas associ-
ated with convergent plate margins have ele-
vated Cl compared to MORB (Anderson 1974;
Schilling et al. 1978; Ito et al. 1983). Elevated C1
contents are also found in back-arc basin basalts
(e.g. Stolper & Newman 1994). However,
basaltic magmas in oceanic islands with mantie
source regions believed to contain a deeply recy-
cled crustal component do not generally show
elevated CI/K compared to MORB, suggesting
that this process does not strongly increase
mantle ClI (Kent ez al. 1999; Lassiter et al. 2002).
Given this, and the observation that
Sr-Nd-Pb-Hf isotope systematics of OJP
basalts show little or no evidence of a recycled
(enriched mantle (EM) or high p, where p =
2381J/204Pb(HIMU)) component (Tejada et al.
2004; next section), we think it is unlikely that
the OJP source region contains elevated Cl
relative to MORB and other ocean island basalt
(OIB) mantle sources.

All OJP basaltic glasses have high Cl, so if this
is caused by assimilation of material with a sea-
water or brine component then such a process
was a widespread phenomenon and relatively
uniform in OJP magma chambers. It is possible
to infer the composition of the contaminant by
comparing CI/K,0 and H,O/K,;0 for basaltic
glasses (Fig. 8) (Kent et al. 1999). The result
suggests that the OJP basaltic magmas are typi-
cally contaminated with material that contains
relatively concentrated brine with 50-60 wt%
NaCl. Data from a few sites (803, 807 Unit C and
1184) indicate more or less concentrated brine.
We find it remarkable that data from such geo-
graphically widespread sites all show evidence of
interaction with brine of a similar composition.
Interestingly, many of the contaminated basalts
at the Loihi seamount also show evidence of
interaction with similarly concentrated brine
components, although the overall range of
values at Loihi includes less concentrated brines
and sea water as contaminants (Kent et al. 1999).
It is important to note, however, that only very
small amounts of this brine phase (<0.4 wt%)
need to be incorporated to explain the range of
variation in CVK,0 and H,O/K,0 for OJP
basalts. Such small amounts are consistent with
the hypothesis that the brine phase is present
within inclusions and along grain boundaries in
altered basalts that become assimilated (e.g.
Michael & Schilling 1989).

Brines in subseafloor hydrothermal systems
form by high-temperature phase separation of
sea water into gas plus a small amount of saline
liquid (Bischoff & Rosenbauer 1987; Fournier
1987). One possibility is that OJP magmas
became contaminated during eruption and
transport on the seafloor, as magma moved
through tube and/or sheet-flow systems.
However, this is unlikely because the seafloor
eruption pressures (<250 bars) for most sites
(estimated from glass CO, data) are too low for
brines with 50-60 wt% NaCl to form by phase
separation (Fournier 1987). Moreover, contami-
nation during eruption would be expected to
result in a much wider variation of Cl contents.
A more likely possibility is that the contami-
nation occurred in well-mixed subseafloor
magma chambers. Fluid inclusions from ophio-
lites and altered mid-ocean ridge gabbros
contain as much as 52 wt% NaCl (Kelley &
Delaney 1987; Nehlig 1991), but the highest
NaCl contents found for vent fluids are only
about twice the sea water value of 3.5 wt% (Von
Damm & Bischoff 1987). Owing to the differ-
ence in density of the saline fluid and gas that
form during phase separation of sea water,
hydrothermal systems commonly form layered
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systems in which brine underlies fluid. However,
mixing of these layers and further mixing with
sea water probably occurs as fluids move to the
seafloor, which might explain why high-salinity
fluids have not been discovered at seafloor vents.

Formation of brine with >50 wt% NaCl by
phase separation of sea water requires pressures
greater than 250 bars and temperatures higher
than 450°C (Fournier 1987; Nehlig 1991), which
is consistent with contamination occurring
either in the conduit system or in a shallow
magma reservoir. The highest temperatures
observed for hydrothermal fluids (c. 420°C;
Berndt & Seyfried 1997) is believed to be limited
by rock properties because at temperatures
higher than about 450°C quasi-plastic behaviour
closes off permeability (Fournier 1987). Higher
temperatures for hydrothermal fluids are only
possible if repeated magmatic intrusions pre-
heat the surrounding wallrocks and repeated
fracturing of the hot rock allows water to circu-
late (Fournier 1987). Given the large volume of
OIJP lava flows and the presumed large volumes
and frequent magmatic recharge of subseafloor
reservoirs, ‘these conditions may be quite
common, creating rocks surrounding the magma
reservoirs with concentrated brine in fractures
and along grain boundaries. Ouly small amounts
of brine are needed to explain the CI and H,O
data. The very homogeneous nature of large
volume flows on the OJP suggests convective
homogenization in magma chambers during
crystal fractionation, so this might explain the
observation that glasses from a given site are
rather uniformly contaminated.

A final possibility is that the saline brines have
a magmatic origin rather than being formed by
phase separation of sea water (Nehlig 1991).
Fractionation of olivine, plagioclase and clino-
pyroxene are required to derive the uniformly
fractionated composition of OJP basalts from
likely parent compositions, so enormous
volumes of crystal mush must have been present
within the OJP crust. Continued crystallization
of crystal mush zones underlying magma cham-
bers would result in exsolving H,O-CO,~CI-S
fluids that are relatively H,O-rich. A brine with
50-60 wt% NaCl could form from this fluid
phase under a wide range of conditions (from
450 to 550°C and c. 400 bars to temperatures
higher than 1000°C at pressures greater than
1.6 kbar; Fournier 1987). However, given that Cl
isotopes in MORB glasses indicate that the
brine contaminant in mid-ocean ridge environ-
ments is derived from sea water (Magenheim er
al. 1997), and the likelihood of large hydrother-
mal systems associated with OJP magma cham-
bers, we think it is more plausible that the brine
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contaminants in the OJP were derived from sea
water.

Glass shards from the shallow-water hydro-
clastic volcanic deposits at Site 1184 are anomal-
ous in terms of CI/K,0O and H,0/K,0 (Fig. 8).
Their composition could be explained either by
contamination involving a very concentrated
brine or partial degassing of H,O during
shallow-water eruption and quenching. The
latter seems unlikely because the shards still
contain some CO,, which has much lower solu-
bility than H,O and should therefore be totally
degassed before any significant H,O is lost. Dis-
equilibrium degassing caused by the slower
diffusion of CO, in the melt relative to H,O
might allow H,O to be exsolved while CO, is
retained, but such partial degassing of H,O is
difficult to reconcile with the constant H,0/K,O
and H,O/TiO, of most of the shards. Brines with
>60 wt% NaCl would be difficult to form in
hydrothermal systems for reasons of tempera-
ture and quasi-plastic rock behaviour, as dis-
cussed above. However, at the low hydrostatic
pressures at the seafloor and upper part of the
conduit system for this shallow-water eruption,
contact of hot magma with sea water could cause
flash vaporization of sea water to form either gas
plus solid salt or gas plus highly saline brine
(>80 wt% NaCl; Fournier 1987). Thus, contami-
nation of the magma erupted at Site 1184 could
possibly have happened in the very shallow
conduit system. If so, one would expect this to be
a common process in shallow-water hydrovol-
canic eruptions, but we are not aware of Cl-rich
glass shards having been reported from other
such deposits.

Water in the mantle source region for
Ontong Java Plateau basaltic magmas

Ocean island basaltic magmas typically have
higher H,O than depleted MORB, suggesting
that the excess magmatism associated with
mantle plumes could be caused in part by the
effect of H,O on mantle melting (Schilling ef al.
1980; Bonatti 1990; Nichols et al. 2002). The
higher H,O content of mantle-plume-derived
magmas could result from either the involvement
of undegassed primitive mantle (with high
3He/*He) or deep recycling of subducted oceanic
crust and sediments back into the mantle. The
presence of such recycled lithospheric com-
ponents in the source regions of mantle-plume-
related basalts has been recognized on the basis
of radiogenic Pb, Nd and Sr isotopes in some
OIBs (Hofmann 1997). However, based on a
detailed comparison of H,O in plume-influenced
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Shaded fields as in Figure 2.

MORB glasses, it appears that basalts associated
with mantle plume components containing recy-
cled subducted lithosphere contain less H,O
than those without recycled components (Dixon
et al. 2002). The likely explanation for this is that
lithospheric components are efficiently dehy-
drated during subduction so that they are rela-
tively poor in H,O.

Before using the OJP glasses to constrain
mantle volatile contents for the Ontong Java
plume, it is important to ascertain whether
significant H,O was lost by degassing prior to
eruption and quenching of the glass. Given the
estimated pressures of eruption, the relatively
low H,O contents and the presence of CO,,
which has much lower solubility, it is unlikely
that any significant loss of H,O occurred before
eruption. Closed-system degassing calculations
(Fig. 4) suggest that less than 10% of the
original primary H,O would be lost by
degassing, even if the primary magmas con-
tained relatively high initial CO,. However, the
Cl and H,O data (Fig. 8) show that assimilation

involving brine has increased the H,O content of
all OJP basaltic glasses, including those previ-
ously analysed from Sites 803 and 807. The effect
of this enrichment in H,O must be considered
before making an assessment of mantle source
concentrations.

To estimate the H,O content of the unconta-
minated parent magma, we assume that it had
ClI/K of 0.03 (CI/K,0 = 0.025), intermediate
between the values for uncontaminated normal
(N-MORB) and enriched MORB. The basis for
this assumption is that OJP basalts have
incompatible-element abundances intermediate
between those of N-MORB and many oceanic
island tholeiites (Tejada et al. 1996; see also fig. 6
in Fitton & Godard 2004). Given the relations
between ClI/K,0 and H,O/K,0 for OJP basalts
(Fig. 8), this requires that the parental magmas
have H,O/K,0 of approximately 1. Thus, for the
high-MgO glasses, uncontaminated magmas
would contain about 0.07 wt% H,O. This is at
the very low end of the range for N-MORB
glasses that show no evidence of brine
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Fig. 9. H,O/Ce v. K/Ti for OJP basaltic glasses. Shown for comparison are H,O/Ce ranges for MORB glasses
from various regions (MAR, Mid-Atlantic Ridge). The horizontal black bar shows the H,O/Ce ratio estimated
as described in the text for uncontaminated OJP magmas. Shaded fields as in Figure 2.

contamination (Michael 1995; Michael &
Cornell 1998). Using the large degrees of mantle
melting estimated for OJP basalts (c. 30%;
Fitton & Godard 2004), an estimate of 27% crys-
tallization to get from a primary composition in
equilibrium with mantle olivine to the high-
MgO glasses, and a partition coefficient of 0.01
for H,O (Michael 1995), we calculate a source
region H,O concentration of 170 + 30 ppm. This
value is similar to the estimate for the depleted
upper-mantle source for N-MORB (140 = 40
ppm H,0) and much lower than estimates for
enriched MORB sources (350 + 100 ppm H,0;
Michael 1988). Given the very low H,O content
inferred for the OJP mantle source, the large
extents of melting (¢. 30%) inferred from major-
and trace-element data must have been caused
by high mantle temperatures (>1500°C; Fitton &
Godard 2004). Water does not appear to play a
role in promoting large degrees of melting for
the OJP.

To understand H,O in mantle source regions
it is useful to compare H,O/Ce ratios because
these elements have a similar incompatibility to
one another during mantle melting and frac-
tional crystallization (Michael 1995). Using our
estimate of the H,O content of high-MgO
magmas at Sites 1185A and 1187 before con-
tamination, and whole-rock Ce values (Fitton &
Godard 2004; whole rock and glass from these

sites have identical K,O and TiO,, consistent
with a very low phenocryst content), we calcu-
late H,O/Ce to be 135 for uncontaminated OJP
basalts (Fig. 9). However, it is difficult to know
the uncertainty in this value because it is essen-
tially based on our assumption that uncontami-
nated CU/K is 0.03 for these samples. Mean
values of H,O/Ce for Pacific MORB glasses with
<20 ppm Ce (to exclude highly enriched
samples) are 145 + 12 (Galapagos Spreading
Centre), 150 + 10 (Easter microplate), 180 + 37
(Explorer and Juan de Fuca ridges), 189 + 19
(Pacific-Nazca Ridge) and 194 + 44 (East Pacific
Rise; Michael 1995; Simons et al. 2002). South-
ern Mid-Atlantic Ridge MORB have com-
parable values (183 = 30; Michael 1995), but
MORB from the northernmost Mid-Atlantic
Ridge and from around Iceland have distinctly
higher values of 220-380 (Michael 1995). Our
results suggest that H,O/Ce for uncontaminated
OJP basalts is at the low end of the range for
Pacific MORB glasses.

Incompatible trace elements and
Sr-Nd-Pb-Hf isotopic characteristics of the vol-
umetrically dominant OJP basalt type (Kwaim-
baita-type, named from occurrences in the
Solomon Islands) show that they come from a
mantle source region that is distinct in composi-
tion from the upper-mantle source for Pacific
MORB, and there is no evidence for mixing
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involving a MORB end member (Tejada et al.
1996, 2004). Mixing involving an EM-1-like recy-
cled lithospheric component can explain OJP
isotopic ratios, but the homogeneity of major-
and trace-element data for the OJP basalts
shows no evidence of such mixing between
several end members (Tejada et al. 2004). If an
EM-1-like component was involved, the propor-
tion of this recycled component would be very
small (J. Mahoney pers. comm.). The OJP
basalts are also isotopically distinct from the
common mantle component (focus zone
(FOZO) or common mantle component (C)) for
OIBs (Hauri et al. 1994; Hanan & Graham
1996), which Simons et al. (2002) suggest has
H,O/Ce of approximately 210. The simplest
explanation that accounts for both trace-
element and isotopic data is that the OJP basalts
were derived from a primitive mantle source
that underwent a minor fractionation event
(removal of c. 1% partial melt) at approximately
3 Ga (Tejada et al. 2004). A partial melting event
would not significantly fractionate H,O from Ce
because of their similar incompatibility. Our
results suggest that there is a major Pacific
mantle reservoir, probably in the lower mantle,
that has H,O/Ce lower than.most Pacific and all
Atlantic MORB, and lower than the common
mantle plume component for OIBs. Alterna-
tively, if the OJP source region does contain an
EM-1-like recycled component, then the lower
H,0/Ce relative to most Pacific MORB could be
caused by the near-total dehydration of this
component during subduction, as has been
inferred for other EM-plumes like Hawaii
(Dixon et al. 2002).

Volatile release to the environment during
formation of the Ontong Java Plateau

OJP basaltic lavas sampled at DSDP/ODP drill
sites and on land in the Solomon Islands were all
erupted well below sea level, except for the vol-
caniclastic deposits erupted in shallow water at
Site 1184 (Mahoney er al. 2001). Even at Site
1183, which lies on the crest of the main plateau
and should have originally had the greatest ele-
vation, pillow lava rims are poorly vesicular and
CO; contents of the glass indicate eruption at
about 1100 m water depth. Because nearly all of
the plateau formed at substantial water depths,
there would have been limited release of envi-
ronmentally important volatiles such as S, Cl
and F compared to subaerial flood basalt
provinces or oceanic plateaus that formed sub-
aerially, like the Kerguelen Plateau. High hydro-
static pressure during deep submarine eruptions

and low magmatic H,O contents would result in
very little vesiculation, and these volatiles would
have remained quenched in glassy pillow rims or
would have entered accessory phases like sul-
phide during crystallization of pillow and sheet-
flow interiors. In contrast, the very low solubility
of CO, in silicate melts would result in most of
the primary magmatic CO, being degassed even
during deep-water eruptions or intrusive solidi-
fication. CO, released into the ocean would also
affect atmospheric CO, given that the
ocean-atmosphere system equilibrates on a geo-
logically short timescale.

If OJP basaltic magmas contained as much
CO; as other tholeiitic basalts derived from
mantle plumes (Kilauea, Reunion), then the
magmas may have contained as much as 7000
ppm CO; (Bureau et al. 1999; Gerlach et al.
2002). Given a crustal volume of approximately
5 X 107 km? (Coffin & Eldholm 1993), formation
of the OJP could have released a maximum of
about 1 X 102! g CO,. However, the time period
over which the plateau was formed is poorly
constrained. Isotopic data (**Ar-3%Ar and
Re-Os) suggest that the uppermost part of the
plateau formed over about 1 Ma or less (Cham-
bers et al. 2002; Parkinson et al. 2002), but
whether more deeply buried extrusive and intru-
sive rocks formed over a longer period of time is
unknown. If most of the volume of the platean
formed during a 1 Ma time period, then the
annual CO, flux would have been approximately
1 X 10% g CO, year -, equivalent to about 10
times the annual CO, flux from the global mid-
ocean ridge system. Note that we have made
assumptions about magma CO, content and
eruption duration for the plateau that make our
estimate for CO, flux during formation of the
OJP a maximum value.

Another major uncertainty in assessing the
environmental effects of plateau formation and
volatile release is lack of information on the
magnitude and extent of hydrothermal systems
associated with shallow-crustal magma cham-
bers. Basalts recovered from the OJP show only
relatively minor, low-temperature alteration,
and there is no evidence from recovered materi-
als or on-land sections for extensive hydrother-
mal alteration like that associated with
mid-ocean ridge volcanism (Mahoney et al.
2001). This is likely to be due to the limited sam-
pling of the plateau rather than an absence of
such hydrothermal activity because the large
volume and fractionated nature of OJP basalts
both suggest the existence of large, relatively
shallow-crustal magma reservoirs. These large
hydrothermal systems are important for leach-
ing metals from basalt and releasing them to the
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ocean. Most importantly for assessing volatile
release, hydrothermal systems precipitate
carbonate and sulphate minerals in veins in
altered basalt, resulting in significant transfer of
C and S from sea water to altered crust. The
magnitude of this transfer can be large, as there
is good evidence from the oceanic crust that
hydrothermal systems associated with mid-
ocean ridge volcanism consume as much or
more C and S from sea water than they release
from magmatism (Staudigel et al. 1989; Alt &
Teagle 1999).

Conclusions

Submarine basaltic glasses from five widely sep-
arated sites on the Ontong Java Plateau all have
relatively low H,O contents (0.16-0.24 wt%)
that are similar to N-MORB values. In contrast,
Cl contents and CUK ratios of the glasses are
very high compared with MORB, probably as a
result of assmilation involving small amounts of
relatively concentrated brine. Such brines could
have formed by high-temperature phase separ-
ation of sea water in large hydrothermal systems
associated with shallow-crustal magma cham-
bers on the OJP, and were stored in fractures
and along grain boundaries of rocks that were
assimilated by crystallizing magmas. The exist-
ence of large, upper-crustal magma chambers on
the OJP is supported by crystal fractionation
modelling, which shows that relatively low pres-
sures (1 bar-2 kbar) are required to derive OJP
basalts from likely primary magmas.

Ratios of H,O to Ce, which have similar
incompatibility to each other, are higher than
most depleted and enriched MORB. However,
positive correlation between H,O/K,0O and
Cl/K,0O in the glasses suggests that magmatic
H,O contents were increased by the same
assimilation process that results in high CL
Therefore, the high H,O/Ce values of the glasses
are probably an artifact of contamination. The
water content of the high MgO-magmas before
contamination is estimated to be approximately
0.07 wt% H,O, corresponding to H,O/Ce of 135
for OJP basalts, a value at the low end of the
range for Pacific MORB. There is no evidence
for high H,O contents that would have signifi-
cantly increased extents of mantle melting
beneath the OJP, and the estimated H,O
content of the OJP mantle source region (170 =
30 ppm H;O) is similar to that of the depleted
MORB source (140 + 40 ppm H,O). Large
extents of meliing beneath the OJP must have
been caused by a relatively high mantle poten-
tial temperature, consistent with upwelling of a
hot mantle plume.

J.ROBERGE ET AL.

OJP glasses have lower S (910-1030 ppm) at
comparable FeOT than MORB glasses. This
indicates that OJP basaltic magmas could not
have been saturated with immiscible sulphide
liquid during crystallization unless they had
significantly lower oxygen fugacities than
MORB. Available data from measurements of S
Ko peak positions in the glasses show that
oxygen fugacities of OJP magmas are relatively
low, but this technique does not offer the pre-
cision necessary to resolve whether OJP
magmas are more reduced than MORB
magmas. Small decreases in S/K,0 and S/TiO,
with decreasing MgO require some sulphide
fractionation, but sulphides have not been
observed in quenched glass samples, and
platinum-group element systematics show no
evidence for sulphide liquid fractionation. The
low S contents of OJP basalts are probably
caused by the high degree of melting (c. 30%) of
the OJP source. Such large degrees of melting
would probably exhaust residual sulphide in the
mantle source during melting, in contrast to
MORB magmas, which are generated by lower
degrees of melting and probably form in equi-
librium with residual mantle sulphide.

Because nearly all of the OJP formed at sub-
stantial water depths, there would have been
limited release of environmentally important
volatiles such as S, Cl and F compared to subaer-
ial flood basalt provinces or oceanic plateaus that
formed subaerially. However, the very low solu-
bility of CO, in silicate melts would result in most
CO, being degassed even during deep-water
eruptions or intrusive solidification. The magni-
tude of CO, released during formation of the
OJP is difficult to assess due to lack of infor-
mation on primary magmatic CO, contents and
magma output rates, but we estimate a maximum
possible value that is about 10 times the annual
CO, flux from the global mid-ocean ridge system.
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