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Abstract

Submarine volcanic glasses from the eastern Manus Basin of Papua New Guinea, ranging from basalt to rhyodacite, clarify
the geochemical behavior of Cl in arc-type magmas. For the Manus samples, Cl is well correlated with non-volatile highly
incompatible trace elements, suggesting it was not highly volatile and discounting significant seawater contamination. The
Cl partition coefficient is close to but slightly lower than that of Nb and K2O, a behavior similar to that in mid-ocean ridge
basalts (MORB) and ocean island basalts (OIB). The similar incompatibilities of Cl and Nb imply that the Cl/Nb values of the
eastern Manus Basin glasses reflect their magma source. For glasses from other west Pacific back-arc basins, Cl/Nb, Ba/Nb,
and U/Nb increase towards the subduction trench, indicating increased contribution of a component enriched in Cl, Ba, and
U, likely from subduction-released slab fluids. It is estimate that �80% of the Cl in the Manus arc-type glasses was added
directly from subducted slab-derived fluids. We have also modeled Cl behavior during magma evolution in general. Our
results show that the behavior of Cl in magma is strongly influenced by pressure, initial H2O content, and the degree of mag-
matic fractionation. At early stages of magmatic evolution, for magmas with initial H2O content of <4.0 wt%, Cl is highly
incompatible under all pressures. By contrast, for more evolved magmas at moderately high pressure and high H2O contents,
considerable amounts of Cl can be extracted from the magma once H2O saturation is reached. Accordingly, Cl is usually high-
ly incompatible in MORB and OIB because of their low H2O contents and relatively low degrees of fractional crystallization.
The behavior of Cl in arc magmas is more complicated, ranging from highly incompatible to compatible depending on H2O
content and depth of magma chambers. The behavior of Cl in the eastern Manus Basin magmas is consistent with low H2O
contents (1.1–1.7 wt%) and evolution at low pressures (<0.1 GPa). Modeling results also indicate that Cl will behave differ-
ently in intrusive rocks compared to volcanic rocks because of the different pressures involved. This may have a strong influ-
ence on the mechanisms of ore genesis in these two tectonic settings.
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1. INTRODUCTION

The behavior of Cl in magmatic systems can potentially
allow us to trace the nature of source inputs, fractional
crystallization processes, and history of volatile phase sep-
aration events. For example, Cl can behave as a volatile ele-
ment, and as such may provide insights into the degassing
and recycling processes of the mantle (Lassiter et al.,
2002). Chloride is mobile during subduction (Kent et al.,
2002), as shown by significantly higher Cl concentrations
in melt inclusions and submarine volcanic glasses from
backarc basins (Harris and Anderson, 1984; Kamenetsky
et al., 1997; Kent et al., 2002; Wallace, 2005) compared with
uncontaminated MORB and OIB (Lassiter et al., 2002; Saal
et al., 2002; Stroncik and Haase, 2004), as well as high Cl
contents in fluid inclusions in ecologites (Philippot et al.,
1998; Fu et al., 2000; Xiao et al., 2000; Scambelluri and
Philippot, 2001; Xiao et al., 2002). Therefore, Cl is believed
to be a good tracer for studies of subduction processes as
well as the fate of recycled oceanic slabs (Stroncik and
Haase, 2004). Importantly, experiments have shown that
Cl can strongly affect the solid–fluid partitioning of many
elements, ranging from K, Na, Cs, Ba, Pb, Zn, Cu, Mo,
Au, Ag, U, and Th, rare earth elements (REE), to platinum
group elements (PGE) (Keppler and Wyllie, 1990, 1991;
Brenan and Watson, 1991; Brenan et al., 1994; Ayers and
Eggler, 1995; Brenan et al., 1995a,b; Keppler, 1996; Gam-
mons et al., 1997; Xiao et al., 1998; Herzarkhani et al.,
1999; Archibald et al., 2001; Allen and Seyfried, 2005).
Therefore the behavior of Cl is very important for the
mobility of these elements during subduction and their geo-
chemical behavior in magmatism as well as subsequent min-
eralisation processes. Furthermore, Cl is abundant in
seawater, such that it is sensitive to melt/crust and melt/hy-
drosphere interaction (Magenheim et al., 1995; Michael and
Cornell, 1998; Kent et al., 1999a,b; Lassiter et al., 2002).
Despite all of these useful behaviors, our detailed knowl-
edge is still limited by the lack of adequate data of the
abundance systematics of Cl during magmatic evolution.

In this contribution, we have determined Cl abundances
as well as major and other trace element compositions of
Fig. 1. Geological sketch map of the Manus Basin modified after Binns (B
the studied arc-type volcanic glasses and surrounding tectonic environm
volcanic glasses from the eastern Manus Basin to investi-
gate the behavior of Cl during the evolution of these back-
arc basin magmas and those of arcs more generally.

2. SAMPLES AND RESULTS

2.1. Samples

The Manus Basin in the southwestern Pacific is an
actively spreading backarc basin surrounded by the islands
of New Britain, New Ireland, New Guinea and Manus,
bounded to the north by the now inactive Manus Trench
and to the south by the New Britain Arc and associated
trench (Taylor, 1995; Taylor and Martinez, 2003) (Fig. 1).
The locations of the samples can be found in (Sun et al.,
2004a). The eastern Manus Basin is believed to have been
located above subduction zones for more than 40 Ma
(Exon et al., 1986; Kamenetsky et al., 2001). The rock types
of the whole Manus basin range from MORB-type to arc-
type (Woodhead and Johnson, 1993; Woodhead et al.,
1998; Sinton et al., 2003; Taylor and Martinez, 2003;
Woodhead and Brauns, 2004), with active hydrothermal
systems and mineralisation (Yang and Scott, 1996; Moss
et al., 2001; Binns et al., 2002a,b; Yang and Scott, 2002;
Sun et al., 2004a). The studied set of submarine (1640–
2000 m water depth) quenched glasses from the eastern
Manus Basin region are arc-type magmas, ranging from ba-
salt to rhyodacite, and have the typical low Nb/U and high
Pb/Ce signatures of arc magmas. The coherency of trace
element and isotopic signatures are consistent with forma-
tion via a single magmatic fractionation series (Yang and
Scott, 2002) and/or derivation from a common mantle
source (Sun et al., 2003b, 2004a).

2.2. Methods and results

Major element analysis of glasses was performed using
the JEOL Superprobe JXA-8200 electron microprobe
(Max Planck Institute for Chemistry, Mainz, Germany).
We applied 15 kV accelerating voltage, 12 nA electron
beam current and defocused to 5 lm size beam for analyses
inns and Scott, 1993; Binns et al., 2002a,b), showing the location of
ents.
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of glasses and olivine-hosted glass inclusions. Peak count-
ing times on major elements were 60 and 30 s of back-
ground. The ZAF correction routine was used. A set of
reference materials (i.e. natural and synthetic oxides, miner-
als, and glasses; Micro-Analysis Consultants Ltd, Cam-
bridgeshire, UK) and the Smithsonian Institution
standard set for electron microprobe analysis were used
for routine calibration and instrument stability monitoring.
Typical analytical uncertainties (2RSD = 2r relative stan-
dard deviation) are 1.4–2.8% for SiO2, Al2O3, FeO, MgO,
CaO, TiO2; 5.6% for Na2O, 10% for K2O, 16% for P2O5,
and 32% for MnO. As a monitor sample to control preci-
sion and accuracy of Cl measurements, we used the USNM
111240/52 VG-2 basaltic glass (recommended values of
0.030 wt% Cl). The concentration of 0.029 ± 0.007 wt%
(±2r) were obtained for Cl during this study. Water con-
tents were analyzed in the Institute for Research on Earth
Evolution, JAMSTEC, Japan using FTIR. Water species
calculated from either Mid-IR FTIR spectra (H2Otot peak
at 3550 cm�1, H2Omol at 1615 cm�1) or Near-IR FTIR
spectra (H2Omol at 5200 cm�1, OH- at 4500 cm�1), depend-
ing on most suitable intensities. Detailed procedure has
been describe (Wysoczanski and Tani, 2006).

Trace elements were analyzed using laser ablation ICP-
MS at the Research School of Earth Sciences, Australian
National University. NIST 612 was used as the external
standard and 43Ca was used as an internal standard (Eggins
et al., 1998a,b; Eggins and Shelley, 2002; Sun et al., 2003a).
Table 1
Chlorine and major element concentrations for arc-type glasses from the

Operation Sample No.a SiO2 TiO2 Al2O3 FeO MnO

MD-3 107094 51.76 0.41 14.80 7.91 0.15
MD-101A 134043A 52.30 0.42 15.54 7.98 0.16
MD-101B 134043B 52.83 0.48 15.10 8.97 0.18
100DR 118935 54.18 0.54 15.82 7.46 0.14
Dive 299-1 132122 54.82 0.95 14.48 10.72 0.17
86DR 118856 55.42 0.78 15.08 9.59 0.17
MD-7 107243 56.83 1.07 14.24 10.00 0.19
MD-53B 132253 59.45 0.97 15.32 8.17 0.18
MD142 142490 60.73 1.01 15.10 7.75 0.17
MD-53A 132273 63.81 0.82 14.77 5.77 0.19
MD94 133818A 65.04 0.67 13.79 5.89 0.18
MD-36 118483 66.14 0.68 14.25 4.89 0.15
MD-114 134306 66.21 0.72 14.65 5.01 0.15
MD-28 118349 66.42 0.65 14.15 4.86 0.14
MD57 132385A 66.46 0.65 14.10 4.96 0.16
MD-65 132496 66.98 0.65 14.31 5.02 0.13
MD103 134104 67.22 0.66 14.27 4.99 0.15
MD110 134199 67.39 0.66 14.24 5.00 0.16
MD136 142404 68.32 0.76 12.79 4.96 0.17
134729 134729 68.93 0.56 13.14 3.89 0.13
MD111 134213 71.01 0.67 13.59 3.89 0.07
MD141 MI-2c 142484 MI-2 71.47 0.39 12.53 3.94 0.08
MD141 MI-1c 142484 MI-1 71.60 0.44 12.45 3.94 0.08
MD-39 118497 72.53 0.38 12.33 2.98 0.04
87DR 118866 72.80 0.40 12.62 2.98 0.13
MD-6 107162 74.76 0.34 11.06 2.84 0.06
MD141 142484 75.03 0.34 10.94 2.94 0.11

Note. aCSIRO collection; bNa2O contents are systematically lower than X
water.
The reference values for major and trace elements in NIST
612 were from (Pearce et al., 1997). BCR-2g was used as a
second standard to check the data quality during the anal-
yses. All trace elements were analyzed using a spot size of
100 lm in diameter and a laser repetition rate of 5 Hz.
The results are shown in Table 2.

3. COMPATIBILITY OF CL IN MANUS BASIN ARC

MAGMAS

Overall Cl concentrations in the investigated samples are
high and increase with increasing SiO2 contents (Table 1).
Remarkably, Cl is well correlated with non-volatile, highly
incompatible elements. For example, the log(Cl) is positive-
ly correlated with log(K2O) (Fig. 2), with a correlation
coefficient of R2 = 0.96. The slope of the log(Cl) versus
log (K2O) correlation is 0.977, indicating that Cl is very
close to but slightly more incompatible than K. Consistent-
ly, the log(Cl) is also highly correlated with log(Nb),
log (Ta), log(U), and log(Th), with very good correlation
coefficients (R2 � 0.96) (Fig. 3). These results suggest Cl
was not volatile and that there was no significant seawater
contamination or crustal assimilation during the evolution
of the eastern Manus Basin magmas.

The behavior of Cl observed in this study is unlike that
predicted based on experiments at 0.2 GPa, which show a
dramatic reduction in Cl solubility during the chemical evo-
lution of magmas ranging from diorite to quartz monzonite
eastern Manus Basin

MgO CaO Na2Ob K2O P2O5 Cl H2O Totald

7.83 12.35 1.99 0.24 0.06 0.11 1.23 97.62
7.01 11.56 1.96 0.31 0.08 0.09 97.40
6.59 10.83 2.03 0.35 0.08 0.11 97.56
5.60 9.50 2.75 0.66 0.15 0.23 1.30 97.05
4.16 7.57 3.39 0.71 0.25 0.24 97.48
4.27 8.06 3.07 0.69 0.19 0.30 1.40 97.62
2.99 6.21 3.00 0.84 0.42 0.30 1.37 96.09
2.37 5.66 3.21 0.91 0.37 0.31 1.51 96.93
2.26 5.66 3.63 0.96 0.55 0.34 98.19
1.66 4.34 2.83 1.16 0.27 0.39 1.61 96.02
1.25 3.93 3.44 1.13 0.28 0.30 95.91
0.96 3.22 3.04 1.50 0.19 0.49 1.66 95.52
1.14 3.52 3.05 1.38 0.20 0.45 1.67 96.48
1.42 3.46 2.68 1.34 0.15 0.42 1.64 95.69
1.45 3.52 3.63 1.37 0.16 0.44 96.90
1.50 3.60 3.24 1.40 0.14 0.43 97.40
1.59 3.74 3.68 1.37 0.16 0.43 98.25
1.63 3.69 3.52 1.41 0.16 0.43 98.29
0.72 2.53 3.42 1.64 0.17 0.53 96.01
0.36 2.06 3.71 1.93 0.10 0.66 95.49
0.43 2.31 3.81 1.77 0.14 0.55 98.24
0.25 1.75 3.30 1.95 0.08 0.72 96.46
0.24 1.73 3.11 1.79 0.02 0.66 96.08
0.12 1.24 2.59 2.20 0.05 0.76 1.24 95.24
0.33 1.77 2.60 1.71 0.05 0.76 1.20 96.14
0.14 0.98 2.44 2.19 0.04 0.84 1.11 95.69
0.13 0.89 3.09 2.49 0.05 0.81 96.81

RF results due to the high beam current; cMelt inclusions; dWithout



Table 2
Chlorine and trace elements concentrations of arc-type glasses from the eastern Manus Basin (lg/g)

Operation Sample No. Cua Nb Ba Ta Pb Th U Rea Aua Cl (wt%)

MD6 107162 17.2 2.30 464 0.15 7.19 1.65 1.07 1.12 1.59 0.84
MD6 16.8 2.15 470 0.13 6.76 1.56 1.03 1.08 1.43
MD6 16.5 2.22 461 0.15 6.93 1.57 1.04 1.04 1.38
MD39 118497 17.9 2.09 476 0.13 7.90 1.60 1.07 1.06 1.23 0.76
MD39 33.9 2.12 473 0.13 7.56 1.61 1.04 1.08 0.89
MD39 23.5 2.04 455 0.13 7.20 1.46 0.96 1.09 1.06
87DR 118866 16.0 2.20 418 0.13 6.53 1.46 0.95 2.78 3.70 0.76
87DR 17.2 2.26 441 0.14 6.65 1.49 0.97 41.0 73.5
87DR 18.3 2.35 437 0.14 6.77 1.50 0.99 0.91 3.81
MD28 118349 19.8 1.64 318 0.10 5.36 1.04 0.66 1.42 1.34 0.42
MD28 20.0 1.71 325 0.11 5.56 1.08 0.66 1.38 1.42
MD28 18.9 1.64 327 0.10 5.39 1.07 0.67 1.45 1.30
MD65 132496 19.3 1.58 319 0.09 5.44 1.06 0.65 1.07 0.80 0.43
MD65 18.2 1.64 320 0.09 5.37 1.07 0.66 1.19 1.08
MD65 19.2 1.66 316 0.10 5.38 1.05 0.66 1.17 0.87
MD114 134306 28.1 1.73 322 0.11 5.41 1.04 0.65 1.54 3.41 0.45
MD114 43.4 1.71 319 0.10 5.30 1.02 0.66 1.70 3.09
MD114 30.3 1.72 328 0.11 5.39 1.05 0.68 1.49 3.44
MD36 118483 28.9 1.42 273 0.09 4.56 0.85 0.54 1.99 2.36 0.49
MD36 24.4 1.51 310 0.10 5.24 0.96 0.64 1.73 1.32
MD36 27.0 1.41 268 0.08 4.42 0.83 0.53 1.87 2.37
MD53A 132273 30.7 1.23 251 0.09 4.13 0.73 0.48 3.06 4.22 0.39
MD53A 32.1 1.40 274 0.09 4.47 0.82 0.51 1.61 4.37
MD53A 28.2 1.36 266 0.08 4.51 0.81 0.51 1.74 2.13
MD53B 132253 34.6 0.98 208 0.07 3.56 0.61 0.39 2.66 1.22 0.31
MD53B 50.2 1.14 224 0.07 4.30 0.70 0.44 2.99 1.51
MD53B 33.8 1.10 228 0.08 3.93 0.70 0.44 3.18 1.27
MD7 107243 264 0.96 196 0.07 3.26 0.55 0.36 2.34 7.00 0.30
MD7 234 0.89 186 0.06 3.10 0.54 0.34 2.25 7.84
86DR 118856 201 0.75 169 0.05 2.93 0.49 0.31 1.26 7.24 0.30
86DR 199 0.76 175 0.04 3.03 0.51 0.31 1.14 7.70
86DR 189 0.80 178 0.05 3.06 0.51 0.35 1.24 7.61
100DR 118935 84.1 0.69 172 0.04 2.80 0.44 0.30 1.11 3.49 0.23
100DR 82.9 0.67 179 0.04 2.97 0.47 0.31 1.12 3.53
100DR 76.7 0.73 175 0.04 2.85 0.43 0.28 1.08 3.31
MD101A 134043A 117 0.26 79.5 0.02 1.63 0.20 0.12 0.83 5.54 0.09
MD101A 92.5 0.22 66.1 0.01 1.34 0.15 0.11 0.76 4.59
MD101A 116 0.29 77.7 0.01 1.54 0.19 0.12 0.61 4.06
MD101B 134043B 135 0.43 121 0.03 2.58 0.27 0.19 0.83 6.06 0.11
MD101B 117 0.40 108 0.02 2.17 0.26 0.17 0.66 4.49
MD101B 113 0.38 107 0.03 2.15 0.24 0.16 0.75 5.06
MD3 107094 101 0.33 79.0 0.02 1.35 0.16 0.10 0.70 3.84 0.11
MD3 103 0.32 79.4 0.02 1.41 0.15 0.10 0.78 4.34
MD3 104 0.33 80.9 0.02 1.42 0.16 0.10 11.8 31.3

Note. aCu, Re and Au were determined using larger spots size and faster repetation rates, the average values were published in (Sun et al.,
2003b, 2004a,b), oxide interferences on Re and Au were corrected (Sun et al., 2003a, 2004a).
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in composition (Webster et al., 1999; Webster, 2004), imply-
ing the eastern Manus Basin magmas probably evolved at
different pressures or Cl is far below saturation.

log(A)–log (B) diagrams are useful to compare the
compatibility of two elements, A and B (Jochum et al.,
1993; Jochum and Hofmann, 1997; Hofmann, 2003). For
highly incompatible elements like Nb and U, the slope
can be taken as the ratio between the partition coefficients
of A and B. The results show that Cl is �5% less incompat-
ible than U and Th, and is �1.5% and�2% more incompat-
ible than Nb and K, respectively, (Figs. 2–4) during the
evolution of eastern Manus Basin magmas. In this respect,
our results are consistent with experiments at relatively low
pressures, which suggests that Cl is highly soluble in basal-
tic melts with relatively low H2O contents (<3–4 wt%)
(Webster et al., 1999).

Previous studies also suggest that Cl has the same
incompatibility as K in MORB and OIB, based on the
roughly constant Cl/K2O values of �0.04 for uncontami-
nated MORB and OIB magmas (Lassiter et al., 2002). In
fact, the behavior of Cl is often masked by other effects.
For example, samples contaminated by seawater and crust
assimilation usually have varied and usually high Cl/K
(Michael and Cornell, 1998; Lassiter et al., 2002), whereas
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different mantle sources may also have different Cl/K
(Stroncik and Haase, 2004). Given all these and that the
arc-type magmas from the eastern Manus Basin are vola-
tile-enriched compared with MORB, the similar compati-
bility of Cl in MORB and the eastern Manus Basin
glasses seemingly indicates the compatibility of Cl might
not change within the range of volatile contents exemplified
by these magma types. It is worth noting the majority of
MORB are saturated at eruption depths with a CO2-domi-
nated volatile phase (Saal et al., 2002). All eastern Manus
Basin glasses are vesicular to varying extents, and were also
volatile saturated at eruption depths with a volatile phase.
We conclude that Cl was not highly volatile either before
or during their eruption at sea floor depths ranging from
1640 to 2000 m.
4. VOLATILITY AND THE EFFECTS OF FLUIDS ON

CHLORINE

The volatility of Cl depends on pressure, its chemical
form, and H2O content of the magmas. For example,
HCl is highly volatile and is an important, highly reactive
component in volcanic gases (Lowenstern, 1994; Symonds
et al., 1994). In general, Cl is mainly present as NaCl and
KCl in magmatic fluids, both of which are involatile as indi-
cated by considerably lower Cl concentrations in vapor
phases compared with those of coexisting brines (Cline
and Bodnar, 1991), particularly at low pressures (Webster
et al., 1999). For volcanic glasses, it is believed that Cl is
essentially not volatile at water depths >400 m (Stroncik
and Haase, 2004). These characteristics can explain the lim-
ited Cl loss and good correlations between Cl and non-vol-
atile elements in Manus Basin arc-type magmas.

Experiments however, show that although Cl is usually
incompatible with respect to crystallizing minerals, it can
be partitioned into supercritical, magmatic hydrous fluids
(and potentially associated brine-vapor pairs). Modeling
suggests that once the magma is H2O-saturated, a consider-
able amount of Cl can be extracted into hydrous fluids
(Cline and Bodnar, 1991), depending on pressure etc. The
extent of Cl losses to a fluid depends heavily on the pres-
sure, the degree of magma fractionation, and initial H2O
content (Cline and Bodnar, 1991). In the eastern Manus
Basin, chlorides and, sulphides of ore-forming metals such
as copper, zinc, and iron in CO2-rich gaseous bubbles both
in melt inclusions trapped in the phenocrysts of the volcanic
rocks, and in the matrix glass have been reported (Yang
and Scott, 1996; Kamenetsky et al., 2001, 2002), indicating
that Cl is indeed dissolved in hydrous fluids.

To understand the detailed behavior of fluids and Cl in
the eastern Manus Basin glasses specially and in arc mag-
mas generally, we modeled the Cl contents in magmas dur-
ing fractional crystallization at different pressures and
initial H2O contents (Fig. 5), using equations for H2O sol-
ubility in magmas and Cl partition coefficients between
magmas and fluids from the literature (Burnham, 1975;
Shinohara et al., 1989; Cline and Bodnar, 1991). The results
are compatible with previous modeling results on the salin-
ity of aqueous fluids: higher pressures favor more Cl in any
exsolved fluid, and higher pressures delay H2O saturation
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fractional crystallization was estimated using the Nb concentra-
tions, assuming the most mafic sample represents the parental
magma, and a partition coefficient for Nb = 0.01.
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during crystallization (Cline and Bodnar, 1991; Bodnar,
1992). At the early stage of magma evolution, the Cl con-
centrations increase with fractional crystallization at all
pressures and H2O contents (Fig. 5). As fractional crystal-
lization progresses, Cl concentrations in magmas become
very sensitive to pressure and initial H2O contents. For a
magma with initial H2O contents of 4.0 wt%, the critical
pressure is �0.1 GPa (Fig. 5A). At pressures <0.1 GPa,
aqueous fluids exsolve from the magmas early, and Cl con-
centrations in melt continuously increase during magmatic
evolution. At further lower pressures (e.g., 0.05 GPa), Cl
concentrations increase rapidly at large degrees of fraction-
al crystallization (>80%). In contrast, at moderately higher
pressures (�0.2 GPa), aqueous fluid segregation occurs at
progressively higher percentages of fractional crystalliza-
tion. In this case, the Cl concentrations in magmas decrease
once fluids appear, and within this pressure range the high-
er the pressure, the more rapidly the Cl content in the mag-
ma decreases (Fig. 5). When the pressure is high enough
(e.g., 0.3 GPa for an initial H2O content of �1.7 wt% or
less), no fluids exsolve from the magmas during evolution,
and thus Cl mainly stays in melt again (Fig. 5). This is cer-
tainly not the case for the eastern Manus Basin, where
abundant fluid inclusions have been observed (Kamenetsky
et al., 2001, 2002).

The Manus samples are also plotted in Fig. 5, where the
degree of fractional crystallization was estimated using the
Nb concentrations and assuming the most mafic sample rep-
resents a primitive magma. Given the most mafic sample is
probably parental rather than primitive, the degree of frac-
tional crystallization is probably underestimated. Nonethe-
less, this will not change the overall evolution trend of Cl.

The evolution trend of arc-type glasses from the eastern
Manus Basin is similar to relatively low pressure processes
(Fig. 5). For an initial H2O content of 4.0 wt% (Fig. 5A),
the pressure of fractional crystallization should be as low
as 0.02 GPa, whereas for an initial H2O content of
1.7 wt%, the pressure should be �0.05 GPa (Fig. 5B). Even
for a lower initial H2O content of 0.8 wt%, the required
maximum pressure is still <0.1 GPa (Fig. 5C). The water
contents of eastern Manus samples range from 1.11 to
1.67 wt% (Table 1), such that the pressure should be slightly
higher than 0.05 GPa, but lower than 0.1 GPa (Fig. 5B).
Eruption water depths in the eastern Manus Basin range
from 1640 to 2000 m, corresponding to pressures of
�0.02 GPa. Therefore the magma chamber of the eastern
Manus Basin samples is likely located a depth of �2 km be-
neath the sea floor.

In summary, the behavior of Cl is strongly dependent on
the pressure, the fractionation and the initial H2O content
of the magmas (Fig. 5). At the early stage of magmatic evo-
lution, (e.g, for basaltic rocks), Cl stays in the melt under
essentially all pressures for magmas with initial H2O con-
tents <4.0 wt% (Fig. 5). Given the H2O contents of MORB
(Saal et al., 2002) and OIB (Hauri, 2002) are usually much
lower than arc volcanic glasses (e.g., <0.8 wt%) (Sobolev
and Chaussidon, 1996), and that MORB and OIB are usu-
ally not as evolved as arc rocks, the observed highly incom-
patible character of Cl in MORB (Schilling et al., 1980) and
OIB (Lassiter et al., 2002) is likely to be a general phenom-
enon. In contrast, arc rocks are usually more evolved and
have high H2O contents (Sobolev and Chaussidon, 1996),
therefore the behavior of Cl should vary greatly. In partic-
ular, Cl should behave significantly different in intrusive
rocks (formed at relatively high pressures) compared with
volcanic rocks (Cline and Bodnar, 1991). This should have
a strong influence on the behavior of Cl as well as the fluids,
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and is important for understanding the different mecha-
nisms of ore genesis, e.g., the formation of Cu–Au ore
deposits (Cline and Bodnar, 1991), in the two systems.

5. ADDITION OF CHLORINE TO ARC MAGMAS

FROM SUBDUCTION-RELEASED FLUIDS

The Cl concentrations in magmas from back-arc basins
are likely to be influenced by many different factors (Kent
et al., 2002). Partitioning of Cl into aqueous fluids and va-
por phase aside, the concentration of Cl within the mantle
source, addition of Cl from subduction-released fluids, and
shallow assimilation of the Cl-enriched materials during
magma transportation as well as magma evolution are all
believed to be important for understanding Cl in magmas
from back-arc basins (Kent et al., 2002). Plots of Cl/K2O
and Cl/TiO2 versus Ba/Nb have been successfully used to
identify the contributions from seawater contamination
and slab-derived fluids (Kent et al., 2002). These plots how-
ever, were not designed to quantify the contributions of
these two components. First, K is one of the most mobile
elements, similar to Rb and Ba (Pearce and Peate, 1995).
It is estimated that 90–95% of the K in the oceanic crust
is lost during dehydration (Becker et al., 2000). Moreover,
the mobility of K is different from that of Cl because the
former is mainly controlled by phengite stability (particu-
larly at high pressures), which is subductable to depths of
70–300 km depending on the geotherm (Schmidt and Poli,
1998). In contrast, Cl is likely to be hosted mainly by Cl-
rich minerals such as amphibole (Xiao et al., 2005), which
is eliminated earlier than phengite during subduction
(Xiong et al., 2005). In addition, a considerable amount
of Cl may be recycled into the mantle as fluid inclusions
in stable minerals. Therefore Cl/K2O value is not a good
quantitative proxy for the mobility of Cl. In the case of
Cl/TiO2, because Cl behaves similarly to Nb, which is con-
siderably more incompatible than Ti (Sun and McDon-
ough, 1989), Cl/TiO2 changes during magmatic evolution
and thus is not the best proxy for quantifying the contribu-
tion of Cl from subduction-released fluids. The different
incompatibility of Cl and TiO2 is probably a reason for
the distinctively higher Cl/TiO2 in the lower MgO samples
(evolved) from central lau spreading center (CLSC) (Kent
et al., 2002).

The mobility of Cl during subduction could be better
tested using Cl/Nb values because Nb is one of the most
conservative elements during subduction (McCulloch and
Gamble, 1991; Pearce and Peate, 1995). Given the similar
incompatibility of Cl and Nb and the constancy of the
Cl/Nb of the glasses, this ratio should be characteristic of
the source(s) of the magmas. For these reasons, the
Cl/K2O and Cl/TiO2 versus Ba/Nb diagrams have been re-
fined using plots of Cl/Nb versus Ba/Nb and U/Nb (Fig. 6).

To a first approximation, the arc-type samples show
kind of ‘‘correlations’’ between Cl/Nb and Ba/Nb or
U/Nb similar to those in Cl/K2O and Cl/TiO2 versus Ba/
Nb diagrams (Kent et al., 2002). In detail however, there
seem to be three trends in the Cl/Nb versus Ba/Nb diagram:
the best one is defined by glasses from the eastern Manus
Basin and Valu Fa (K) ridges (Fig. 6), whereas the west
and east seamounts in the vicinity of the Valu Fa are offset.
These three ‘‘trends’’ are likely due to different Cl/Nb in the
parental magmas, which can be explained by three end-
member mixing: the depleted mantle (plotting towards the
bottom left hand corner of Fig. 6 A), a Cl-, Ba-, U-enriched
component (top right) and a Cl-rich, Ba-, U-poor compo-
nent (top left). The Cl/Nb, Ba/Nb and U/Nb values de-
crease from east seamount of the Valu Fa Ridge to Lau
Spreading samples, indicating an increasing contributions
from the Cl-, Ba-, U-enriched component towards the sub-
duction zone (Fig. 6). Melt inclusions from the east and
west seamounts (Kamenetsky et al., 1997) also point rough-
ly to the same end-member with high Cl/Nb, Ba/Nb, and
U/Nb. The most likely candidate for such a Cl-, Ba-,
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U-enriched component is subduction-released fluid (Kent
et al., 2002).

The average Cl/Nb for eastern Manus Basin samples is
3200, which is considerably higher than primitive mantle
(�26) (McDonough and Sun, 1995). Because Cl and Nb
have similar incompatibilities, the Cl/Nb of the depleted
mantle should be close to 26 if there was no other process
that fractionated Cl from Nb. Assuming all additional Cl
in arc magmas comes from the slab, then 99% of the Cl
in eastern Manus Basin arc-type glasses is from subduc-
tion-released fluids. Such an assumption is not likely to
be realistic because some Cl might also come from sources
in the back arc basin crust via assimilation of seawater-de-
rived Cl-rich material (Kent et al., 2002). This is supported
by the fact that Cl/Nb varies significantly at the left side of
Fig. 6 and, that most of the ‘‘correlation lines’’ in Cl/Nb
versus Ba/Nb or U/Nb do not go through the primitive
mantle (PM) (Valu E, Fig. 6).

As for the source of this Cl-rich, Ba-, U-poor compo-
nent, the most likely candidates are brine-impregnated
back-arc basin crust and seawater (Lassiter et al., 2002).
The Cl/Nb varies substantially, with larger variations for
the CLSC glasses (from �100 to more than 1000)
(Fig. 6), indicating a considerable amount of Cl in the
CLSC and probably also in the ELSC was derived from a
Cl-rich, Ba-, U-poor component. This is consistent with
previous results: highly varied Cl/K2O and Cl/TiO2 coupled
with MORB-like Ba/Nb for glasses from the ELSC and
CLSC (Kent et al., 2002). These have been interpreted to re-
flect assimilations of oceanic crust or seawater based on the
minimal slab input (as indicated by low Ba/Nb) and varied
Cl and Cl/Nb ratios for these samples (Kent et al., 2002),
comparable to those observed in MORB and OIB (Michael
and Schilling, 1989; Kent et al., 1999a,b; Lassiter et al.,
2002). Oceanic crusts are usually enriched in U through sea-
water hydrothermal alteration (Hart and Staudigel, 1982).
In the Cl/Nb versus U/Nb diagram (Fig. 6B), most of the
samples fall roughly in a line, with the exception of two
samples from the CLSC and glasses from the Mangatolu
Triple Junction (MTJ), suggesting that either the assimilat-
ed crust has low U, or seawater was the main process that
resulted in the varied Cl/Nb. The two CLSC samples have
considerably higher U/Nb compared to other CLSC glasses
with similar Ba, implying that these samples might have
gained U through seawater alteration or other processes.
MTJ glasses fall close to the primitive mantle and OIB in
Cl/Nb versus Ba/Nb, U/Nb diagrams (Fig. 6), indicating
less effect from crustal assimilation and subduction-derived
fluids. Dehydration of serpentinized mantle peridotite is
potentially a major source of aqueous fluids in subducting
slabs (Straub and Layne, 2003). Experiments show howev-
er, that fluids released from serpentinite breakdown usually
contain high Ba (Tenthorey and Hermann, 2004), and
therefore serpentinite-derived fluids seems unlikely as a
source of the Cl-rich, Ba-, U-poor component.

Base on above discussions, we can return to the issue of
how much Cl in the Manus glasses is derived from the pres-
ently subducting slab. Given the average Cl/Nb of the
CLSC and ELSC is about 400 and assuming this represents
the effect of the Cl-rich, Ba-, U-poor component (likely to
be seawater derived as previously suggested (Kent et al.,
2002)), then �80% of the Cl in the Manus glasses could
be derived directly from subduction-released fluids.

6. CONCLUSIONS

Chlorine is well correlated with highly incompatible ele-
ments, suggesting that there was minimal Cl loss during mag-
matic evolution and eruption of the quenched glasses in the
eastern Manus Basin. The good correlations also indicate
that Cl was highly incompatible during arc magma evolution,
and that there was no obvious seawater contamination. The
partition coefficient of Cl in eastern Manus Basin arc-type
magmas is close to but slightly lower than that of Nb and
K2O, similar to that in mid-ocean ridge basalts (MORB)
and ocean island basalts (OIB) (Lassiter et al., 2002). Calcu-
lation shows the behavior of Cl is strongly dependent on pres-
sure, the initial H2O content, and the extent of fractional
crystallization of the magmas. The observed highly incom-
patible feature of Cl is consistent with shallow magma cham-
bers and relatively low initial H2O contents.

The Cl/Nb values of the glasses should be roughly con-
stant during magma evolution because of the similar com-
patibilities of Cl and Nb, and thus represent the source
character of the magmas.

Glasses from the eastern Manus Basin together with arc-
type glasses from the Valu Fa Ridge (Kent et al., 2002)
show roughly positive ‘‘correlations’’ between Cl/Nb and
Ba/Nb, U/Nb, indicative of increasing contributions from
a Cl-, Ba-, U-enriched component towards the subduction
zone. The most likely candidate for such a component is
subduction-released fluid. It is estimated that �80% or
more of the Cl in eastern Manus arc type magmas were de-
rived from subduction-released fluids.
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