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Abstract—We report new stepped heating He, Ar, CO2 and water data on a petrogenetically diverse suite of
lavas from the Manus back-arc basin, where a plume component has previously been identified. The aim of
this study is to evaluate the superimposed effects of degassing and contamination in order to identify mantle
source characteristics. CO2 abundances and carbon isotopes in both the vesicle ([CO2] up to 180ppm;�13C
as low as –33.6 ‰) and glass ([CO2] up to 270ppm;�13C as low as –34.3 ‰) phases reveal that samples have
been modified by varying degrees of degassing. High water concentration samples (back-arc basin basalts
(BABB) and arc type samples) show the highest degrees of degassing (i.e. lower�13C values and lower CO2
contents). The results are modelled for both the glass and vesicle phases using batch and fractional degassing
models. Parental melt compositions can be constrained to show the following CO2 concentration trend:
arc-type� BABB s.r. (southern rift)� MORB-2, E-MORB, X-BABB (extreme BABB), BABB� MORB-1
and MORB-smt.4He/40Ar* ratios of samples (14.6–1100) are consistent with residual volatiles from a
degassed source. Variations in CO2/

3He values are likely due to degassing, followed by contamination from
a crustal source (either the subducting Solomon Sea Plate or the pre-existing crust through which the lavas
erupt), as evidenced by high K2O/TiO2 ratios and low�13C. The CO2/

3He of the Manus plume is best
estimated by the MORB-smt and MORB-1 samples at 3.1� 0.6 � 109. This value is similar to previous
estimates of plume CO2/

3He values, which are either equal to or slightly greater than the upper mantle average
9
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INTRODUCTION

Volatiles trapped in rapidly quenched submarine lavas a
geochemical interest for two reasons. First, they provide
sights into the characteristics of the mantle source regio
cluding its interaction history with other geochemical re
voirs through time. Second, they reveal evidence of phy
(e.g., degassing) and chemical (e.g., crustal interaction)
cesses affecting mantle-derived melts before emplaceme
the sea floor. It is imperative that such secondary physica
chemical effects be recognised and accounted for to make pr
with the first aim, i.e., detailing mantle source characteris

With regard to the potentially complicating effects of deg
sing, the major barrier to be overcome is understanding
mechanism by which degassing occurs, and what effect
on the relative abundances of volatiles (CO2, H2O, He, Ar) and
their isotope systematics. Fortunately, there are two param
that are particularly sensitive to the degassing process. Fir
4He/40Ar* ratio (where the40Ar* is the 40Ar corrected for ai
additions using the40Ar/36Ar ratio and assuming that all36Ar
is air-derived) is useful because the solubility constants fo
and Ar in basalts differ by approximately one order of ma
tude (Jambon et al., 1986): therefore, any degree of degass
will alter the4He/40Ar* from its initial mantle production valu
(�2–5.5; Allègre et al., 1986/87; Matsuda and Marty, 19
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Ozima and Podosek, 2002) to higher values in the res
phase. Second, experimental studies on carbon isotope fra
ation in basalts show that there is a 1.8–4.5 ‰ enrichme
�13C in the vapour phase (Javoy et al., 1978; Mattey, 1991). If
the gas is lost as degassing proceeds (fractional equilibriu
open-style, degassing), then lower�13C values (enriched
light C) will be produced in the residual phase.

Another difficulty in identifying mantle source characte
tics is contamination of magmas en route to the surface.
a process is usually marked by addition of extraneous vola
so degassed samples are particularly prone to modific
Sources of extraneous volatiles include 1) the atmosp
ocean, 2) the crust or 3) sediments: all can mask true m
source characteristics. Noble gases can be used to rec
such processes. Helium isotopes are sensitive indicators o
air contamination (3He/4He � 1RA; where RA is the3He/4He
ratio of air� 1.4� 10-6) and crustal contamination (where
crust has a3He/4He � 0.05 RA). The 3He/4He ratio of sedi
ments can be variable, but is likely to be low (0.05–1A;
Podosek et al., 1980). Argon isotopes are also useful in
tifying samples which have experienced air contamina
(40Ar/36Ar � 296) versus samples showing mantle signat
(40Ar/36Ar up to 40 000; Burnard et al., 1997).

Taken together, therefore, there are numerous means to
tify (and correct for) the processes that may disrupt the intr
volatile systematics of mantle-derived samples as they
transferred to the surface. In this study, we consider the vo
characteristics of a diverse suite of lavas from the Ma
back-arc basin (Bismarck Sea). These lavas span a broad
positional range and have plume, MORB, and arc type

chemical affinities (seeMacpherson et al., 1998; Macpherson et
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al., 2000; Sinton et al., 2002 for details). Our aim is to make a
quantitative assessment of the combined effects of degassing
and contamination. Only with this approach can we hope to
reveal details of the true geochemical characteristics of the
various mantle sources contributing to the Manus Basin lavas.

2. Geological Setting

The Manus back-arc basin is a volcanically active exten-
sional region located behind the New Britain arc in the Bis-
marck Sea (Fig. 1). Fresh volcanic glass (�130 000 yr; Sinton
et al., 2002) was obtained from the Manus Spreading Centre
(MSC), the east-striking Extensional Transform Zone (ETZ), a
seamount and two rift zones - the Southern Rift and the East
Manus Rift. All glasses have been analysed previously for
major, minor, and trace elements (Sinton et al., 2002), classi-
fying the lavas into various petrogenetic rock types: MORB-1,

Fig. 1. a) Regional map of the Manus Basin showing t
Spreading Centre, ETZ-Extensional Transform Zone, SR-
the Manus Basin showing the sample types and location
subsequent diagrams a distinction will be made between
circles). Similarly the BABB samples are all shown as i
(BABB s.r.) will be distinguished from the other BABB
modified from Macpherson et al., 1998.
MORB-smt, MORB-2, E-MORB, arc type basalt, back-arc
basin basalt (BABB), and Extreme BABB (XBABB). The
MORB-type lavas are similar to normal MORB (N-MORB),
although slightly more depleted in high field strength elements
(HFSE), and slightly more enriched in fluid mobile elements.
The MORB type lavas are subdivided into types 1 and 2, where
the MORB-2 lavas are more differentiated and derived from
parental melts slightly enriched in large ion lithophile elements
(LILE) and H2O relative to the MORB-1 lavas. The MORB-
smt sample is a MORB-1 sample from a seamount and the
E-MORB sample is moderately enriched in all trace elements
including HFSE relative to N-MORB. The BABB samples
have higher LILE, SiO2, Al2O3, P2O5 and H2O, and lower FeO,
TiO2, CaO and S than the MORB samples. The XBABB
samples have more extreme enrichments in LILE and deple-
tions in HFSE. The arc-type lavas have the highest concentra-
tions of LILE and H2O (see discussions in Macpherson et al.,
1998 and Sinton et al., 2002). Apart from the XBABB and the
arc types, samples are tholeiitic. Sample locations and eruption

ogic setting and the main tectonic features: MSC-Manus
rn Rifts, and EMR-East Manus Rifts. b) Detailed map of
seamount sample is plotted as a MORB-1, however in

B-smt (filled triangle) and the MORB-1 samples (filled
triangles, however the BABBs from the Southern Rifts
an open triangle symbol (see legend in Fig. 2). Figure
he geol
Southe
s. The
MOR
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1839CO2-HE-Ar-H2O systematics of the Manus back-arc basin
depths are given in Figure 1 and Table 1 (also in Sinton et al.,
2002).

Previous volatile studies on the present sample suite include:
helium isotopes (Macpherson et al., 1998), oxygen isotopes
(Macpherson et al., 2000) and neon isotopes (Shaw et al.,
2001). Helium isotope studies identified a plume component
(mean 3He/4He �12RA) in the MORB-like lavas, and in the
LREE- and LILE-enriched BABB lavas. This observation
showed that slab-derived fluids did not have a significant effect
on the 3He/4He ratios. Two potential focus regions of plume
upwelling were postulated: the centre of the Manus Basin
(along the MSC and the ETZ), and the St. Andrew Strait to the
northwest (Fig. 1). The occurrence of anomalously low seismic
velocities in the D” layer at the core-mantle boundary beneath
the Manus Basin (van der Hilst et al., 1997) led to the sugges-
tion that the origin of the high 3He/4He ratios could be related
to this boundary. Two scenarios were explored: either a) a
thermal perturbation at this boundary could drive lower mantle
(high 3He/4He) material to the surface, or b) the outer core itself
could be the source of high 3He/4He ratios, and this material
could have been entrained during upwelling of silicate material
from the D” layer. Based on plate reconstruction models,

Table 1. Sample details: ty

Sample Typea Siteb

MORB-1
32-5 B ETZ
33-3 B ETZ
36-2 B MSC
38-3 B MSC
39-1 B MSC

MORB seamount
23-2 B Smt

E-MORB
31-1 B ETZ

MORB-2
41-1 D MSC
42-1 B MSC
43-1 B MSC
44-1 B MSC
45-1 B MSC
45-3 A MSC
46-2 B MSC
47-1 B MSC

BABB
28-1 B ETZ
31-8 B ETZ
34-1 B ETZ
40-6 B MSC
41-3 BA MSC
19-12 BA SR
21-2 B SR

XBABB
24-9 A MSC
36-4 BA MSC

Arc type
14-5 A EMR
14-9 BA EMR
16-14 BA EMR
17-1 D EMR

a B-basalt, BA-basaltic andesite, A-andesite, D-dacite
b ETZ-Extensional Transform Zone, MSC-Manus Spreading Centre
c Start and finish depth of dredge
Macpherson and Hall (2001) postulate that the Manus plume is
a long-lived feature that may be related to the occurrence of
Eocene boninites in the Izu-Bonin-Mariana forearc.

Oxygen isotopes for the same samples (Macpherson et al.,
2000) have low �18O values (5.3–5.8‰) which were attributed to
either a recycled altered oceanic crustal component and/or admix-
ture with a component residing at or within the D” layer. During
high temperature hydrothermal alteration of oceanic crust the
intermediate sections of the crust (2–5 km below the sea floor)
acquire low �18O values (McCulloch et al., 1980; Muehlenbachs,
1986 and references therein). A low �18O component from altered
oceanic crust could have become incorporated into the upwelling
Manus plume from either a) the actively subducting Solomon Sea
Plate, or b) an ancient slab which subducted to deep mantle levels,
potentially as far as the core-mantle boundary (into the D” layer).
Alternatively, reactions between the silicate mantle and the core
could have produced the anomalously low �18O values. This 18O
depleted material residing at the D” layer could have been en-
trained by the upwelling Manus plume (see Macpherson et al.,
2000).

Neon isotope studies (Shaw et al., 2001) on these samples
revealed anomalously nucleogenic Ne in the MORB-1 lavas,
and therefore an apparent decoupling from the He isotope

ation, and eruption depth.

Lat. (S) Long. (E) Depthc (m)

3°25.2� 149°00.9� 2300–2420
3°31.7� 149°28.7� 2090–2115
3°26.8� 149°57.8� 2155–2165
3°19.9� 150°04.9� 2200–2225
3°17.4� 150°07.7� 2285–2370

3°52.4� 149°58.0� 1390–1865

3°30.1� 149°15.5� 2075–2245

3°12.0� 150°12.5� 2375–2400
3°09.6� 150°17.1� 2480–2490
3°08.0� 150°19.3� 2510–2545
3°05.2� 150°23.7� 2600–2630
3°03.9� 150°27.3� 2570–2670
3°03.9� 150°27.3� 2570–2670
3°02.0� 150°30.4� 2510–2560
3°04.6� 150°33.8 2525–2580

3°39.4� 149°40.4� 2370–2440
3°30.1� 149°15.5� 2075–2245
3°36.4� 149°43.9� 2445–2510
3°14.9� 150°07.7� 2300–2310
3°12.0� 150°12.5� 2375–2400
3°45.1� 151°09.5� 2625–2635
3°50.4� 150°30.1� 2400–2465

3°32.7� 149°51.4� 2155–2185
3°26.8� 149°57.8� 2155–2165

3°42.9� 152°10.4� 1755–1950
3°42.9� 152°10.4� 1755–1950
3°42.1� 151°52.4� 1980–2065
3°44.4� 151°38.8� 1685–1860

eamount, SR-Southern Rifts, EMR-East Manus Rift
pe, loc
systematics. This He-Ne fractionation was interpreted as either
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being due to a previous degassing event, followed by in-growth
of nucleogenic Ne, or an inherited feature associated with
Earth’s accretion.

3. Analytical Procedures

A total of 28 samples were analysed for CO2, �13C, and H2O. A
subset of these samples (19) was selected for noble gas analyses.
Pristine glass samples, 1–7 mm in diameter, free of phenocrysts and
surface alteration, were selected using a binocular microscope. An
effort was made to use a small number of large grains to minimise the
surface area to volume ratio, thereby diminishing the possibility that
larger vesicles are broken. The glasses were all precleaned ultrasoni-
cally in a 50:50 acetone-methanol mixture and weighed to � 0.05 mg.

The 3He/4He ratios of all 28 samples were determined by crushing in
vacuo on a simultaneous collection He-isotope mass spectrometer –
results can be found in (Macpherson et al., 1998, 2000). In this study
we report He, and Ar abundances, as well as Ar isotope measurements.
Analyses were carried out on a modified VG5400 mass spectrometer
(Craig et al., 1993) using stepped heating as the extraction method.
Approximately 300 mg of volcanic glass chips were wrapped in alu-
minum foil and loaded onto a sample sled and preheated under ultra
high vacuum (to 150°C) for several days before analysis. Volatiles
were extracted at 3 temperature steps: 600°C, 800°C, and 1200°C, each
for 30 min duration. Volatiles released during the 600°C steps were not
collected as they likely contain adsorbed atmospheric components
(Marty and Zimmermann, 1999). Although the potential exists for loss
of magmatic He at this temperature (Ar is not as susceptible to such
losses since its diffusion coefficient is significantly lower than for He),
we think that our results have not been compromised significantly.
First, diffusional He losses would only affect gas in the glass phase and
since a significant fraction of He resides in the vesicle phase (Carroll
and Draper, 1994), total magmatic He losses should be relatively low.
Second, based on He diffusion studies (DHe � 3 � 10-7 cm2/s at 600°C
- see Trull and Kurz, 1999 and references therein), we calculate that He
could have been lost from the outermost 0.2 mm of the glass only (for
the 30 min duration of heating). While this may affect He abundances
in small grains, in most cases we selected large glass chips for our
experiments: consequently He losses should be minimal. The gas yields
at the 800°C and 1200°C release steps taken together are considered to
represent magmatic components; however, given the potential for some
He loss by diffusion during this work, He abundances in the following
sections should be taken to represent minimum estimates.

CO2 and H2O were extracted from �100 mg of glass chips on an
all-glass vacuum extraction line following the procedure described in
Macpherson et al. (1999). CO2 and H2O were collected simultaneously
at 400°C and at 100°C intervals between 600°C and 1200°C. The
samples were combusted in oxygen at the 400°C and 600°C steps to
remove any surficial contamination that the sample may have acquired
after eruption (Des Marais, 1986). In the case of CO2, these low
temperature steps were discarded since previous studies (e.g., Des
Marais, 1986; Macpherson et al., 1999) have shown that CO2 extracted
from these steps yielded low C isotope ratios (�13C � 	25‰), sug-
gesting C of secondary origin. The higher temperature steps (700°C-
1200°C) were extracted under pyrolysis conditions. CO2 gas was
purified using a variable temperature trap, measured manometrically
and collected at each 100°C interval, thereby allowing for resolution of
vesicle-sited gas and gas dissolved in the glass matrix. In cases where
a single temperature step yielded insufficient gas to make an isotopic
measurement, the gas was combined with the subsequent temperature
step (or steps). The CO2 gas was collected and stored in fused quartz
glass tubes for isotopic analysis. Carbon isotopes were measured on a
VG prism mass spectrometer. All CO2 data have been corrected for a
procedural blank (�0.30 � 10-3 cm3 STP for each temperature step
with a �13C � 	27‰). In most cases, this blank subtraction resulted in a
negligible (�0.5 ‰) change to measured carbon isotope ratios; for a few
low-concentration samples, the correction shifted values by up to 4‰.

Water released at 600°C and above is assumed to represent mag-
matic water and, given the depth of eruption of these samples, most of
this water should be sited in the glass phase rather than the vesicles
(Dixon et al., 1995). The water released at each step up to 1200°C was

collected and pooled together in a pyrex® glass finger. This finger was
torched off after the 1200°C step and stored in a 	4°C freezer (to limit
diffusional losses). The H2O was then reduced over zinc in a muffle
furnace at �500°C to form hydrogen gas (see Vennemann and O’Neil,
1993 and references therein for methodology). H2O abundances were
determined by measuring the beam intensities of the hydrogen gas on
a VG prism mass spectrometer. The beam intensities of samples were
compared with 1) water standards of known amounts, and 2) samples
which had been previously analysed for water contents from the East
Pacific Rise and the Mariana Trough (all prepared in the same way).

RESULTS

4.1. Helium and Argon

New He abundance and Ar abundance and isotope results are
given in Table 2. Total helium abundances (combined gas from
800°C and 1200°C heating steps) are highly variable, ranging
from 4 � 10-9 to 11 700 � 10-9 cm3 STP/g. We note the
following: 1) for the gas-rich samples, in particular, most of the
He was released at the 800°C step, 2) the MORB-1 samples
have relatively high He abundances (3650–11 700 � 10-9 cm3

STP/g), 3) He concentrations in the MORB-2 and BABB
samples are lower (5.53–3590 � 10-9 cm3 STP/g), and 4) the
XBABB and arc-type samples have low He abundances rang-
ing from 3.67–17.1 � 10-9 cm3 STP/g.

Previous studies (Macpherson et al., 1998; Macpherson et
al., 2000) reported He concentration data obtained by crushing
experiments for most of the Manus Basin samples in this work.
We compare the gas released by melting to the concentrations
of He determined by crushing in Figure 2. We note that in most
cases, the He released by melting exceeds that released by
crushing. This is not surprising given the fact that crushing
physically ruptures the glass and releases only the vesicle-sited
volatiles, whereas stepwise heating (up to and including the
1200°C melting step) releases volatiles sited in both the vesicle
and dissolved phases of the glass. Although the volatiles re-
leased at the 800°C temperature step are likely to be domi-
nantly derived from vesicles, there is the possibility that some
He could have diffused from the glass phase at this temperature
(Trull and Kurz, 1999) and been added to the 800°C step. For
this reason, stepwise heating may not adequately separate He
into vesicle and dissolved components. In the following dis-
cussion, therefore, only total magmatic He concentrations
(�800°C � 1200°C release steps) will be considered.

Argon isotope results (Table 2) span a range of 40Ar/36Ar
from atmospheric (296) up to 3070. The MORB-1 and the
MORB-smt samples have the highest 40Ar/36Ar ratios (up to
3070), which are comparable to values observed in other back-
arc basins (Mariana Trough - up to 4480 (Sano et al., 1998) and
the Lau Basin — up to 5860 (Hilton et al., 1993)). The
E-MORB, MORB-2 and BABB samples have lower values and
hence greater degrees of air contamination. The arc type,
BABB s.r and XBABB samples have air-like 40Ar/36Ar values
showing the dominance of atmospheric argon. We note that the
values for all samples are significantly lower than postulated
upper mantle values of �40 000 (Burnard et al., 1997), and
only the highest measured ratio falls in the range postulated for
the lower mantle source (40Ar/36Ar � 3000–6000 (Farley and
Neroda, 1998)).

The 4He/40Ar* ratios are given in Tables 2 and 5 (where
40
Ar* represents the radiogenic Ar component—see Table 2
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footnote) and in all cases but one (sample 41–1, a dacite, which
has a very low He content) samples have higher values in the

Table 2. Helium and argo

Sample (type), weight

3He/4He
R/RA

a Temp (°C)
(10

ST

32-5 (MORB-1), 282.68mg 13.5 � 0.2 800 339
1200 26
Total 365

33-3 (MORB-1), 287.60 mg 12.7 � 0.3 800 526
1200 66
Total 593

36-2 (MORB-1), 308.67mg 11.7 � 0.2 800 854
1200 77.
Total 862

38-3 (MORB-1), 298.81mg 12.7 � 0.2 800 1170
1200 28.
Total 1170

39-1 (MORB-1), 294.95mg 12.7 � 0.2 800 356
1200 95.
Total 366

23-2 (MORB-smt), 306.85mg 15.1 � 0.3 800 222
1200 63
Total 285

31-1 (E-MORB), 311.10mg 10.3 � 0.3 800 90
1200 63.
Total 97

41-1 (MORB-2), 311.70mg 0.8 � 0.8 800 3.4
1200 2.0
Total 5.5

42-1 (MORB-2), 313.30mg 11.4 � 0.3 800 21
1200 7.8
Total 22

44-1 (MORB-2), 287.05mg 12.1 � 0.2 800 357
1200 18.
Total 359

45-3 (MORB-2), 297.68mg 12.7 � 0.2 800 119
1200 110.
Total 130

28-1 (BABB), 285.30mg 12.0 � 0.3 800 201
1200 5.1
Total 202

34-1 (BABB), 283.40mg 12.1 � 0.3 800 113
1200 0.3
Total 114

40-6 (BABB), 305.60mg 11.5 � 0.4 800 23
1200 4.0
Total 24

41-3 (BABB), 308.10mg 11.6 � 0.8 800 44.
1200 0.8
Total 45.

14—5 (arc type), 318.10mg 1.0 � 0.2 800 1.9
1200 1.7
Total 3.6

17—1 (arc type), 308.50mg 0.6 � 0.3 800 3.3
1200 2.8
Total 6.2

19—12 (BABB s.r.), 289.50mg 3 � 2 800 14.
1200 2.4
Total 16.

24—9 (XBABB), 299.45mg 8.7 � 0.4 800 9.
1200 7.5
Total 17.

N.B. all errors are given to 1 � except for the 3He/4He ratios, whic
Hot procedural blanks for He ranged from 1.0 � 10	9 to 3.6 � 10
a From (Macpherson et al., 1998, 2000)
b 40Ar* is radiogenic Ar only, 40Ar* � 40Ar/36Ar 	 296 � 36Ar.
lower (800°C) temperature step. The MORB-1, MORB-smt
and E-MORB samples have total ratios ranging from 14.6 up to
46.2. In general, the MORB-2 and BABB samples show higher

ances and isotopic ratios.

40Ar
(10	9 cm3

STP/g)

40Ar*
(10	9 cm3

STP/g) 40Ar/36Ar 4He/40Ar*b

191.4 � 0.7 123.1 � 0.6 829 � 2 27.6 � 0.3
145.8 � 0.4 127 � 2 2385 � 21 2.06 � 0.03
337.2 � 0.8 250 � 2 14.6 � 0.2
352.5 � 0.5 318 � 3 3070 � 20 16.5 � 0.2
95.4 � 0.9 85 � 2 2680 � 40 7.9 � 0.2
448 � 1 403 � 4 14.7 � 0.2

278.9 � 0.6 186.7 � 0.5 895.1 � 0.9 45.8 � 0.4
85.9 � 0.6 71.5 � 0.8 1760 � 10 1.08 � 0.02

364.8 � 0.8 258.2 � 0.9 33.4 � 0.3
231.2 � 0.6 184.3 � 0.9 1460 � 4 63.3 � 0.3

83.5 � 0.7 69 � 1 1670 � 10 0.409 � 0.007
314.7 � 0.9 253 � 1 46.2 � 0.5
160.0 � 0.3 62.6 � 0.2 486.3 � 0.7 56.9 � 0.5
36.4 � 0.3 25.3 � 0.4 976 � 8 3.77 � 0.06

196.4 � 0.4 88.0 � 0.4 41.6 � 0.4
185.7 � 0.8 45.0 � 0.2 390.6 � 0.3 49.3 � 0.5

146 � 2 113 � 1 1310 � 4 5.58 � 0.08
332 � 1 158 � 1 18.0 � 0.2
63.0 � 0.6 9.57 � 0.09 349.0 � 0.4 95 � 1
48.9 � 0.6 20.1 � 0.3 502 � 3 3.17 � 0.05

111.9 � 0.8 29.7 � 0.3 32.7 � 0.5
5 128 � 2 72 � 1 673 � 4 0.048 � 0.001
3 39.2 � 0.4 25.1 � 0.4 824 � 9 0.081 � 0.002
5 167 � 2 97 � 1 0.057 � 0.001

22.4 � 0.1 — �296 —
8 51 � 1 7.5 � 0.2 347.1 � 0.8 1.05 � 0.02

73 � 1
206.0 � 0.6 93.4 � 0.3 541.6 � 0.7 38.2 � 0.4
43.3 � 0.3 30.0 � 0.3 961 � 6 0.625 � 0.009

249.2 � 0.7 123.3 � 0.5 29.1 � 0.3
161.2 � 0.6 12.25 � 0.05 320.3 � 0.3 96.9 � 0.9
16.4 � 0.3 6.4 � 0.1 483 � 3 17.3 � 0.4

177.7 � 0.7 18.6 � 0.1 69.7 � 0.8
25.3 � 0.2 1.139 � 0.009 310.0 � 0.8 1770 � 10

5 15.4 � 0.1 7.1 � 0.1 550 � 5 0.73 � 0.01
40.7 � 0.2 8.3 � 0.1 244 � 4
48.0 � 0.9 13.4 � 0.1 410 � 10 85 � 1

2 33.9 � 0.3 21.4 � 0.4 806 � 8 0.018 � 0.001
81.8 � 0.5 34.8 � 0.4 32.5 � 0.4

45 � 1 0.165 � 0.005 297.1 � 0.6 1430 � 50
4 6.6 � 0.3 0.053 � 0.003 298 � 2 77 � 4

51 � 1 0.219 � 0.006 1100 � 30
49 � 1 — �296 —

2 6.0 � 0.4 — �296 —
55 � 1 —

3 115 � 2 — �296 —
3 30 � 10 — �296 —
4 150 � 10 —
5 74 � 2 — �296 —
5 12.7 � 0.3 — �296 —
7 87 � 2 —

52 � 1 — �296 —
5 16.1 � 0.4 — �296 —

68 � 1 —
405.8 � 0.6 — �296 —

7 0.5 � 0.1 — �296 —
406.3 � 0.6 —

ported at the 2 � level.
STP and for Ar ranged from 0.3 � 10	9 to 2.0 � 10	9 cm3 STP
n abund

4He
	9 cm3

P/g)

0 � 30
3 � 2
0 � 30
0 � 50
9 � 7
0 � 50
0 � 70
5 � 0.7
0 � 70
0 � 100
1 � 0.2
0 � 100
0 � 30
4 � 0.8
0 � 30
0 � 20
1 � 6
0 � 20
6 � 9
7 � 0.6
0 � 9
8 � 0.0
5 � 0.0
3 � 0.0
3 � 2
6 � 0.0
1 � 2
0 � 30
7 � 0.2
0 � 30
0 � 10
1 � 0.9
0 � 10
0 � 20
7 � 0.0
0 � 20
0 � 10
8 � 0.0
0 � 10
7 � 2
9 � 0.0
1 � 2
1 � 0.4
7 � 0.0
0 � 0.4
0 � 0.0
6 � 0.0
7 � 0.0
1 � 0.0
9 � 0.0
0 � 0.0
1 � 0.2
3 � 0.0
5 � 0.2
5 � 0.1
5 � 0.0
1 � 0.1

h are re
	9 cm3
total values, ranging from 29.1 to 1100, consistent with a higher
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degree of degassing (inferred from the low He and CO2 con-
centrations). Air-like 40Ar/36Ar ratios (i.e., no evidence of
radiogenic Ar) precluded calculation of the 4He/40Ar* ratios in
6 out of 19 cases.

4.2. H2O Contents

A total of 28 samples were analysed for water contents with
values reported in Table 4. Results of this study are comparable
to water concentrations determined by Knudsen cell mass spec-
trometric analyses (Sinton et al., 2002) (see Fig. 3). Although
there is good general agreement between the two techniques,
several samples yielded higher water contents using the Knud-
sen cell technique. This is not surprising since Knudsen cell
vapourises the entire sample and does not discriminate between
surficially adsorbed water and magmatic water.

Water contents, assumed to represent the pre-eruptive vola-

Fig. 2. Comparison of He released by crushing and by melting
relative to the 1:1 line, showing a consistent trend of higher yields by
melting. Note that error bars lie within symbols.

Fig. 3. Contrasting water contents as determined by stepped heating
(this study) and Knudsen cell mass spectrometry (Sinton et al., 2002).
Most samples plot very close to the 1:1 line, although in some cases
Knudsen cell mass spectrometric determinations show higher water
contents – attributed to release of surficially-adsorbed non-magmatic

water.
tile concentrations, are not correlated with location within the
basin, but rather are strongly dependent on sample petrology.
MORB-1s show a relatively narrow range from 0.21–0.35
wt.%, similar to average N-MORB values (0.17–0.6 wt.%;
Jambon and Zimmermann, 1990). The petrogenetic types
showing the strongest slab affinities (arc type and XBABB)
have the highest water contents (up to 1.94 wt.%).

4.3. Carbon Abundances and �13C

In the case of CO2, we make the distinction between gas
contaminating the surface of samples (and released at the 400
and 600°C steps) and magmatic gas. Magmatic gas comprises
vesicle and dissolved components, which are recognised by
their bi-modal release patterns (see Fig. 4). Vesicle-sited gas is

Fig. 4. Stepped heating results for sample 36–2 (a) and 33–3 (b).
Resolution of different gas components can be made based on the CO2

release pattern and the isotopic composition. The gas released at
temperatures � 600°C represents surficial contamination gas, as evi-
denced by very low �13C values (shown for 33–3 where �13C
� 	28‰). The vesicle gas is generally released between the 700–
900°C steps, but can persist up to the 1000°C step as seen in 33–3 (b).
The gas dissolved in the glass is released at the higher temperature
steps. The vesicle and dissolved gas phases can be recognized by
bimodal CO2 release profiles. The �13C variations are shown with a
dashed line where the triangles represent the final temperature reached
for a given measurement. In cases where there was insufficient gas for
isotopic analysis, the gas released was combined with the subsequent
temperature step.
taken to be the gas released at the 700–900°C temperature
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steps, and the dissolved component is released at higher tem-
peratures. Note that sample 33–3 shows a late-stage release of
vesicle-sited gas at the 1000°C step (Fig. 4b), which may be
explained by the presence of smaller vesicles, assumed to
release their gas at higher temperatures. Figure 4 also shows the
isotopic composition of the CO2 gas in the different phases, and
we confirm that the low temperature gas (400–600°C) has a
low �13C value (	28‰; plotted in Fig. 4b) which can be
ascribed to surficial carbon (�13C of organic matter associated
with contamination of basalts ranges from 	30‰ to 	20‰ —
see Mattey et al., 1984; Des Marais, 1986). The amount of CO2

released as well as the �13C values for each sample at individ-
ual temperature steps are given in Table 3.

The total CO2 concentrations for the various petrogenetic
types are summarised in Table 4 and plotted in Figure 5 as a
function of �13C (discussed below). The MORB-1 and MORB-
smt samples show the highest concentrations of magmatic CO2

Table 3. CO2 abund

Rock type Sample
Weight
(mg)

400°C
ppm
CO2

600°C
ppm
CO2

700°C
ppm
CO2

�13C
(‰)

800°C
ppm
CO2

MORB-1 32–5 113.20 29.3 13.2 0.8 nd 68.6
32–5 99.90 17.5 3.6 33.5 	4.1 75.4
39–1 112.31 32.2 6.3 28.3 	4.3 0.8
39–1 101.15 25.9 2.0 20.3 co 15.5
38–3 104.50 7.9 0.9 0.0 nd 0.0
33–3 126.80 91.6 48.5a 28.2 co 29.1
36–2 109.75 28.2 7.3 5.3 nd 150.4

MORB-smt 23–2 115.54 11.2 0.3 3.0 nd 48.2
23–2 105.25 44.4 10.9 1.5 nd 54.2

E-MORB 31–1 111.57 18.1 0.0 29.2 	2.9 9.6
MORB-2 41–1 109.72 19.9 19.6 33.9 	2.9 7.1

41–1 99.60 16.7 4.2 24.7 co 22.5
42–1 106.12 46.4 7.9 4.1 co 15.4
43–1 102.10 56.7 11.8 0.3 nd 6.0
44–1 108.65 25.4 5.0 28.3 	7.3 15.4
45–1 95.87 50.0 0.0 0.2 nd 6.2
45–3 111.17 46.5 23.0 23.5 co 54.1
46–2 109.21 1.7 37.0 46.5 	5.0 12.2
47–1 112.72 10.6 12.7 6.5 co 11.8

BABB 28–1 106.19 27.2 5.2 0.0 nd 31.7
31–8 101.28 38.4 11.0 0.4 nd 6.3
34–1 80.35 34.2 6.3 1.4 nd 17.1
40–6 102.24 28.7 16.8 3.3 nd 3.8
40–6 102.60 37.0 9.1 3.3 co 3.0
41–3 111.77 497.2 10.0 0.0 nd 0.0

BABB s.r. 19–12 109.46 48.1 9.8 0.0 nd 0.0
21–2 95.25 19.8 9.5 3.6 co 3.6

XBABB 36–4 103.86 16.6 3.0 0.0 nd 0.0
24–9 126.75 47.4 18.2 3.0 co 1.2

arc-type 14–5 100.02 29.5 12.7 0.0 nd 0.0
14–9 108.50 131.0 97.9 7.7 co 6.6
16–14 109.85 21.8 3.2 5.4 co 10.1
17–1 103.32 6.1 0.0 0.0 nd 0.0
17–1 98.90 17.9 4.3 0.5 co 0.8

400°C
10	3

cm3 STP

600°C
10	3

cm3 STP

700°C
10	3

cm3 STP
�13C
(‰)

800°C
10	3

cm3 STP

Blank 0.14 0.13 0.22 co 0.33
Blank 0.06 0.03 0.29 co 0.26
Blank 0.20 0.49 0.20 co 0.22
Blank 0.05 0.08 0.04 co 0.05

N.B. nd-not determined, co-gas has been combined with following
The error of the �13C measurements and CO2 concentrations are e

standard glass (EPR-981-R23)
a �13C for the combined 400–600°C step of sample 33-3 was 	28.
(up to 438 ppm): therefore, these samples likely represent the
least degassed samples. Such concentrations are much lower
than average CO2 concentrations in typical MORB (�1300
ppm; Jambon, 1994), but are comparable to maximum values
found in other back arc basins (e.g., 217 ppm in the dissolved
component from Lau Basin (Macpherson and Mattey, 1994);
277 ppm by crushing in the North Fiji Basin (Nishio et al.,
1998); 440 ppm by crushing in Mariana Trough (Sano et al.,
1998)). The MORB-2 and E-MORB samples have slightly
lower (magmatic) CO2 contents — ranging from 63 to 228
ppm, whereas the BABB and arc-type lavas have significantly
lower values (from 0–134 ppm).

The magmatic �13C values span a broad range from 	4.6 to
	33.2‰, where the samples with the lowest CO2 concentra-
tions have the lowest values (Fig. 5). The lowest �13C values
previously reported for submarine basalts range from 	24.7 to
	29.7‰ for lavas from the Mariana arc (Mattey et al., 1984),
where CO2 was measured by stepped heating and only the CO2

d C isotope results.

900°C
ppm
CO2

�13C
(‰)

1000°C
ppm
CO2

�13C
(‰)

1100°C
ppm
CO2

�13C
(‰)

1200°C
ppm
CO2

�13C
(‰)

10.9 nd 14.8 nd 26.6 nd 20.1 nd
27.7 	5.0 10.5 co 14.2 	5.6 186.4 	4.4
31.8 	4.2 25.9 	7.8 111.1 	8.1 51.4 nd
32.8 	5.7 27.8 	8.9 41.6 co 107.6 	5.9

158.6 	5.7 183.6 	5.4 27.1 	5.6 51.2 nd
18.2 	7.7 95.7 	6.1 25.9 co 240.7 	5.0
20.3 nd 18.5 	4.6 25.7 nd 200.8 	6.2
0.1 nd 0.0 nd 9.8 	5.5 140.2 	5.6
7.0 nd 4.1 nd 4.6 nd 140.8 	4.5

33.1 	4.8 15.3 	8.1 27.0 	14.6 74.8 	11.9
0.0 nd 17.9 	3.4 4.2 nd 0.2 nd
8.8 	9.6 16.7 co 3.1 	9.7 0.8 nd

39.9 	9.4 53.2 	6.7 15.9 nd 1.0 nd
21.8 	4.3 26.1 	8.8 46.9 	11.6 29.3 	18.4
61.3 nd 52.3 	6.6 6.7 nd 64.3 	4.4
28.5 nd 49.8 	6.0 73.3 	8.1 22.2 	9.5
39.5 	7.2 40.5 	9.8 30.9 co 5.2 	7.6
2.1 nd 42.4 	8.7 10.6 co 2.8 	12.9

17.1 	13.2 33.5 	9.9 61.0 	8.8 6.8 	18.1
7.7 	10.9 58.9 	8.1 17.4 co 18.4 	10.4
2.5 nd 2.8 nd 5.5 nd 6.7 nd

23.5 	5.6 9.6 nd 37.3 co 34.5 	7.5
1.4 nd 4.3 co 10.4 co 3.3 	11.7
3.9 	7.7 3.8 co 5.1 	10.3 0.0 nd
0.0 nd 0.0 nd 10.6 co 13.2 	16.1
0.0 nd 19.5 	18.4 56.4 	19.8 54.0 	21.4
8.7 	5.3 6.1 co 13.9 	20.8 16.1 	15.5
0.0 nd 0.0 nd 0.0 nd 0.0 nd
0.8 co 1.1 co 1.0 co 0.6 	20.2
0.0 nd 0.0 nd 0.7 nd 2.4 nd
1.0 	33.6 0.5 co 1.7 co 10.4 	32.0
8.0 	32.4 3.5 nd 3.0 nd 5.7 	34.3
0.0 nd 3.5 nd 0.0 nd 0.7 nd
1.1 co 1.2 co 1.0 co 1.7 	28.3

900°C
10	3

cm3 STP
�13C
(‰)

1000°C
10	3

cm3 STP
�13C
(‰)

1100°C
10	3

cm3 STP
�13C
(‰)

1200°C
10	3

cm3 STP
�13C
(‰)

0.29 co 0.28 co 0.26 co 0.30 	26.8
0.30 	26.2 0.28 nd 0.17 nd 0.18 nd
0.13 co 0.17 co 0.14 co 0.07 	30.6
0.06 co 0.04 co 0.05 co 0.05 	26.0

ture step for �13C analysis
d at 0.5 ‰ and 10%, respectively, based on the reproducibility of a
ance an

�13C
(‰)

	4.7
co
nd

	5.8
nd

	6.5
	6.0
	1.0
	4.9
co
nd
co

	10.9
nd
nd
nd
co
nd
co
co
nd
co
nd
co
nd
nd
co
nd
co
nd
co
co
nd
co

�13C
(‰)

co
co
co
co

tempera
stimate

1‰
released above 600°C was considered. These low values were
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attributed to the addition of slab-derived C, where isotopically
light values were associated with the subduction of pelagic
clays. CO2 from back-arc basin glasses has a wide range of
�13C values (e.g., the North Fiji Basin: 	10.5 to 	4.2‰
(Nishio et al., 1998); the Lau Basin: 	16.4 to 	6.9‰
(Macpherson and Mattey, 1994); the Mariana Trough: 	11.8 to
	2.8‰ (Mattey et al., 1984; Sano et al., 1998); and the Scotia
Sea: 	13.2 to 	9.0‰ (Mattey et al., 1984)).

4.4. CO2/3He Ratios

CO2/3He ratios for the entire sample suite are given in Table
5. Two separate numbers are tabulated. The first value (column
3; Table 5) is the CO2/3He ratio calculated by combining the
stepped heating vesicle CO2 contents (700–900°C temperature
steps for all samples but 33–3) with the He contents determined
by crushing (labelled CO2/3Heves by crushing). The fourth
column represents the total (magmatic) CO2 normalized to the
total 3He in the sample, as determined by stepped heating
(labelled CO2/3Hetot by melting). The MORB-1 and MORB-

3

Table 4. Summary of

Rock type Sample
Vesiclea

ppm CO2

�13C
(‰)

Disso
ppm

MORB-1 32–5 88.7 	4.7 200
32–5 136.6 	4.7 211
39–1 60.9 	4.2 188
39–1 68.5 	5.8 177
38–3 158.6 	5.7 261
33–3 171.2 	6.4 266
36–2 176.1 	6.0 244

MORB-smt 23–2 51.3 	1.0 149
23–2 62.7 	4.9 149

E-MORB 31–1 71.9 	4.0 117
MORB-2 41–1 41.0 nd 22

41–1 56.0 	9.6 20
42–1 59.3 	9.8 70
43–1 28.0 	4.3 102
44–1 105.1 	7.3 123
45–1 34.9 nd 145
45–3 117.1 	7.2 76
46–2 60.8 	5.0 55
47–1 35.4 	13.2 101

BABB 28–1 39.4 	10.9 94
31–8 9.2 nd 14
34–1 42.0 	5.6 81
40–6 8.5 nd 18
40–6 10.3 	7.7 8
41–3 0.0 nd 23

BABB s.r. 19–12 0.0 nd 129
21–2 15.9 	5.3 36

XBABB 36–4 0.0 nd 0
24–9 5.1 	20.2 2

arc-type 14–5 0.0 nd 3
14–9 15.2 	33.6 12
16–14 23.4 	32.4 12
17–1 0.0 nd 4
17–1 2.5 co 4

N.B. nd-not determined, co-gas from vesicle and dissolved tempera
a In all cases but one, the vesicle gas was taken as the gas released at t

steps (sample 33-3 had a late release of vesicle CO2, therefore the 10
b magmatic gas represents total gas, excluding the 400°C and 600°C
c 
 (‰) � �13Cvesicle 	 �13Cdissolved
d The error of H2O contents is estimated at 10%, based on reproduc
smt samples show CO2/ Hetot ratios that are tightly constrained
between 1.0–2.1 � 109. E-MORB, MORB-2 (except 41–1) and
BABB samples have higher total CO2/3He values (2–20
� 109). XBABBs show a similar range to MORB-2s, whereas
arc type lavas have significantly higher CO2/3He ratios.

Marty and Tolstikhin (1998) calculated an average CO2/3He
ratio at mid-ocean ridges of 2.2 � 0.7 � 109, based on a
compilation of MORB glass and hydrothermal fluid data
(n � 26). In the same study, a significant difference in the
CO2/3He ratios of N-MORB and E-MORB was noted, whereby
E-MORBs from the East Pacific Rise, the Mid-Atlantic Ridge
and the Red Sea (n � 12) had a mean ratio of 3.3 � 1.1 � 109,
versus an average of 0.86 � 0.24 � 109 for N-MORB samples
(n � 8) from the Mid-Atlantic Ridge and the East Pacific Rise.
The Manus Basin data show the same trend of lower CO2/3He
ratios in the N-MORB samples (CO2/3Hetot � 1.7 � 109;
n � 6) relative to the E-MORB sample (CO2/3Hetot � 6.9 � 109).
It is noteworthy that there are relatively few studies reporting
CO2/3He ratios for back-arc basin samples: however, where
data are available, there seems to be considerable variability in

3 9

13C and H2O results.

�13C
(‰)

Magmaticb

ppm CO2

�13C
(‰)


c

(‰)
H2Od

wt %

nd 289.3 nd nd 0.24
	4.6 347.7 	4.6 	0.1 0.24
	8.1 249.3 	6.9 3.9 0.31
	6.3 245.5 	6.2 0.5 0.31
	5.4 420.5 	5.5 	0.3 0.35
	5.0 437.7 	5.6 	1.4 0.21
	6.1 421.0 	6.0 0.1 0.28
	5.6 201.2 	4.4 4.6 0.11
	4.5 212.2 	4.6 	0.4 0.11

	12.0 189.0 	9.0 8 0.50
nd 63.3 nd nd 1.42

	9.7 76.6 	9.6 0.1 1.42
	6.7 129.4 	8.1 	3.1 0.74

	12.8 130.3 	11.3 8.5 nd
	5.4 228.3 nd 	1.9 0.37
	7.6 180.2 	7.6 nd nd
	8.8 193.7 	7.9 1.6 0.92
	9.7 116.6 	7.6 4.7 nd
	9.2 136.6 	10.3 	4 nd
	9.0 134.1 	9.5 	1.9 0.83
nd 24.1 nd nd 1.12

	7.5 123.3 	6.8 1.9 0.60
	11.7 26.5 nd nd 1.42
	10.3 19.1 	8.9 2.6 1.42
	16.1 23.8 	16.1 nd 1.36
	20.3 129.9 nd nd 1.18
	18.4 52.0 	15.9 13.1 1.43

nd 0.0 nd nd nd
	20.2 7.8 	20.2 0 1.94

nd 3.0 nd nd 1.64
	32.0 27.8 	32.9 	1.6 1.20
	34.3 35.6 	33.2 1.9 nd

nd 4.2 nd nd 1.55
co 6.4 	28.3 nd 1.61

ps has been combined for �13C analysis
900°C steps, and dissolved gas is the gas released at the 1000–1200°C

ep was included in the vesicle component).
which represent surficial gas.

of a standard glass (EPR-981-R23)
CO2, �
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and Zimmermann, 1999; Nishio et al., 1998); 0.5–2.5 � 109 for
the Mariana Trough (Sano et al., 1998); 1–40 � 109 for the
Eastern Manus Basin (Marty et al., 2001)).

DISCUSSION

Before attaching petrogenetic significance to the Manus Ba-
sin volatile results presented herein, it is essential to evaluate
the potential effects of a number of processes which may alter
or modify the intrinsic volatile chemistry of the lavas. Modi-
fications to the volatile systematics of the Manus lavas may
result from: 1) the addition of water, since water content has a
significant effect on CO2 saturation and potentially also on
noble gas solubilities; 2) degassing — where �13C, 4He/40Ar*
and CO2/3He ratios are highly sensitive indicators and will be
used to test the degree to which samples have been affected; 3)
crustal contamination — tested using CO2 models, 4He/40Ar*
ratios and K2O contents; 4) posteruptive volatile loss — as-
sessed on the basis of CO2/3He ratios, 4He/40Ar* ratios and He
concentrations. The ensuing discussion will focus on identify-

ips and 4He/40Ar*.

etot by meltingb

(� 109) 4He/40Ar*tot

CO2/3Hetot corrected
(� 109)

2.1 � 0.1 14.6 � 0.2 3.4 � 0.2
2.0 � 0.1 14.6 � 0.2 3.3 � 0.2
2.1 � 0.1 14.7 � 0.2 3.3 � 0.2
.53 � 0.08 33.4 � 0.3 3.0 � 0.1
.03 � 0.05 46.2 � 0.5 2.1 � 0.1
2.0 � 0.1 41.6 � 0.4 4.0 � 0.2
1.9 � 0.1 41.6 � 0.4 4.0 � 0.2
.70 � 0.09 18.0 � 0.2 2.9 � 0.2
.79 � 0.09 18.0 � 0.2 3.0 � 0.2
6.9 � 0.4 32.7 � 0.5 13.3 � 0.7
00 � 3000 0.057 � 0.001 —
00 � 3000 0.057 � 0.001 —
8.7 � 0.9 — —

— — —
— — —

1.9 � 0.1 29.1 � 0.3 3.6 � 0.2
— — —

4.3 � 0.2 69.7 � 0.8 9.9 � 0.5
— — —
— — —

2.0 � 0.1 244 � 4 6.3 � 0.3
— — —
— — —

3.3 � 0.2 32.5 � 0.4 6.4 � 0.3
4.6 � 0.2 32.5 � 0.4 8.9 � 0.5
3.5 � 0.2 1100 � 30 15.6 � 0.9
2.5 � 0.2 1100 � 30 11.3 � 0.7
16 � 1 — —
16 � 1 — —

— — —
— — —

34 � 2 — —
19 � 1 — —
00 � 10 — —

— — —
00 � 800 — —
00 � 100 — —
00 � 200 — —

ontents determined by crushing.
He contents from the 800°C and 1200°C steps and 3He/4He ratios
Fig. 5. Magmatic CO2 concentrations versus �13C values. The lower
concentration samples have very low �13C values, attributed to either 1)
addition of a slab related organic C component, and/or 2) fractionation
associated with degassing processes.
Table 5. CO2/3He relationsh

Type Sample
CO2/3Heves by crushinga

(� 109)
CO2/3H

MORB-1 32–5 0.94 � 0.06
32–5 0.44 � 0.03
33–3 4.8 � 0.3
36–2 1.12 � 0.07 1
38–3 0.69 � 0.04 1
39–1 0.51 � 0.03
39–1 0.57 � 0.04

MORB-smt 23–2 0.84 � 0.05 1
23–2 1.03 � 0.06 1

E-MORB 31–1 4.0 � 0.3
MORB-2 41–1 1600 � 900 50

41–1 2000 � 1000 60
42–1 0.59 � 0.4 1
43–1 6.4 � 0.4
43–1 7.3 � 0.5
44–1 1.12 � 0.07
45–1 1.47 � 0.09
45–3 3.1 � 0.2
46–2 5000 � 2000
47–1 7.6 � 0.5

BABB 28–1 4.7 � 0.3
31–8 6.6 � 0.4
31–8 5.5 � 0.4
34–1 3.7 � 0.2
34–1 3.4 � 0.2
40–6 3.9 � 0.3
40–6 4.7 � 0.3
41–3 —
41–3 —

BABB s.r. 19–12 —
21–2 5.8 � 0.4

XBABB 24–9 0.89 � 0.06
24–9 5.7 � 0.4

arc type 14–5 — 3
14–9 120 � 10
17–1 1300 � 300 32
17–1 — 4
17–1 120 � 30 6

a Calculated by combining stepped heating vesicle CO2 contents with He c
b Calculated by combining stepped heating magmatic CO2 contents with
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ing and quantifying the effects of these processes which act to
mask the intrinsic volatile characteristics of the Manus source
region. Only then, can we consider the volatile systematics of
the various source components contributing to the complexity
of Manus Basin lavas.

5.1. CO2 Contents

The literature database for CO2 contents of basaltic lavas is
dominated by CO2 measurements of either the glass or the
vesicle phase, rarely are both phases considered together (one
exception is Pineau and Javoy, 1994). This is largely due to the
fact that much of the data has been acquired by either a) Fourier
transform infrared (FTIR) spectroscopy (e.g., Fine and Stolper,
1985/86; Dixon and Stolper, 1995; Newman et al., 2000 and
references therein), which measures CO2 and H2O in the glass
phase only, or b) crushing experiments which release gas from
the vesicles only (e.g., Pineau and Javoy, 1983; Javoy and
Pineau, 1991; Nishio et al., 1998; Sano et al., 1998). In this
study, we will (a) test existing degassing models developed for
CO2 dissolved in the glass, and (b) consider the relationship
between CO2 in the vesicle phase versus the glass.

5.1.1. Carbon in the glass

There are a number of factors which exert control on the
amount of CO2 dissolved in the glass phase. First, there is the
confining (water) pressure – controlled by the depth of erup-
tion. Assuming Henry’s law, the amount of CO2 dissolved in a
melt is related to the vapour pressure of (pure) CO2 in a melt
which, in turn, reflects the confining pressure at the point of
eruption. Figure 6a illustrates the saturation line for pure CO2

as a function of depth. Samples erupted at greater depths would
be expected to dissolve more CO2 than samples erupted at
shallower depths. Second, Dixon et al. (1995) have determined
that concentrations of CO2 dissolved as carbonate for a mixed
H2O-CO2 saturated vapour are simply a function of the fugac-

Fig. 6. a) CO2 concentration in the glass phase versu
saturation line for pure (dry) CO2 (Dixon and Stolper; 19
are supersaturated, while the MORB-2, BABB, X-BABB,
to pure CO2. b) CO2 concentration versus water content sh
at 1200°C (Newman and Lowenstern, 2002) at pressures
depth, respectively. Once the water contents are taken into
range, with the exception of the MORB-1 and MORB-
saturation curves would be shifted down for more andesi
ity of CO2. Therefore lower CO2 concentrations are anticipated
in water-rich magmas (Fig. 6b). Finally, petrological processes
also strongly affect the concentration of water and other vola-
tile species. As incompatible elements during mantle melting
and crystal fractionation, CO2 and H2O can be expected to vary
with volatile content of the source, degree of partial melting
and extent of magmatic differentiation.

In Figures 6a and 6b we plot the dissolved CO2 abundances
for all samples versus water depth and water contents, respec-
tively. Figure 6a shows the saturation state of samples relative
to the expectation for a pure CO2 gas phase as a function of
depth (pressure). For the most part, MORB-1, MORB-smt and
E-MORB contain more dissolved CO2 than anticipated on
simple solubility grounds, whereas the BABB, XBABB and arc
type samples are undersaturated in CO2. A more realistic eval-
uation of the degree of saturation is afforded by Figure 6b
which takes into account the effect of dissolved water on the
solubility of CO2 in basaltic melt. The same general pattern
emerges but the effect of higher water contents forcing CO2

loss is evident. The BABB, XBABB and arc type samples have
anticipated saturation values for depths between 1700 and
2700m (for calculation details see Newman and Lowenstern,
2002) indicating that these lavas were able to degas as they rose
to the surface. In contrast, the MORB-1, MORB-smt and E-
MORB samples are clearly supersaturated. This oversaturation
with respect to CO2 likely results from rapid eruption rates
inhibiting gas escape before quenching of the surrounding glass
(see Dixon et al., 1988; Stolper and Holloway, 1988).

5.1.2. Carbon in the vesicles

Based on experimental solubility data, Jambon et al. (1986)
derived a relationship between the fraction of gas present in the
vesicles and the vesicularity (Ci,glass/Ci,vesicles�(Si�Tc)/(V*To),
where C is the concentration of gas, i, S�solubility (where the
solubility of CO2 is 25.5 � 10-5 cm3 STP/g at 1 bar (Jendrze-
jewski et al., 1997)), ��density in g/cm3, Tc is the closure

depth shown relative to the experimentally determined
general the MORB-1, MORB-smt and E-MORB samples
s.r. and arc-type samples are undersaturated with respect
lative to the mixed vapour saturation curves for tholeiites
and 170 bars corresponding to 2700 and 1700 m water

nt, most samples lie within their expected CO2 saturation
ples which are consistently oversaturated. The vapour

positions.
s water
95). In
BABB
own re
of 270
accou

smt sam
tic com
temperature, To� 273 K, and V* is the vesicularity). By visual
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inspection of thin sections (where available), we estimate that
the vesicularity of our samples ranges from �1 to 15%. Using
the solubility model of Jambon et al. (1986) and assuming a
vesicularity of 1%, we calculate a minimum vesicle CO2 frac-
tion of 0.66. Any water (or other volatiles) in the melt would
increase this fraction since CO2 is less soluble in a water-
saturated magma. The Manus samples have vesicle CO2 gas
fractions ranging from 0.22–0.73, generally lower than antic-
ipated and corresponding to vesicularities of 0.1–1%. Possible
explanations for this discrepancy include 1) oversaturation of
glasses with respect to CO2 due to rapid eruption rates (as
discussed above), or 2) the vesicles may not have exsolved
from the melt that they were frozen into upon eruption. In the
first case, an inherent assumption of Jambon et al.’s study is
that solubility controls vesiculation. The speciation of CO2

dissolved in a melt is controlled by the following reaction: CO2

(molecular) � Or � CO3
2	, where Or is a reactive oxygen

species and strongly dependent on melt composition. There-
fore, melts having higher concentrations of reactive oxygen
would have a higher ratio of carbonate to CO2. Basaltic melts
have higher concentrations of reactive oxygen species than
more differentiated samples, and thus C in basaltic magmas
exists predominantly in the form of carbonate anions (CO3

2	)
(Fine and Stolper, 1985/86). As rising magmas become super-
saturated, the CO3

2	 would react to form oxygen and CO2-rich
vesicles. We speculate that the rate of this reaction may play a
role in determining the concentration of CO2 in the vesicles.
The second possibility will be assessed once the volatile sys-
tematics in each phase have been characterised (see next sec-
tion).

5.2. �13C (CO2)

If we consider the relationship between �13C values in the
dissolved phase and in the vesicle phase for each sample, we
note that there is not a consistent fractionation factor 
(�
�13Cvesicle 	 �13Cglass; penultimate column of Table 4) be-
tween the two phases. Indeed, almost half the samples have
positive 
 values and half have negative values. This observa-
tion has been reported previously (e.g., Macpherson and
Mattey, 1994; Pineau and Javoy, 1994; Macpherson et al.,
1999) and indicates that equilibrium degassing conditions do
not prevail (i.e., the condition where the vapour represents
exsolved gas trapped in magma from which it was exsolved).

Experimental work has shown that CO2 vapour is enriched in
13C compared to residual CO2 by 1.8–2.2‰ (Mattey, 1991); or
4.5‰ (Javoy et al., 1978): however, such experiments were
carried out using basaltic melts or analogues. Therefore, some
of the variability in the fractionation factors seen in this work
could result from compositional differences in the samples. For
example, similar experimental studies on rhyolitic magmas
show no isotopic fractionation between the vapour and dis-
solved phases (i.e., 
 � 0‰; see Holloway and Blank (1994)
for details). This is likely due to the fact that CO2 dissolved in
basalts exists in the form of carbonate (discussed in previous
section), whereas in rhyolites it exists as molecular CO2 and
thus there is no change in chemical speciation associated with
vesiculation (Holloway and Blank, 1994). Given that the
MORB-1 and MORB-2 samples show much of the variability

13
in vapour-melt � C values, and these samples have a relatively
narrow range in SiO2 contents, compositional variations cannot
account for the observed results. Moreover, compositional vari-
ability can only explain those samples with 
 values � 0. Since
this possibility fails to explain the variation in many of the
Manus samples, we suggest that their carbon isotope system-
atics may result from the vesicles containing volatiles derived
from that part of the magma body which has undergone a
different degassing history than the melt it was frozen into upon
eruption.

5.3. Degassing Models for CO2

There are two different modes of degassing: batch equilib-
rium degassing (BED) and fractional equilibrium degassing
(FED). Under batch equilibrium conditions, vesicles form in
isotopic equilibrium with the melt and remain in contact with it,
thereby allowing for constant re-equilibration and isotopic ex-
change. During fractional degassing, vesicles form in isotopic
equilibrium with the melt, but are lost as degassing proceeds.
Both batch and fractional degassing mechanisms have the
potential to modify the �13C value of residual CO2 (that re-
maining following incomplete gas loss) to progressively lower
(i.e., more negative) values as degassing proceeds. However,
FED produces a more pronounced change in isotope ratios than
BED. If all Manus samples originated from a common source
and were subsequently affected by varying degrees of degas-
sing, then the composition of the original melt could be deter-
mined along with the fractionation factor — as shown for Lau
Basin basalts by Macpherson and Mattey (1994).

5.3.1. Degassing as modelled by the volatiles dissolved in
the glass

Conceptually the dissolved phase can be equated with the
residual phase following gas (vesicle) loss. Since the isotopic
composition of CO2 will evolve as gas is lost, we can use the
�13C of dissolved CO2 to trace the degassing history. In Figure
7a we plot �13C versus CO2 abundance for the dissolved C
component. Superimposed upon the data are two degassing
trajectories representing fractional equilibrium degassing
(FED) and batch equilibrium degassing (BED) – both from the
same starting composition (estimated at [CO2] � 600 ppm and
�13C � 	4‰ — see figure caption (7a) for details) and
occurring in a single stage. A vapour-melt fractionation factor
of 2.3 was chosen, since such a value should characterise the
relatively oxidizing back-arc basin setting (Macpherson and
Mattey, 1994). The principal point to note is that the entire
Manus data set cannot be explained by simple degassing from
a common source since many of the samples do not follow
either of the degassing trajectories. Many data points lie in the
region between the two endmember degassing styles, and sev-
eral lie below the FED line.

Rather than a single-stage degassing model, we propose that
many of the samples (lying between the BED and FED trajec-
tories) have undergone two stages of degassing –as proposed
for Kilauea volcano and elsewhere (Pineau and Javoy, 1983;
Gerlach and Graeber, 1985; Moreira and Sarda, 2000; Cartigny
et al., 2001; Sarda and Moreira, 2002). A scenario where an
initial BED stage is followed by a FED process (where vesicles

are continuously lost) may be appropriate for the glass phase of
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the Manus samples. We suggest that different samples have
undergone varying degrees of degassing in the first stage,
followed by a second (FED) stage whereby extensive de-
gassing — in some cases — has produced very low �13C values
(� 	13‰). In this scenario, we can constrain the fraction of

Fig. 7. a) �13C variations as a function of CO2 contents
of lower �13C values in lower concentration samples. BE
content � 600 ppm and �13C � 	4 ‰ –selected to best fi
trends could be the result of two stage degassing; sample
FED (e.g., sample 40–6). The arc type samples are consis
trend shown as dotted line) and some samples show evid
the E-MORB samples in particular). b) �13C variations as a
modelled back to different parental melt compositions for
compositions are constrained by the BED and FED curves
arc type and the BABB s.r. samples show derivation from
CO2 contents in the vesicles. All samples (with the excep
BED from a unique source having a CO2 concentration
following the method of Macpherson and Mattey (1994):
a FED trend (8 samples) described by the equation �13C �
is the fractionation factor 
 � 4.19, 2) two samples fo
concentrations, were selected (21–2: [CO2]�15.9 ppm, �13

their �13C values and the regression line for FED, a calcul
followed FED was made ([CO2]21–2FED � 176.6 ppm and
490 ppm was calculated using the equation derived in
–[CO2]23–2BED)/ln([CO2]21–2FED/[CO2]23–2FED) 4) an aver
21–2 and 23–2, the calculated source composition and
[CO2])). The arc type samples can be explained by dega
which is reasonable given the closer proximity of these la
d) �13C variations as a function of CO2 contents in the v
gas lost by BED before FED for any given sample. For exam-
ple, sample 40–6, starting out with an initial CO2 concentration
� 600 ppm, would evolve along the line defined for BED until
90% of its original gas content was lost. At this point, the style
of degassing changes to FED and the isotopic composition
evolves along this 2nd stage FED line (Fig. 7a).

gas dissolved in the glass phase. We note a general trend
line) and FED (short dash) from a source having a CO2

ta. Samples lying between the two end member degassing
first undergo BED and then would follow a 2nd stage of

th derivation from a degassed CO2 rich endmember (FED
contamination from this source (e.g., the BABB s.r. and
n of CO2 contents for the gas dissolved in the glass phase
etrogenetic type (see text for explanation). Parental melt
ated using 
 � 2.3 (Macpherson and Mattey, 1994). The
ssed CO2-rich source. c) �13C variations as a function of
the arc type samples) can be explained by either FED or
0 ppm and a �13C � 	1.1‰. Calculations were made
st-fit regression was calculated for the samples following

ln[CO2] –26.96 (r2 � 0.976), where the slope of the line
the BED trend, showing the greatest contrast in CO2

5.3 and 23–2: [CO2] � 62.7 ppm, �13C � 	4.9) and using
what the CO2 concentration would have been if they had

3–2FED � 194.3 ppm), 3) an initial source composition of
erson and Mattey (1994): [CO2]source �([CO2]21–2BED

of the source (� 	1.1‰) was calculated using samples
equation (�13Cresidual � �13Csource –
(1-([CO2]residual/

rom a CO2-rich source – presumably subduction related
he New Britain arc as compared to the MSC or the ETZ.
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ples, some samples lie below the FED line (Fig. 7a). A potential
explanation for such low �13C values is that they trace addition
of a slab-derived organic component. This idea was first pro-
posed to explain low �13C values in the East Scotia Sea and the
Mariana Trough (Mattey et al., 1984), where back-arc basin
lavas were found to have �13C values that were �5‰ lower
than MORB. This observation was attributed to mixing of
MORB-like CO2 and organic carbon from subducted pelagic
sediments. However, the �13C values for the Manus arc type
samples are �	33‰, significantly lower than the anticipated
value of pure organic matter (�13C � 	25‰). Therefore, the
carbon systematics of the arc samples cannot be explained by
pure mixing with a subduction-related isotopically light C
component. In this case, we suggest that these samples have
been contaminated with volatiles derived from a C-rich melt
(potentially having low initial �13C values), possibly of slab
origin (in this case the subducting Solomon Sea plate), and
have been highly degassed. Potential contaminants will be
assessed further in section 5.5.

The two-stage degassing model described above can be
modified to account for variable parental melt volatile compo-
sitions of different petrogenetic types. A minimum estimate
of the parental melt composition can be made for each lava
type if the following assumptions are made: 1) samples from
a given magma type are derived from a distinct parental
melt composition, 2) a vapour-melt fractionation factor of

 � 2.3 is appropriate for all samples, 3) samples having the
lowest �13C values within a type define a purely FED trend
from the original melt and other samples within the group
result from a combination of BED and FED, and 4) within
each magma type, degassing alone is responsible for all vari-
ability in �13C.

To estimate the initial volatile composition of each petroge-
netic type, a �13C value must be defined. In the case of the
MORB-1, MORB-2 and BABB samples, this value may be
constrained by the degassing trajectory of samples assuming
that the highest �13C value represents a sample which has
undergone BED. This is illustrated for the MORB-1 and BABB
samples in Figure 7b (the FED trends for the BABB s.r. and the
arc type samples are also shown). Adopting this approach, we
estimate the following parental melt compositions: 1) MORB-1
CO2 � 2060 ppm, �13C � 	2.6‰, 2) MORB-2 CO2 � 6900
ppm, �13C � 	3.2‰, and 3) BABB CO2 � 2600 ppm and
�13C � 	5.3‰. We note, however, that the calculated �13C
values are minimum estimates and a higher �13C value would
lead to higher source CO2 concentrations. For example, a �13C
value of 	3‰, would lead to the BABB having a parental melt
CO2 concentration of 7080 ppm. The XBABB, and the E-
MORB samples lie on a similar FED trajectory to both the
BABB and MORB-2 samples (not shown) and likely have
similar parental melt compositions (constrained between 2000
and 7000 ppm CO2 and a �13C of –5 to –3‰). The MORB-smt
sample is assumed to originate from a MORB-1 source and
evolved along a BED trend. The BABB s.r. and the arc type
samples have clearly originated from a source with a much
higher CO2 content. The extrapolated initial CO2 compositions
for these samples are in the range of 10 000 ppm and 30 000
ppm, respectively, assuming an initial �13C of 	10‰. These

estimates are clearly far in excess of any values reported to date
and thus require the addition of an isotopically light C compo-
nent.

5.3.2. Modelling degassing using vesicle gas

Traditionally, CO2-modelling has only involved the glass
phase since vesicles are mobile and their concentration values
are considered to be largely a function of the vesicularity of a
given sample. The vesicles represent the vapour phase which is
exsolved from a magma and their volatile contents will depend
on the saturation state of the parental melt, which in turn, is
controlled by pressure, water content and major element com-
position. Despite the notion that vesicle concentration data is
subject to problems associated with sample heterogeneity, Bur-
nard (1999) was able to show that noble gas fractional degas-
sing trends were preserved in individual vesicles, implying that,
once exsolved, vesicles are essentially isolated from the
magma. Moreover, applying his ‘bubble by bubble’ technique
of sequential crushing, he showed that it is possible to correct
for magmatic fractionation back to initial mantle compositions
(Burnard, 1999). Further support for the utility of vesicle-
derived volatiles in modelling source values was put forward
by Sarda and Moreira (2002), where vesicle abundances were
used to trace the evolution of elemental source ratios (e.g.,
4He/40Ar* and 3He/22Ne). Here, we test whether degassing
relationships are discernable in the vesicle CO2 systematics of
the present sample suite.

Figure 7c shows that the vesicle gas (with the exception of
the arc type samples –discussed below) can be modelled using
the single-stage degassing approach of Macpherson and Mattey
(1994). However, in this case, if all of the data originated from
one parental melt composition, the best fit to the data (with the
exception of the arc-type lavas) requires a vapour-melt frac-
tionation factor (
) of 4.2 (a value similar to that reported by
Javoy et al., 1978) and the calculated starting composition is
470 ppm CO2 and �13C � 	1‰. A lower 
 value (�2.3) fails
to encompass all of the vesicle data into a single-stage degas-
sing model from one parental melt composition. A high 

(�4.2) implies more reducing conditions in the melt, which
have not been observed in other arc/back-arc settings. How-
ever, un-like other arc/back-arc systems, the Manus basin also
shows plume and MORB-like affinities. The �13C value of 	1
‰ can also be considered anomalous since this value is much
higher than typical arc or back-arc values. It has been suggested
that the plume source could have slightly higher �13C values
(up to 	3 ‰; Mattey et al., 1984); however, values as high as
	1 ‰ have not been reported to date. A value of 	1 ‰ would
require the addition of a significant amount of a marine car-
bonate/limestone component (�13C � 0 ‰) to the source of the
Manus lavas. Alternatively, this result could reflect the fact that
we are considering a vapour phase which would be heavier than
the associated melt (by 2.3 or 4.2 ‰, depending on the chosen

 value).

It is interesting to note that, as seen in the dissolved CO2

data, the arc type samples in Figure 7c lie below the FED line
with �13C values � 	30‰. The arc type samples can therefore
be explained as originating from a C-enriched source, distinct
from the rest of the Manus sample set, presumably of slab
origin. This is not surprising given the fact that these samples

were collected from the eastern part of the Manus Basin, closer
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to the New Britain arc, where a stronger slab signal is expected
(Woodhead et al., 1998).

Finally, if the vesicle data are modelled assuming different
parental melt volatile compositions for each petrogenetic type
(illustrated in Fig. 7d) and a 
 value of 2.3, as for the glass, we
note the following: 1) the MORB-1 samples originate from a
lower CO2 concentration source (1160 ppm) than the MORB-2
(4600 ppm) and the XBABB samples (2500 ppm), 2) the
BABB can be explained as originating from an isotopically
lighter CO2 melt with relatively low CO2 contents (�1100
ppm), 3) The E-MORB sample most likely follows a BED
trajectory from a source similar to the MORB-2 source (based
on similarities seen in the dissolved phase) 4) the BABB s.r.
parental melt composition is poorly constrained; however it
probably follows a BED trend from a CO2 enriched source
(dissolved estimate CO2 � 65 000 ppm), and 5) if degassing is
the only controlling factor, then the arc type samples must be
derived from an extremely CO2-rich source. The most likely
explanation for the arc type samples (and potentially the BABB
s.r.) is that in addition to degassing, these samples have been
modified by mixing with a low �13C component, presumably of
arc-derivation.

To summarise our findings we note the following: 1) the CO2

preserved in the glass phase is not consistent with a single stage
degassing model from one common source for all samples; a
two-stage degassing model is more consistent with the data.
Note, however, that some samples require the addition of a
degassed CO2-rich phase which is likely characterised by low
�13C, 2) treating each petrogenetic subset separately allows the
absolute compositions of the parental melts to be estimated.
The following CO2 concentration trend is observed for parental
melts: arc-type � BABB s.r. � MORB-2, E-MORB, X-BABB,
BABB � MORB-1 and MORB-smt. Arc type and BABB s.r.
samples extrapolate to extremely high initial CO2 contents,
higher than any postulated values to date, 3) the vesicle data
can be explained by a single stage degassing model if the
vapour-melt fractionation factor � 4.2‰, (consistent with
more reducing conditions) and a very high initial isotopic

13

Fig. 8. The relationship between total 4He/40Ar* ratios
increasing 4He/40Ar* values with decreasing He and Ar c
with volatiles representing a residual phase. The BED (so
phase of a source initially having a He content of 15 � 10-

text for details). Sample 41–1 (a dacite) has a very low 4

is not plotted in this figure.
composition � C � 	1‰, 4) if the vesicle data is modelled
for different initial parental melt compositions, trends similar to
those observed for dissolved CO2 are apparent.

5.4. He-Ar Relationships (4He/40Ar*)

In addition to using the carbon isotope systematics, the
extent of degassing can also be constrained by considering the
4He/40Ar* ratio. The 4He/40Ar* production ratio for the upper
mantle source region has been estimated at 5.5 and 2.1 (Ozima
and Podosek, 2002) depending upon use of the instantaneous
(present day) or time-integrated K/U ratio, respectively: other
4He/40Ar* estimates are 2–4 (Allègre et al., 1986/87) and
1.4–4.8 (Matsuda and Marty, 1995). Assuming that degassing
is solubility controlled, any degree of degassing will result in a
higher residual 4He/40Ar* since the solubility of Ar in basaltic
melt is lower than that of He (SHe/SAr � 7.4 (Lux, 1987) or
�10 (Jambon et al., 1986)). In other words, a more degassed
sample (having lower volatile concentrations) will have pref-
erentially lost Ar, thereby yielding a higher 4He/40Ar* ratio in
the residual phase. It is noteworthy, however, that in a study of
submarine basalt glasses worldwide, Matsuda and Marty
(1995) observed higher 4He/40Ar* ratios in higher He concen-
tration samples, a trend contrary to that predicted by solubility
controlled degassing models. This observation was explained
by either: 1) excess He diffusing into the melt phase from
crystal grains during melt migration (Matsuda and Marty,
1995), or 2) Ar being trapped within crystallizing phases,
resulting in increased He/Ar in the melt (Honda and Patterson,
1999). In a related study Sarda and Moreira (2002) suggested
that because He is more soluble in basaltic melts, it is an
unreliable tracer of vesicle gas abundances and that either Ne or
Ar concentrations would be more appropriate proxies for rare
gas abundances.

In light of these studies, we first consider our data in terms
of the classic approach assuming that 4He/40Ar* ratios are
controlled by their relative solubilities and abundances can be
traced by He concentrations (Fig. 8a). Using total 4He/40Ar*
values (Table 5), we observe the anticipated trend, with high

4 40

tal He (a) and total 40Ar* (b) concentrations. Trends of
ations are consistent with solubility controlled degassing
and FED (dashed line) trends are shown for the residual

TP/g (Sarda and Graham, 1990) and a 4He/40Ar* of 2 (see
* ratio (�0.05; potentially due to diffusive He loss) and
and to
oncentr
lid line)
6cm3 S
He/40Ar
concentration samples evolving to higher He/ Ar* values as



1851CO2-HE-Ar-H2O systematics of the Manus back-arc basin
gas is lost. This observation holds true regardless of whether He
(Fig. 8a) or Ar (Fig. 8b)—as suggested by Sarda and Moreira
(2002)—is used to trace gas loss. These results are therefore
consistent with solubility controlled degassing with trapped
volatiles representing a residual phase.

The degassing trends (Fig. 8) are modelled assuming an
initial 4He/40Ar* ratio of 2 (�the production ratio) and an
initial He concentration of 15 � 10	6 cm3 STP/g, based on
upper mantle estimates (Sarda and Graham, 1990). We recog-
nise that the source feeding typical mid-ocean ridges may not
necessarily be appropriate for the Manus samples, but we
believe that to a first order this is a reasonable estimate. The
BED trend is calculated by rearranging equations from Jambon
et al. (1986): 4He/40Ar*res � 4He/40Ari � SHe/SAr � [(V*
� �SArTc/To)/(V* � �SHeTc/To)], where 4He/40Ar*res is the ratio
in the residual phase, 4He/40Ar*i � 2, � is the density � 2.8
g/cm3, S is the solubility (SHe � 64 � 10	5 cm3 STP g	1 and
SAr � 8.7 � 10	5 cm3 STP g	1 at 1 atm (Lux, 1987)), Tc is the
closure temperature � 1273 K, To � 273K and V* is the
vesicularity. The vesicularity can be written in terms of F, the
fraction of residual gas (He) where V* � [(�SHeTc/To)/F]
	 �SHeTc/To. The FED trend is calculated from: 4He/40Ar*res

� 4He/40Ari � F[(�	1)/�], where � � SAr/SHe. Likewise these
equations can be rewritten to determine the degassing trends as
a function of residual Ar (Fig. 8b).

As observed in the CO2 degassing trends, most samples lie
between the FED and BED degassing endmember trends, con-
sistent with two stages of degassing rather than a single stage.
However, unlike the CO2 models, all data can be encompassed
within the degassing trends from a unique source composition
(with the exception of sample 38–3). If subduction zones are
indeed barriers for noble gases (Staudacher and Allègre, 1988),
then He and Ar source compositions may show less variability
than carbon which can be recycled beyond the arc (Varekamp
et al., 1992). As a result of their lower sensitivity to recycling
processes, He and Ar systematics may act as more robust
tracers of the degassing process compared to CO2.

5.5. Controls on CO2/3He Ratios

A primary aim of this work is to characterise the CO2/3He

Fig. 9. Total CO2/3He variations plotted as a function o
for the observed trend of increased CO2/3He ratios with d
� 1 2) post-eruptive diffusional He losses or 3) degassin
CO2/3He ratios and �13C values (b) suggests that the fina
characteristics of the Manus Basin mantle source. In Figure 9a
we plot total CO2/3He ratios versus He concentrations for all
samples. A distinct pattern of increasing CO2/3He ratios with
decreasing He concentrations is apparent. There are three pos-
sibilities to explain this observation: 1) an equilibrium degas-
sing case where � � 1 (where � � SHe/SCO2 � (CO2/
3He)vapour/(CO2/3He)melt) 2) post-eruptive He loss, or 3)
degassing, followed by contamination from a crust or sediment
component.

The first possibility is not consistent with degassing behav-
iour anticipated for tholeiitic magmas. For example, Hilton et
al. (1998) calculated that He is �2.4 times more soluble
than CO2 for a magma of tholeiitic composition: in this case,
� � 2.4. Therefore, solubility-controlled degassing predicts
that CO2/3He ratios would be lower in a degassed phase. If we
consider the Manus samples (Fig. 9a), we note that with pro-
gressive degassing (as traced by lower [He]), the CO2/3He ratio
increases. To explain the Manus glass data by degassing, an �
value of �0.2 would be needed, assuming an initial [He] � 15
� 10-6 cm3 STP/g (calculated using the regression through our
data and the equation: (CO2/3He)final/(CO2/3He)initial � F �-1,
where F is the fraction of gas remaining in the residual phase).
Although King and Holloway (2002) reported enhanced CO2

solubility with increasing water contents for andesitic lavas,
Paonita et al. (2000) noted an increase in He solubility in water
saturated magmas. To date, therefore, experimental evidence
suggesting � becomes �1 (for tholeiitic lavas) is lacking.

In the case of post-eruptive He loss, He could potentially
diffuse out of the glass matrix at a rate greater than that of
co-existing CO2, such that residual CO2/3He values would
increase. If He diffusion has modified the observed CO2/3He
ratios, this could have occurred on the seafloor post-eruption or
during analytical procedures in the laboratory (e.g., during
heating at the 600°C temperature step). There are relatively few
diffusion studies of noble gases in silicate melts, particularly
for compositions other than basalts. However, for basaltic
glasses Lux (1987) gives a He diffusion coefficient of �5
� 10	5 cm2/s (at 1350°C), Trull and Kurz (1999) suggest a
value of �3 � 10	7 cm2/s (at 600°C) and Jambon and Shelby
(1980) estimate a value of 10-8 cm2/s (at 250°C). As discussed
in section 3, we acknowledge the possibility that some He may

He concentration (a) and �13C (b). Possible explanations
g He contents (a) are: 1) equilibrium degassing where �

wed by crustal contamination. The relationship between
ility is the controlling process (see text for details).
f total
ecreasin
g follo
l possib
have been lost by diffusion, but we believe that such losses
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would be minimal. We note that if diffusion was the controlling
factor on CO2/3He values, then we see no reason for the strong
correlation between CO2/3He ratios and �13C values (Fig. 9b),
which suggests that other processes such as degassing and/or
contamination are more important. This point is explored next.

The final explanation is degassing followed by contamina-
tion from extraneous volatiles derived from either sediments or
crust (as suggested previously by Marty et al., 2001, for en-
hanced CO2/3He ratios observed in the Eastern Manus Basin).
Highly degassed (low concentration) samples would be partic-
ularly susceptible to modification. CO2/3He values in crustal
material can vary widely depending on rock lithology: how-
ever, given the virtual absence of primordial 3He in all types of
crust and sediment, CO2/3He ratios are predominantly high
(1011-1013) (O’Nions and Oxburgh, 1988). There are two pos-
sible sources of the high CO2/3He ratios: the subducting slab or
the pre-existing crust through which magmas are erupted.

In the case of the subducting slab, the overlying sediments
can potentially contribute a significant amount of C (both in the
form of carbonate and organic matter). Dredge hauls in the
western Solomon Sea show that sediments are characterised by
indurated mudrocks (both claystones and calcareous mud-
stones) and pelagic limestones (Crook, 1987). The down-going
plate carries these C-rich sediments into the magma generation
zone, while He is predominantly lost in the fore-arc region
(Hilton et al., 1993), resulting in elevated CO2/3He ratios
observed along the arc (�1010) and, presumably, the back-arc.
Sano and Marty (1995) have estimated the CO2/3He of the
sediment end-member at 1013; however, if most of the He is
lost in the fore-arc, then ratios could potentially be even higher.
Basaltic basement underlying the subducting sedimentary ve-
neer is also likely to have high CO2/3He ratios given the
presence of carbonate veining and/or calcite precipitation as-
sociated with hydrothermal alteration (if a change in CO2/3He
can simply be attributed to an increase in C content, from
typical fresh basalt values of 0.05 wt.% to average altered crust
contents of 2.95 wt.% (Staudigel et al., 1996), the resultant
CO2/3He ratio is 1.2 � 1011 assuming an initial CO2/3He of 2
� 109; however, it is reasonable to assume that much of the
initial He content would be lost due to extensive gas loss at
eruption and consequently, the CO2/3He ratios would be even
higher). Given the fact that significant hydrothermal alteration
occurs near the ridge (Alt, 1995), the same CO2/3He charac-
teristics are likely to typify basaltic crust through which mag-
mas are erupted.

5.5.1. Contamination by sediments?

Given the fact that the sediment veneer on the pre-existing
crust through which the magmas erupt is poorly developed, it
seems an unlikely candidate as the source of volatile contam-
ination. A more viable option is that sediments on the subduct-
ing Solomon Sea Plate have contributed volatiles to the Manus
lavas. However, prior findings on lavas from the New Britain
arc have shown that the subducted component in this setting is
dominated by an altered oceanic crust component, with mini-
mal sediment contribution (Morris et al., 1990; Woodhead and
Johnson, 1993; Woodhead et al., 1998). For example, low
10Be/Be and high B/Be values have been ascribed to a fluid

signature derived from altered oceanic crust rather than a
sedimentary source (Morris et al., 1990). Pb-isotope systemat-
ics support this hypothesis by precluding the addition of sedi-
mentary material to the arc source. Likewise, the arc lavas are
characterized by high 87Sr/86Sr and MORB-like 143Nd/144Nd,
consistent with an input from seawater-altered crust given that
Sr isotopes are highly sensitive tracers of seawater alteration
while Nd isotopes are relatively insensitive to such modifica-
tions (Woodhead and Johnson, 1993; Woodhead et al., 1998).
Therefore, based on the geochemical characteristics of the
subduction related component in the New Britain arc, it is
extremely unlikely that sediments are responsible for the vol-
atile signatures observed in the Manus Basin.

5.5.2. Evidence for crustal influences

We have established that the more evolved petrogenetic
types (MORB-2, BABB, XBABB, and arc-type) show higher
degrees of degassing, as traced by lower volatile abundances
and higher 4He/40Ar* ratios, coupled with higher CO2/3He
ratios. To assess whether such degassed samples also show
evidence of volatile additions from the crust, we examine
whether the volatile systematics are corroborated by other
geochemical tracers.

As K2O/TiO2 ratios do not vary much over the range of
silicate fractionation, i.e., before oxides begin to fractionate,
this ratio can be used to assess K2O enrichments from crustal
sources. Figure 10 shows the relationship between K2O/TiO2

and �13C (10a) and CO2/3He (10b). The observed trends are
consistent with increasing crustal additions from MORB
through the arc magma types, with the contaminant character-
ised by high CO2/3He and low �13C. Two different scenarios of
contamination with crustal volatiles are thereby suggested: 1)
the addition of volatiles derived from the subducting Solomon
Sea Plate, or 2) incorporation of volatiles from the pre-existing
crust through which the magmas erupt. Since both are likely to
have the requisite high CO2/3He and high K2O/TiO2 values, it
is difficult to discriminate between the two possibilities.

5.6. The Manus Plume-Source Constraints

Characterising the CO2/3He systematics of high 3He/4He
(plume) sources is important for a number of reasons least of
which is that it provides flux estimates between different ter-
restrial reservoirs (Marty and Tolstikhin, 1998). The “ true” or
source CO2/3He ratio of the Manus samples is clearly masked
by the effects of degassing and crustal contamination—to vary-
ing degrees—and these effects need to be identified and cor-
rected for. The previous section has revealed that the more
evolved (and degassed) samples are most prone to crustal
contamination: therefore, to characterize the Manus mantle
source, MORB type-1 samples would appear to be the best
candidates. However, they are still degassed to a certain extent
albeit much less so than the other samples in the Manus suite.
A successful approach to correct for degassing has been to use
the 4He/40Ar* ratios as an index of degassing (Marty and
Tolstikhin, 1998). Given knowledge of the relative solubilities
of He, Ar and CO2, the “ true” or unmodified source value(s)

can be calculated using the following relationship:
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(CO2/
3He)i � (CO2/

3He)f � [(4He/40Ar*)f/

(4He/40Ar*)i]exp[(1 	 (SHe/SCO2))/(1 	 SHe/SAr))]

where f � final, i � initial, S is the solubility coefficient (SHe

� 64 � 10	5 cm3 STP g	1, SAr � 8.7 � 10	5 cm3 STP g	1

at 1 atm (Lux, 1987), SCO2 � 25.5 � 10-5 cm3 STP/g at 1 bar
(Jendrzejewski et al., 1997)). The results of this calculation are
given in Table 5 (last column). If we adopt solubility and
4He/40Ar* values from Marty and Tolstikhin (1998), slightly
lower initial CO2/3He values are calculated. We note that
MORB-1 and MORB-smt samples have tightly constrained
CO2/3He values between 1.8 and 3.4 � 109 (Fig. 11), whereas
the range of the E-MORB, MORB-2 and BABB samples is
much greater (3.1 to 11.8 � 109). There are two reasons why
MORB-1 and MORB-smt samples are thought to best represent
the Manus plume CO2/3He ratio: 1) these samples have the
highest 3He/4He ratios, 2) the trace element patterns of these
samples do not show the obvious crustal enrichments seen in
the BABB and MORB-2 lava types. We conclude, therefore,
that the Manus plume source is characterised by a CO2/3He
ratio of 3.1 � 0.6 � 109 (see Fig. 11), similar to the average
value of MORB (2.2 � 0.7 � 109; Marty and Tolstikhin,
1998).

3

Fig. 10. Total �13C (a) and total CO2/3He (b) as a function of
K2O/TiO2. The trends support the hypothesis of contamination from a
K2O-enriched crustal source.
The question of whether or not the CO2/ He ratio of the
plume source is higher or lower than the upper mantle value (2
� 109) is a contentious issue. Trull et al. (1993) reported C/3He
ratios from fluid inclusions in hotspot xenoliths (2–20 � 109)
that overlap but tend toward higher values compared to MORB.
Marty and Tolstikhin (1998) suggested that plumes have CO2/
3He values slightly higher (3 � 109) than the upper mantle
source, based on a compilation of hydrothermal fluid, glass and
xenolith data. Garcia et al. (1998) measured low CO2/3He
ratios (2.3 and 5.7 � 108) in recently erupted (1996) glasses
from Loihi Seamount: however, these samples are minimum
estimates of the plume source since they have not been cor-
rected for degassing. The Iceland plume, arguably the most
pristine mantle plume (3He/4He up to 37RA (Hilton et al., 1999,
2000), and primitive Ne isotope systematics (Harrison et al.,
1999)), also yields high CO2/3He ratios (�6 � 109; Poreda et
al., 1992). Despite a convergence towards values slightly
higher than MORB, model estimates of CO2 and 3He contents
in the lower mantle, 230 ppm (Javoy, 1997) and 6.7 � 1010

atoms/g (Porcelli and Wasserburg, 1995) respectively, predict a
CO2/3He of 1.7 � 108 for the plume source. Although the
Manus plume may not be considered a typical hotspot plume
(e.g., Sr-Nd-Pb systematics are MORB-like, Ne is nucleo-
genic), our data lends support to model studies advocating
MORB-like, or slightly higher than MORB CO2/3He ratios in
the lower mantle plume source.

CONCLUSIONS

The Manus Basin volatile data set is unique in that the
samples span a broad compositional range and they have been
modified to varying degrees by the effects of differentiation,
contamination and degassing. The principal conclusions of this
study are:

Fig. 11. CO2/3He estimate of the Manus plume as determined by
correcting the measured MORB-1 and MORB-smt CO2/3He values
using the 4He/40Ar* ratios. The uncorrected data (filled symbols)
follow the anticipated tholeiitic degassing trend, where degassing leads
to lower CO2/3He and higher 4He/40Ar* values. Following the ap-
proach of Marty and Tolstikhin (1998), we can correct samples back to
an initial Manus source CO2/3He of 3.1 � 0.6 �109. This value
is similar to the range associated with MORB (2.2 � 0.7 � 109 —
indicated with a shaded box; Marty and Tolstikhin, 1998) and other
hotpots (2–20 (Poreda et al., 1992; Trull et al., 1993; Marty and
Tolstikhin, 1998)).
1) The CO2 contents of the glass indicate that most samples
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follow the tholeiitic vapour saturation curves, with the excep-
tion of the MORB-1 and MORB-smt samples, which are su-
persaturated with respect to CO2.

2) The carbon isotope systematics of the glass phase has
been modelled using two-stage degassing models in two dif-
ferent ways: 1) degassing from a common source, or 2) degas-
sing from different parental melts, but assuming that degassing
accounts for all of the observed variations in �13C and CO2

contents. In the first case, many samples require addition of a
degassed C-rich component. In the second case, the parental
melt compositions can be loosely constrained to show the
following CO2 concentration trend: arc-type � BABB s.r.
� MORB-2, E-MORB, X-BABB, BABB � MORB-1 and
MORB-smt. Note that arc type and BABB s.r. samples extrap-
olate to extremely high values. In both cases, the arc-type and
BABB s.r results suggest contamination from a highly degassed
C-rich source.

3) Assuming that vesicle gas can track the evolution of the
parental melt composition, the vesicle data for all samples can
be modelled by single-stage degassing from a parental melt
with a CO2 content of 470 ppm and a �13C � 	1‰. Alterna-
tively, two-stage degassing models from different parental melt
compositions yield similar results to those observed in the
glass.

4) Samples show a trend of increasing 4He/40Ar* ratios with
progressive degassing (as traced by decreasing He and Ar
contents), consistent with solubility controlled degassing. A
two-stage degassing model best describes the He-Ar systemat-
ics of Manus samples.

5) Variations in CO2/3He ratios are likely due to contami-
nation from a crustal source, as evidenced by a correlation with
a low �13C, high K2O/TiO2 endmember. Potential candidates
are the subducting Solomon Sea Plate or the crust through
which the magmas erupt.

6) The CO2/3He value of the Manus plume can best be
approximated by the ratios measured in the MORB-1 and
MORB-smt samples. After correcting the samples for a nom-
inal amount of degassing using 4He/40Ar* values, we estimate
a CO2/3He of 3.1 � 0.6 � 109 for the Manus plume source.
This observation is consistent with other studies (e.g., Poreda et
al., 1992; Trull et al., 1993; Marty et al., 1998), which suggest
that the CO2/3He values for plumes are slightly higher than or
indistinguishable from the canonical MORB value of 2 � 109.
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