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The association of large Au^Cu^Ag ore deposits with convergent

margins is commonly attributed to the higher content of chalcophile

elements in the parental magmas generated at subduction zones com-

pared with mid-ocean ridges.We present new geochemical data for

arc-like, relatively oxidized mantle-derived basalt to rhyolite

magmas from the Pual Ridge and vicinity, Eastern Manus Basin,

which show that the initial abundances of base and precious metals

in the parental basalts are similar to those of mid-ocean ridge basalt

(MORB).The contents of Au, Cu, and Ag are built up in the evol-

ving Pual Ridge liquids to levels considerably in excess of those in

MORB because, unlike MORB, they are not saturated in a sulfide

phase, which is a consequence of their being more oxidized than

MORB.The behaviour of S during the evolution of the Pual Ridge

magmas is obscured by late-stage SO2 loss during eruption, but we

show that it may be inferred by using Se as a proxy, because this elem-

ent follows S closely during magmatic evolution except it is not lost

during low-pressure (near sea-floor) degassing.The onset of mag-

netite fractionation at �60 wt % SiO2 and an Mg-number of

�40 is accompanied by an abrupt decrease in the contents of Au,

Cu and Ag, previously attributed to separation of Cu^Au-rich fluid,

which is also shown by Se, implying that magnetite fractionation

triggers sulfide saturation. Petrological modelling reveals that the

amount of magnetite fractionation involved is sufficient to convert

most of the S originally dissolved in the magma as sulfate (SO4
2^)

to sulfide (S2^), triggering saturation in a Cu-rich sulfide phase,

tentatively identified as bornite (Cu5FeS4). This sulfide phase se-

questers Au and Ag, elements with the same valence as Cu in sul-

fides, but not other potentially chalcophile elements such as Ni, Re,

and Pt, which suggests that the phase is crystalline rather than an

immiscible sulfide melt.The relatively high contents of Cu and Au

characteristic of evolved convergent margin magmas requires no

enrichment from subducted material. Instead, the association of

major Cu^Au deposits with convergent-margin magmatism results

specifically from the process of magmatic evolution under oxidizing

conditions.This same property also leads to early magnetite fraction-

ation, triggering the abrupt saturation in the Cu-rich sulfide. Hence

the easily recognizable trend of magmatic evolution under oxidizing

conditions (i.e. the sharp drop in chalcophile element concentrations)

may be an exploration guide to economic Au^Ag^Cu provinces, or

a crucial pre-enrichment step in the formation of such deposits.The

decrease in P2O5 and Sr at the same stage in the fractionation

sequence (� 60 wt % SiO2) indicates that saturation in apatite is

concomitant with magnetite^sulfide saturation in the Eastern

Manus Basin.
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I NTRODUCTION

One conspicuous feature of arc and back-arc magma series

is their association with ores of the rare, but economically

important metals Au, Cu, and Ag. Understanding the geo-

logical processes leading to the selective concentration of

these metals is not straightforward. For Au, one of the

rarest metals on Earth, with a primitive mantle abundance

of only 0·9 ppb (Palme & O’Neill, 2003), enrichments by a

factor of 103 are needed to form economically attractive
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ores. How this happens is particularly perplexing for Au,

because this egregiously inert metal does not appear to be

incompatible during crust^mantle differentiation.

Compared with either the primitive mantle or mid-ocean

ridge basalts (MORBs; which typically contain �1·2 ppb

Au; Supplementary Data Table 1, available at http://

petrology.oxfordjournals.org/), the content of Au in the

continental crust is only �1·5 ppb (Rudnick & Gao, 2008).

Although the spatial relationship between Au^Cu-rich

sulfide deposits and convergent margin magmatism is well

established (e.g. Hedenquist & Lowenstern, 1994), the

reason for this association is unclear. Studies of Au ores

themselves have given few clues to the earliest stages of

the enrichment process. A significant discovery of Moss &

Scott (2001) and Sun et al. (2004) was that a trend of

increasing Cu and Au with SiO2 in evolving arc-like

magmas of the Pual Ridge and vicinity (Eastern Manus

region of the Manus back-arc basin) is suddenly inter-

rupted at �60wt % SiO2 (Fig. 1).The low Cu and Au con-

tents in the most evolved samples from the Manus area

have been attributed to loss in a fugitive volatile phase

(e.g. Loucks & Mavrogenes, 1999), possibly triggered by

magnetite saturation and accompanying redox changes in

an evolving crustal magma chamber (Binns & Scott, 1993;

Kamenetsky et al., 2001; Moss & Scott, 2001; Sun et al.,

2004).

Arc-related volcanic rocks from the Pual Ridge area

range in composition from basalt to rhyolite, forming a

typical example of magmatic evolution by fractional crys-

tallization (Binns & Scott, 1993; Kamenetsky et al., 2001;

Fig. 1. Covariation of (a) FeOtot and (b) Cu vs SiO2 for samples from the Pual Ridge, Eastern Manus Basin, demonstrating the sudden drop in
Cu contents at �60wt % SiO2, which coincides with the change in FeOtot partitioning behaviour. Analyses from this study encompass the
range in compositions of the previous studies of Kamenetsky et al. (2001), Moss & Scott (2001), Sun et al. (2004) and Park et al. (2010).
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Moss & Scott, 2001; Sinton et al., 2003; Sun et al., 2003,

2004, 2007; Park et al., 2010).We have re-analysed the Pual

Ridge sample set at intervals along the range in SiO2 and

Cu contents (Fig. 1) for a more comprehensive list of trace

elements, including the key element Se, which proxies the

behaviour of S during magmatic evolution without being

affected by volatile loss upon quenching. It would be help-

ful in understanding the behaviour of chalcophile elements

in arc-related lavas to contrast their behaviour with that

during basaltic magma evolution in other tectonic settings,

the best understood of which is mid-ocean ridge magma-

tism. However, data for chalcophile element contents in

MORBs in the literature are meagre, in particular for Ag

and Se. Accordingly, we present 252 new analyses of vol-

canic glasses (loaned from the Department of Mineral

Sciences, US National Museum of Natural History,

Washington, DC) from ocean-floor basalts (ridges but also

associated fracture zones, referred to collectively as

MORB throughout this paper for ease of reference) from

the Pacific and Atlantic Oceans. Comparison of these new

analyses of a global range of MORB with the Pual Ridge

volcanic glasses shows that, contrary to previous hypoth-

eses (e.g. Mungall, 2002), no enrichment of these

ore-forming metals from slab-derived inputs into the

mantle wedge source of arc magmas is required, as previ-

ously suggested by Hamlyn et al. (1985). Additionally, we

demonstrate that the behaviour of Cu and Au following

magnetite fractionation is paralleled byAg and important-

ly Se, indicating that saturation in a sulfide phase is re-

sponsible for the sudden drop in chalcophile element

abundances as opposed to the separation of a

chalcophile-rich fluid or vapour phase.

ANALYTICAL METHODS

Major and minor (S, Cl) element analyses of Pual Ridge

glasses were obtained at the Australian National

University using a Cameca SX100 electron microprobe fol-

lowing the methods described by O’Neill & Mavrogenes

(2002). Trace element abundances were determined by

laser ablation^inductively coupled plasma mass spectrom-

etry (LA-ICP-MS) using a 7500S Agilent system (RF

power 1300 W; ablation cell gas flow 0·3 lmin�1 He,

0·02 lmin�1 H2; auxiliary gas flow 1·0 lmin�1 Ar; laser

energy 50^55 mJ), coupled to an ANU HelEX laser abla-

tion system, which employs a 193 nm wavelength

EXCIMER laser [110 (ArF) COMPex, Lambda Physik].

Analysis of Se followed methods described by Jenner et al.

(2009). Data acquisition for elements other than Au, Re

and Pt was performed with 20 s of background measure-

ment, followed by 40 s of sample ablation, an ablation

diameter of 86 mm and a repetition rate of 5Hz (with the

exception Ag, Cd and In analyses, where a repetition rate

of 10Hz was employed to achieve more sensitive analytical

conditions). To achieve the lower limits of detection

required for Au, Pt and Re analyses, longer counting

times were used (30 s of background measurement, fol-

lowed by 50 s of sample ablation), and a larger ablation

diameter of 187 mm and a repetition rate of 10Hz were em-

ployed. To minimize the potential for oxide production,

the LA-ICP-MS system was calibrated to low oxide pro-

duction rates (ThOþ/Thþ typically50·4%) and this rate

was monitored throughout each analytical session.

Additionally, a range of experimental, high-REE (rare

earth element) glasses (Evans et al., 2008b), zircon and

rutile were used to measure isotopic interferences on a

range of masses throughout data collection (e.g. oxide pro-

duction rates; 91Zr16O, 169Tm16O, 179Hf16O and 181Ta16O

production rate on 107Ag, 185Re, 195Pt and 197Au, respective-

ly; and doubly charged REE production rates such as
150Nd2þ and 150Sm2þ on 75As), permitting precise interfer-

ence corrections [following methods described by Hu

et al. (2009) and Jenner et al. (2009)].

All samples and standards were analysed in batches of

�12, with NIST SRM 612 (values given in Table 1) used

for external calibration, analysed at the beginning and

end of each batch to allow corrections to be made for in-

strument drift. The discrete compositional rods within

each of the NIST SRM glasses described by Eggins &

Shelley (2002) were avoided. The abundances of SiO2

from the electron microprobe analyses were used for in-

ternal calibration, with a correction factor of 1·063 to ac-

count for the differences in ablation characteristics

between NIST SMR 612 and the natural volcanic glasses

(e.g. Gaboardi & Humayun, 2009). Data reduction was

performed using the method described by Longerich et al.

(1996).

Data for replicate analyses of NIST SRM 614 are listed

inTable 1 along with the range in values for each element

from the GeoReM website (Jochum & Stoll, 2008). The

percentage relative standard deviations (% RSDs) for

replicate analyses of NIST SRM 614 are all �4·9% and

typically �2%, demonstrating the precision of the

LA-ICP-MS technique. In particular, replicate analyses of

Re, Pt and Au show 1·67, 0·66 and 2·03% RSD, respective-

ly. Analyses of the Pual Ridge suite and MORB samples

are given in Table 1 and Supplementary Data Table 1,

respectively.

CHALCOPH ILE ELEMENT

SYSTEMATICS OF MORB

The abundance of S and chalcophile elements (i.e. Au, Cu,

Ag, and Se) in relatively reduced basaltic melts such as

MORB is controlled by saturation with Fe^Ni-rich sulfide

(Mathez, 1976; Czamanske & Moore, 1977; Hertogen et al.,

1980; Peach et al., 1990; Yi et al., 2003). During fractional

crystallization, Cu is highly compatible in sulfide, and

JENNER et al. METALS IN ARC-RELATEDMAGMAS

2447

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
e
tro

lo
g
y
/a

rtic
le

/5
1
/1

2
/2

4
4
5
/1

5
4
2
3
0
1
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



T
ab
le
1:

L
is
t
of
va
lu
es
fo
r
N
IS
T
SR

M
61
2
us
ed
fo
r
ex
te
rn
al
ca
li
br
at
io
n
of
L
A
-I
C
P
-M

S
da
ta
,
m
aj
or
an
d
tr
ac
e
el
em
en
t
an
al
ys
es
of
vo
lc
an
ic
gl
as
se
s
fr
om

th
e
P
ua
l
R
id
ge
,

an
d
an
al
ys
es
of
N
IS
T
SR

M
61
4
co
m
pa
re
d
w
it
h
th
e
G
eo
R
eM

ra
ng
e

N
IS
T
S
R
M

6
1
2

P
u
a
l
R
id
g
e
,
M
a
n
u
s
B
a
si
n
,
S
W

P
a
c
if
ic

N
IS
T

S
R
M

6
1
4
(n

¼
1
0
)

P
V

R
e
f.

M
D
3

M
D
1
0
1

D
R
8
6

M
D
7
A

M
D
7
6

M
D
8

M
D
5
3

M
D
6
5

M
D
2
8

M
D
3
6

M
D
1
1
4

D
R
8
7

M
D
6

A
v
e
ra
g
e

R
S
D

(%
)

G
e
o
R
e
M

w
t
%

S
iO

2
5
1
·
9
6

5
1
·
5
4

5
5
·
4
7

5
8
·
4
4

5
9
·
8
1

6
0
·
8
1

6
0
·
4
7

6
7
·
3
6

6
6
·
2
8

6
9
·
3
7

6
5
·
4
9

7
2
·
9
3

7
6
·
0
7

A
l 2
O
3

1
2
·
9
9

1
5
·
3
4

1
4
·
9
3

1
5
·
3
2

1
4
·
9
3

1
5
·
6
2

1
5
·
6
9

1
4
·
7
7

1
4
·
5
9

1
4
·
3
5

1
4
·
4
5

1
2
·
8
4

1
1
·
8
6

F
e
O
to
t

6
·
6
7

7
·
7
1

1
1
·
0
9

8
·
9
5

9
·
1
8

7
·
4
7

7
·
2
9

4
·
7
3

4
·
8
8

5
·
0
6

6
·
0
6

3
·
5
0

2
·
8
9

M
g
O

9
·
1
9

6
·
8
6

4
·
2
4

3
·
2
2

3
·
0
7

2
·
3
9

2
·
4
3

1
·
5
0

1
·
4
1

1
·
0
4

1
·
1
3

0
·
2
6

0
·
1
5

C
a
O

1
4
·
3
7

1
1
·
8
1

8
·
0
9

7
·
1
5

6
·
7
9

5
·
8
4

5
·
8
9

3
·
6
5

3
·
5
6

3
·
4
1

3
·
5
8

1
·
7
9

1
·
1
1

N
a
2
O

1
·
5
9

1
·
8
9

3
·
1
1

3
·
5
9

3
·
7
7

4
·
1
6

4
·
0
8

4
·
5
9

4
·
5
1

4
·
6
8

4
·
7
5

4
·
7
3

4
·
5
8

K
2
O

0
·
2
5

0
·
3
2

0
·
6
8

0
·
8
4

0
·
9
2

1
·
0
8

1
·
0
7

1
·
5
6

1
·
5
7

1
·
5
5

1
·
3
4

1
·
6
9

2
·
4
9

T
iO

2
0
·
3
8

0
·
4
5

0
·
8
3

1
·
1
7

1
·
2
3

1
·
0
6

1
·
0
6

0
·
7
0

0
·
6
7

0
·
6
6

0
·
7
6

0
·
4
3

0
·
3
5

P
2
O
5

0
·
0
9

0
·
1
8

0
·
3
5

0
·
6
7

0
·
8
1

0
·
6
3

0
·
4
3

0
·
2
0

0
·
2
1

0
·
2
8

0
·
3
9

0
·
1
5

0
·
0
5

M
n
O

0
·
1
3

0
·
1
6

0
·
1
8

0
·
1
9

0
·
2
1

0
·
1
7

0
·
1
7

0
·
1
5

0
·
1
4

0
·
1
5

0
·
1
5

0
·
1
1

0
·
0
9

T
o
ta
l

9
7
·
6
1

9
6
·
2
6

9
8
·
9
5

9
9
·
5
5

1
0
0
·
7
2

9
9
·
2
3

9
8
·
5
7

9
9
·
1
9

9
7
·
8
1

1
0
0
·
5
5

9
8
·
1
1

9
8
·
4
5

9
9
·
6
5

p
p
m

S
1
2

1
1

1
4

1
6

1
3

1
5

2
6

6
5

1
0

6
3

1
4
8

C
l

8
1

6
5

2
0
5

1
8
3

1
9
7

2
2
1

2
1
0

2
9
0

3
0
1

3
1
8

3
0
9

5
1
0

4
9
9

L
i

4
2

1
4
·
8
6

5
·
3
5

7
·
7
0

7
·
4
9

8
·
1
7

1
0
·
3
1

9
·
1
7

1
3
·
8
9

1
4
·
6
4

1
5
·
9
0

1
5
·
9
4

1
6
·
1
0

1
6
·
2
3

1
·
4
9
6

2
·
4
2

1
·
4
4
–
1
·
9
5

B
e

3
8

1
0
·
2
4

0
·
2
7

0
·
6
5

0
·
6
2

0
·
7
9

0
·
9
1

0
·
7
8

1
·
1
6

1
·
1
2

1
·
3
0

1
·
1
9

1
·
2
4

1
·
4
9

0
·
7
2
9

0
·
7
3

0
·
4
–
0
·
7
9

S
c

3
9

2
4
0
·
6
8

3
7
·
9
2

3
4
·
3
6

2
7
·
0
8

2
5
·
1
7

2
3
·
4
7

2
4
·
3
9

1
6
·
5
2

1
6
·
5
9

1
5
·
2
0

1
6
·
8
4

1
1
·
2
7

9
·
9
7

1
·
6
0
2

0
·
8
5

0
·
8
9
–
5
·
5
5

T
i

4
1

2
2
8
4
9

2
9
0
6

5
5
0
2

6
4
5
0

7
1
3
9

7
0
1
7

6
5
1
9

4
7
2
9

4
6
5
1

5
2
1
2

5
5
1
0

3
0
2
5

2
4
1
6

2
·
8
7
0

2
·
3
1

2
·
4
2
–
3
·
7
7

V
3
9

1
2
7
9
·
9

2
8
7
·
7

4
7
6
·
2

4
1
3
·
2

4
5
8
·
6

2
0
1
·
8

2
6
3
·
7

4
1
·
9
2

4
1
·
8
7

4
0
·
2
1

6
0
·
4
7

4
·
0
8

2
·
6
6

0
·
9
4
7

0
·
9
7

0
·
8
7
–
1
·
1
2

C
r

3
9
·
9

3
1
8
3
·
8

1
3
8
·
5

1
7
·
0
6

0
·
9
1

0
·
7
8

1
7
·
6
4

1
·
9
1

3
4
·
9
5

3
0
·
6
0

1
·
2
1

2
·
8
8

0
·
5
9

0
·
6
3

1
·
3
5
3

4
·
8
6

0
·
9
9
–
1
0
·
7

M
n

3
8

1
1
3
1
8

1
3
1
0

1
4
3
6

1
3
3
5

1
3
3
1

1
4
0
6

1
3
3
8

1
1
4
3

1
1
8
8

1
2
0
3

1
2
7
8

9
6
0

8
0
7

1
·
3
0
3

0
·
4
9

0
·
6
9
2
–
2
·
2

C
o

3
5

1
4
4
·
3
7

4
0
·
2
0

3
5
·
6
4

2
6
·
2
6

2
5
·
7
6

1
6
·
9
6

1
8
·
9
8

8
·
2
3

8
·
3
6

7
·
4
6

8
·
7
8

2
·
4
7

2
·
4
9

0
·
6
9
3

0
·
5
5

0
·
6
3
–
2
·
3
2

N
i

3
8
·
8

1
7
0
·
7
6

6
6
·
0
5

2
3
·
7
1

6
·
1
7

5
·
9
2

8
·
6
5

2
·
0
1

1
9
·
0
4

1
7
·
1
7

2
·
8
2

3
·
6
4

0
·
2
9
0

0
·
2
1
1

0
·
9
9
6

2
·
2
5

0
·
9
–
6
·
1

C
u

3
7

1
8
5
·
5
9

1
0
0
·
1
8

1
8
0
·
0
7

2
7
3
·
3
2

2
7
6
·
0
2

2
7
·
7
7

3
5
·
7
8

1
8
·
1
1

1
8
·
2
6

2
1
·
2
2

3
3
·
3
9

1
6
·
7
6

1
6
·
8
4

1
·
1
8
5

1
·
0
5

1
·
1
9
–
4
·
4
1

Z
n

3
8

1
7
8
·
7

7
7
·
4

9
6
·
4

9
6
·
7

1
0
6
·
4

1
1
8
·
0

1
0
2
·
6

1
0
2
·
5

1
0
1
·
4

1
1
0
·
0

1
1
3
·
0

7
9
·
2

8
2
·
6

2
·
1
9
7

1
·
3
0

1
·
7
6
–
3
·
6
8

A
s
(i
)

3
7

1
1
·
3
8
3

1
·
3
1
6

1
·
7
7
2

1
·
5
9
9

2
·
1
0
9

2
·
4
7
6

2
·
3
5
5

3
·
4
1
1

3
·
2
9
3

3
·
5
5
7

3
·
2
0
0

3
·
9
9
4

4
·
5
4
2

1
·
1
4
4

3
·
7
5

0
·
5
9
3
–
0
·
7
2

S
e
(i
)

1
5
·
2

4
0
·
1
1
9

0
·
1
3
9

0
·
2
4
7

0
·
3
4
8

0
·
3
5
5

0
·
1
4
3

0
·
1
5
8

0
·
1
3
7

0
·
1
4
6

0
·
1
5
8

0
·
1
7
7

0
·
1
5
3

0
·
1
3
7

0
·
3
9
4

3
·
0
5

n
.a
.

R
b

3
1
·
4

1
3
·
8
0

5
·
4
8

1
2
·
4
4

1
1
·
4
2

1
4
·
8
0

1
7
·
0
1

1
5
·
7
1

2
6
·
4
5

2
4
·
8
0

3
0
·
4
0

2
5
·
5
3

3
2
·
8
4

3
6
·
5
5

0
·
7
9
2

2
·
0
0

0
·
7
3
–
0
·
9
8

S
r

7
8
·
4

1
2
4
5

2
4
0

4
3
6

5
6
7

4
7
5

4
2
6

4
3
6

3
0
1

2
9
2

3
3
9

3
2
9

2
1
5

2
2
1

4
3
·
5
5

0
·
7
0

4
2
·
4
–
4
8
·
5
8

Y
3
8

1
1
0
·
0
6

1
1
·
2
9

1
9
·
7
3

1
7
·
3
0

2
3
·
9
0

2
9
·
7
9

2
5
·
2
1

3
0
·
4
4

3
0
·
5
9

3
2
·
4
2

3
3
·
3
9

3
4
·
8
7

3
6
·
1
9

0
·
7
2
7

1
·
4
2

0
·
7
–
1

Z
r

3
8

1
2
3
·
1
9

2
5
·
4
0

5
3
·
9
9

4
9
·
2
5

6
7
·
9
8

8
0
·
8
9

6
9
·
0
1

1
1
3
·
9

1
1
0
·
5

1
2
2
·
1

1
1
7
·
8

1
5
1
·
1

1
5
8
·
4

0
·
8
0
0

1
·
5
3

0
·
7
7
–
0
·
9
5

N
b

4
0

1
0
·
3
5

0
·
3
2

0
·
8
4

0
·
8
8

1
·
1
4

1
·
3
0

1
·
1
4

1
·
8
8

1
·
7
8

1
·
9
9

1
·
9
1

2
·
3
8

2
·
3
1

0
·
8
2
7

0
·
7
5

0
·
6
8
–
0
·
8
9

A
g
(i
)

2
1
·
4

5
0
·
0
4

0
·
0
3

0
·
0
6

0
·
0
8

0
·
0
8

0
·
0
2

0
·
0
2

0
·
0
2

0
·
0
2

0
·
0
3

0
·
0
3

0
·
0
3

0
·
0
3

0
·
4
0

1
·
4
9

0
·
3
6
1

(c
o
n
ti
n
u
e
d
)

JOURNAL OF PETROLOGY VOLUME 51 NUMBER 12 DECEMBER 2010

2448

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
e
tro

lo
g
y
/a

rtic
le

/5
1
/1

2
/2

4
4
5
/1

5
4
2
3
0
1
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



T
ab
le
1:

C
on
ti
nu
ed

N
IS
T
S
R
M

6
1
2

P
u
a
l
R
id
g
e
,
M
a
n
u
s
B
a
si
n
,
S
W

P
a
c
if
ic

N
IS
T

S
R
M

6
1
4
(n

¼
1
0
)

P
V

R
e
f.

M
D
3

M
D
1
0
1

D
R
8
6

M
D
7
A

M
D
7
6

M
D
8

M
D
5
3

M
D
6
5

M
D
2
8

M
D
3
6

M
D
1
1
4

D
R
8
7

M
D
6

A
v
e
ra
g
e

R
S
D

(%
)

G
e
o
R
e
M

C
d

2
8
·
3

5
0
·
1
3

0
·
1
3

0
·
1
4

0
·
1
2

0
·
1
6

0
·
1
5

0
·
1
4

0
·
1
5

0
·
1
6

0
·
1
7

0
·
1
8

0
·
1
2

0
·
1
3

0
·
4
8
8

1
·
5
1

0
·
5
6
6
–
0
·
6
4

In
(i
)

3
7

5
0
·
0
4

0
·
0
4

0
·
0
6

0
·
0
5

0
·
0
7

0
·
0
6

0
·
0
6

0
·
0
7

0
·
0
7

0
·
0
7

0
·
0
8

0
·
0
6

0
·
0
6

0
·
8
0
4

0
·
9
9

0
·
7
3
–
1
·
2

S
n

3
5
·
6

5
0
·
3
1

0
·
3
0

0
·
5
2

0
·
5
5

0
·
5
9

0
·
6
9

0
·
6
2

0
·
9
5

0
·
9
7

1
·
0
5

1
·
0
2

1
·
0
0

1
·
2
0

1
·
4
4
5

1
·
1
4

1
·
4
–
1
·
7
8

S
b

3
1
·
4

5
0
·
0
3

0
·
0
3

0
·
0
5

0
·
0
5

0
·
0
6

0
·
0
7

0
·
0
7

0
·
1
0

0
·
1
0

0
·
0
9

0
·
0
9

0
·
1
2

0
·
1
4

0
·
7
2
0

2
·
3
0

0
·
6
9
–
0
·
8
6

C
s

4
2

1
0
·
1
6

0
·
1
8

0
·
3
3

0
·
2
9

0
·
4
0

0
·
4
8

0
·
4
3

0
·
6
9

0
·
6
7

0
·
7
6

0
·
6
8

0
·
8
6

0
·
9
0

0
·
6
0
1

0
·
8
1

0
·
5
9
–
0
·
7
6

B
a

3
9
·
7

1
8
0
·
5

8
6
·
6

1
7
6
·
7

1
6
4
·
8

2
2
7
·
6

2
5
9
·
2

2
2
0
·
1

3
5
6
·
1

3
3
4
·
3

3
9
0
·
3

3
4
6
·
2

4
3
0
·
1

4
6
0
·
0

2
·
8
2
6

1
·
1
7

2
·
9
–
3
·
4
4

L
a

3
5
·
8

1
1
·
8
8

2
·
2
3

5
·
7
0

5
·
6
3

7
·
6
6

8
·
7
2

7
·
2
8

1
0
·
3
1

9
·
9
5

1
1
·
6
1

1
0
·
9
8

1
2
·
1
2

1
3
·
1
5

0
·
6
6
5

1
·
8
9

0
·
6
8
–
0
·
7
8

C
e

3
8
·
7

1
5
·
0
3

5
·
6
2

1
3
·
5
2

1
3
·
4
0

1
8
·
3
0

2
0
·
7
8

1
7
·
7
7

2
4
·
1
7

2
3
·
9
1

2
7
·
2
2

2
6
·
1
6

2
8
·
3
5

3
0
·
9
0

0
·
7
5
2

1
·
3
8

0
·
7
3
5
–
1
·
0
4

P
r

3
8
·
9
5

T
S

0
·
7
8

0
·
8
3

2
·
0
0

2
·
0
1

2
·
7
9

3
·
1
0

2
·
6
1

3
·
4
7

3
·
3
6

3
·
8
7

3
·
6
5

3
·
9
9

4
·
3
3

0
·
7
3
7

0
·
8
9

0
·
7
–
0
·
8

N
d

3
5
·
9

1
3
·
8
5

4
·
2
9

9
·
7
4

9
·
5
9

1
3
·
3
7

1
5
·
4
4

1
2
·
6
5

1
5
·
9
5

1
5
·
9
0

1
7
·
8
0

1
7
·
5
2

1
7
·
7
6

1
9
·
1
3

0
·
7
0
0

3
·
0
5

0
·
6
9
9
–
0
·
7
8

S
m

3
8
·
1

1
1
·
2
0

1
·
3
2

2
·
7
9

2
·
5
8

3
·
5
9

4
·
2
9

3
·
6
3

4
·
1
4

4
·
1
7

4
·
7
1

4
·
7
4

4
·
7
9

4
·
9
3

0
·
7
1
9

2
·
3
5

0
·
7
–
0
·
8
1

E
u

3
5

1
0
·
4
6

0
·
5
0

1
·
0
0

0
·
9
8

1
·
2
7

1
·
4
0

1
·
2
0

1
·
2
7

1
·
2
0

1
·
3
8

1
·
4
4

1
·
1
9

1
·
2
9

0
·
7
1
4

1
·
1
6

0
·
7
2
–
0
·
8

G
d

3
6
·
7

1
1
·
4
8

1
·
6
3

3
·
0
5

2
·
9
2

3
·
9
2

4
·
6
8

3
·
8
5

4
·
2
9

4
·
4
4

4
·
9
8

4
·
8
8

5
·
0
0

5
·
1
8

0
·
7
0
1

2
·
4
7

0
·
6
8
–
0
·
8
2

T
b

3
8
·
3

T
S

0
·
2
5

0
·
2
9

0
·
5
3

0
·
4
8

0
·
6
7

0
·
8
0

0
·
6
6

0
·
7
5

0
·
7
8

0
·
8
5

0
·
8
5

0
·
8
7

0
·
9
0

0
·
7
0
1

1
·
8
6

0
·
6
7
–
0
·
7
7

D
y

3
6

1
1
·
8
5

2
·
0
7

3
·
3
9

3
·
0
4

4
·
3
5

5
·
2
8

4
·
2
5

5
·
0
2

5
·
0
5

5
·
8
6

5
·
6
5

5
·
8
3

6
·
1
3

0
·
6
9
8

1
·
4
4

0
·
6
8
–
0
·
8
3

H
o

3
8

1
0
·
4
0

0
·
4
4

0
·
7
4

0
·
6
6

0
·
8
9

1
·
1
2

0
·
8
8

1
·
1
1

1
·
0
5

1
·
1
9

1
·
1
9

1
·
2
6

1
·
2
9

0
·
6
8
0

1
·
3
9

0
·
7
–
0
·
8
1

E
r

3
8

1
1
·
1
6

1
·
3
2

2
·
2
4

2
·
0
0

2
·
7
0

3
·
3
1

2
·
6
7

3
·
3
1

3
·
3
2

3
·
7
3

3
·
6
6

3
·
8
8

4
·
0
1

0
·
6
9
5

1
·
5
4

0
·
6
5
–
0
·
8
1

T
m

3
8

1
0
·
1
7

0
·
1
9

0
·
3
3

0
·
3
0

0
·
3
9

0
·
4
9

0
·
4
0

0
·
5
1

0
·
5
0

0
·
5
5

0
·
5
6

0
·
6
1

0
·
6
3

0
·
6
6
5

1
·
1
7

0
·
6
7
–
0
·
8

Y
b

3
7
·
1

T
S

1
·
1
1

1
·
2
9

2
·
1
2

1
·
8
6

2
·
5
5

3
·
0
9

2
·
6
5

3
·
3
6

3
·
3
7

3
·
7
8

3
·
6
8

3
·
9
6

4
·
1
6

0
·
6
5
7

1
·
9
3

0
·
7
–
1

L
u

3
7
·
1
8

6
0
·
1
8

0
·
2
0

0
·
3
3

0
·
2
9

0
·
4
0

0
·
4
8

0
·
4
2

0
·
5
4

0
·
5
4

0
·
5
9

0
·
5
8

0
·
6
6

0
·
6
9

0
·
6
5
7

1
·
0
9

0
·
6
7
–
0
·
8

H
f

3
7
·
9

6
0
·
7
3

0
·
8
0

1
·
6
8

1
·
4
7

1
·
9
5

2
·
4
9

2
·
1
2

3
·
2
8

3
·
2
2

3
·
5
8

3
·
6
2

4
·
3
1

4
·
6
2

0
·
6
4
8

1
·
6
6

0
·
6
–
0
·
7
7

T
a

4
0

1
0
·
0
2

0
·
0
2

0
·
0
5

0
·
0
5

0
·
0
8

0
·
0
8

0
·
0
7

0
·
1
1

0
·
1
0

0
·
1
2

0
·
1
1

0
·
1
4

0
·
1
5

0
·
7
4
5

1
·
1
1

0
·
7
–
0
·
8
6

W
3
8
·
0
8

6
0
·
0
3

0
·
0
3

0
·
0
6

0
·
0
8

0
·
0
8

0
·
1
1

0
·
0
9

0
·
1
4

0
·
1
5

0
·
1
8

0
·
1
4

0
·
1
9

0
·
2
2

0
·
7
4
1

1
·
3
9

0
·
7
4
–
1
·
2

R
e
*
(i
)

6
·
5
7

7
1
·
3
1

1
·
0
1

1
·
2
1

1
·
4
5

1
·
9
8

1
·
8
4

1
·
9
4

0
·
6
0

0
·
6
9

0
·
8
2

1
·
0
4

0
·
3
7

0
·
1
5

1
5
6

1
·
6
7

1
5
5
–
1
7
9

P
t*

(i
)

2
·
5
9

7
6
·
1
0

4
·
2
2

1
·
9
3

3
·
6
2

2
·
4
4

1
·
5
1

1
·
9
9

0
·
8
4

0
·
2
6

0
·
9
5

1
·
1
5

b
.d
.l
.

1
·
0
0

2
3
7
0

0
·
6
6

2
2
6
0
–
2
4
0
0

A
u
*
(i
)

4
·
5
8

7
3
·
6
3

3
·
5
5

5
·
2
8

5
·
8
1

6
·
7
8

1
·
1
0

1
·
3
3

0
·
6
3

0
·
7
9

0
·
6
9

1
·
0
0

b
.d
.l
.

0
·
8
1

4
4
3

2
·
0
3

4
1
0
–
5
1
9

T
l

1
5
·
1

1
0
·
0
4

0
·
0
5

0
·
0
9

0
·
0
9

0
·
1
1

0
·
1
3

0
·
1
2

0
·
1
9

0
·
2
0

0
·
2
3

0
·
2
0

0
·
2
3

0
·
2
6

0
·
2
3
8

1
·
9
8

0
·
2
4
–
0
·
3

P
b

3
8
·
5
7

1
1
·
2
4

1
·
3
7

2
·
5
0

2
·
4
7

3
·
0
7

3
·
7
1

3
·
2
6

5
·
0
6

4
·
8
6

5
·
5
3

4
·
9
9

5
·
4
4

6
·
3
8

2
·
1
1
8

1
·
4
6

1
·
9
5
–
2
·
8
3

B
i

3
0

1
0
·
0
2

0
·
0
1

0
·
0
2

0
·
0
3

0
·
0
4

0
·
0
3

0
·
0
3

0
·
0
5

0
·
0
5

0
·
0
5

0
·
0
4

0
·
0
5

0
·
0
5

0
·
5
2
1

1
·
0
2

0
·
5
–
0
·
6
8

T
h

3
7
·
7
9

1
0
·
1
7

0
·
2
6

0
·
4
9

0
·
4
8

0
·
6
3

0
·
8
1

0
·
6
7

1
·
2
1

1
·
1
6

1
·
3
2

1
·
2
3

1
·
5
0

1
·
6
6

0
·
6
8
3

1
·
5
5

0
·
7
1
–
1
·
2

U
3
7
·
3
8

1
0
·
1
1

0
·
1
2

0
·
3
3

0
·
2
9

0
·
3
7

0
·
4
3

0
·
4
3

0
·
6
4

0
·
7
0

0
·
7
9

0
·
7
7

0
·
9
4

1
·
1
1

0
·
7
4
8

1
·
5
2

0
·
7
8
–
1
·
0
6

D
a
ta

so
u
rc
e
s
fo
r
N
IS
T
S
R
M

6
1
2
v
a
lu
e
s:

(1
)
J
o
c
h
u
m
&

S
to
ll
(2
0
0
8
);

(2
)
E
g
g
in
s
(2
0
0
3
);

(3
)
H
u
m
a
y
u
n
e
t
a
l.
(2
0
0
7
);

(4
)
J
e
n
n
e
r
e
t
a
l.
(2
0
0
9
);

(5
)
H
u
e
t
a
l.
(2
0
0
9
),

(6
)

N
e
b
e
l
e
t
a
l.
(2
0
0
9
);

(7
)
S
y
lv
e
st
e
r
&

E
g
g
in
s
(1
9
9
7
).

L
o
c
a
ti
o
n
s
a
n
d
sa
m
p
le

d
e
sc
ri
p
ti
o
n
s
fo
r
P
u
a
l
R
id
g
e
g
la
ss
e
s
h
a
v
e
b
e
e
n
g
iv
e
n
b
y
S
u
n
e
t
a
l.
(2
0
0
4
)
a
n
d
re
fe
re
n
c
e
s

th
e
re
in
.
G
e
o
R
e
M

ra
n
g
e
a
s
u
p
d
a
te
d
b
y
J
o
c
h
u
m
&

S
to
ll
(2
0
0
8
).
R
e
f.
,
re
fe
re
n
c
e
fo
r
N
IS
T
S
R
M

6
1
2
v
a
lu
e
;
T
S
(t
h
is
st
u
d
y
),
F
.
E
.
J
e
n
n
e
r
&

H
.
S
.
C
.
O
’N
e
ill
(u
n
p
u
b
lis
h
e
d

d
a
ta
);
(i
),
in
te
rf
e
re
n
c
e
c
o
rr
e
c
te
d
;
b
.d
.l
.,
b
e
lo
w

d
e
te
c
ti
o
n
lim

it
(d
e
te
c
ti
o
n
lim

it
s
fo
r
A
u
,
R
e
a
n
d
P
t
ty
p
ic
a
lly

4
0
·
2
5
p
p
b
(f
o
llo
w
in
g
in
te
rf
e
re
n
c
e
c
o
rr
e
c
ti
o
n
s)
;
R
S
D
,
re
la
ti
v
e

st
a
n
d
a
rd

d
e
v
ia
ti
o
n
;
n
.a
.,

n
o
a
v
a
ila
b
le

d
a
ta
;
P
V
,
p
re
fe
rr
e
d
v
a
lu
e
.

*
V
a
lu
e
s
in

p
p
b
.

JENNER et al. METALS IN ARC-RELATEDMAGMAS

2449

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
e
tro

lo
g
y
/a

rtic
le

/5
1
/1

2
/2

4
4
5
/1

5
4
2
3
0
1
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



its content in MORB melts decreases with continued frac-

tional crystallization (e.g. Czamanske & Moore, 1977;

Doe,1994,1995). Few analyses are available in the literature

for Se and Ag contents in mantle-derived rocks, which

has limited our current understanding of their behaviour

during differentiation of a cooling magma. The MORB

samples from the Pacific and Atlantic analysed as part of

this study show a steady increase in S with decreasing

Mg-number (Fig. 2), where Mg-number¼molar Mg/

(MgþFe)� 100, a more sensitive measure of magmatic

evolution in MORB than SiO2, which changes little

during crystallization of cotectic olivineþplagioclase

þ clinopyroxene in the low-pressure evolution of these

magmas, as noted above. Because FeO increases under the

reduced, relatively anhydrous conditions prevailing

during MORB fractionation, S content also increases, des-

pite concurrent fractionation of sulfide, because the S con-

tent at sulfide saturation of a silicate melt is primarily a

function of its FeO content (e.g. O’Neill & Mavrogenes,

2002).

In MORB, Se, Cu, and Ag initially decrease with

decreasing Mg-number (Fig. 2), which is attributable to

the removal of these elements in a sulfide phase during

fractional crystallization. The decreases in Cu/S, Se/S and

Cu/Se and the relatively constant Cu/Ag (average of

3552�364) with decreasing Mg-number in MORB

(Fig. 3) indicate compatibility in magmatic sulfide that in-

creases in the order Cu � Ag4Se4S during low-pressure

differentiation. The higher compatibility of Cu relative to

Se in magmatic sulfides is contrary to the previous ap-

praisal of the partitioning behaviour of chalcophile elem-

ents in MORB (Peach et al., 1990), but is consistent with

the chalcophile element partitioning behaviour during re-

moval of sulfide liquid from the fractionating magma of

the Bushveld Complex, South Africa, documented by

Barnes et al. (2009).

CHALCOPH ILE ELEMENT

SYSTEMATICS OF MANUS

BACK-ARC BASIN MAGMAS

The most primitive samples from the Pual Ridge (highest

Mg-number and lowest SiO2) have V, Co, Pt, Re, Cu, Ag

and Au contents comparable with those in primitive

MORB (Figs 4 and 5), demonstrating that the mantle

wedge was not enriched in these elements. In contrast, the

abundances of FeOtot, TiO2, and Se are lower than those

in MORB at a similar Mg-number. The abundances of Pt

and Co decrease with decreasing Mg-number, indicating

that these elements are partitioned into olivine, chromite,

and/or clinopyroxene early in the fractionation sequence

(Fig. 4). The fractionating crystalline assemblage forces

the contents of FeOtot,V, Re,TiO2, P2O5 and Sr to initially

increase (Fig. 4). It is worth noting that there are major dif-

ferences in the crystallization sequences of relatively wet

basalts from arc or back-arc environments compared with

dry magmas such as MORBs (Arculus, 2004). Basalts in

both tectonic situations are saturated initially with olivine

and Cr-rich spinel, but the next phase to appear at low

pressures is generally plagioclase in the dry magmas and

Fig. 2. Covariation diagrams showing variations in (a) S, (b) Se, (c)
Cu, and (d) Ag vs Mg-number for mid-ocean ridge and fracture
zone basalts, collectively referred to in the text as MORB.
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clinopyroxene in the wet. Moreover, when plagioclase does

appear in the crystallization of arc magmas, it is more

anorthitic and consequently has lower SiO2 than in dry

magmas of comparable Ca/(CaþNa). Fractional crystal-

lization of the cpx and Ca-rich plagioclase assemblage in

the wet magma series leads to a more rapid increase of

SiO2 than in MORB, in which SiO2 increases only slowly

with evolution by fractional crystallization.

Unlike MORB samples, which record a decrease in chal-

cophile element contents with continued fractional crystal-

lization, resulting from saturation in a sulfide phase and

its removal (Fig. 2), the contents of Cu, Se, Ag, and Au in

the Manus Basin samples show an initial increase with

decreasing Mg-number (Mg-number¼ 70^40; Fig. 5).

This initially incompatible behaviour results in Cu, Ag,

and Au enrichment in the melt to contents in excess of the

MORB range. At an Mg-number of �40 (corresponding

to a SiO2 content of �60wt %), magnetite saturates,

which results in a decrease in FeOtot V, TiO2 and Re as

each of these elements is compatible in magnetite (Fig. 4).

The decrease in Re was earlier attributed to volatile loss

during magma degassing (Sun et al., 2003, 2004), but subse-

quently we have found Re is strongly compatible in mag-

netite (Mavrogenes et al., 2008), explaining its correlation

with FeO and TiO2. The similarity in the partitioning

behaviour of Re4þ and Ti4þ in basaltic systems was

noted by Mallmann & O’Neill (2007). Following magnetite

saturation, the plummet in Cu and Au, which was previ-

ously observed by Moss & Scott (2001) and Sun et al.

(2004), is mirrored by Ag and importantly Se, indicating

the appearance of a chalcophile-rich sulfide phase on

the liquidus. There is also a marked decrease in the

contents of P2O5 and Sr with continued fractionation at

Mg-number5�40, indicating the onset of apatite fraction-

ation (Fig. 4).

The samples with the highest abundances of Cu, Ag, Se

and Au have the same ratios of incompatible trace elem-

ents (e.g. La/Yb, Ta/Yb and Nb/U) as samples with SiO2

460wt % (Fig. 6a^c). Thus, differences in the degrees of

partial melting, variations in the composition of the

mantle wedge, or assimilation of crustal material cannot

explain the sudden change in the partitioning behaviour

of many of the major and trace elements at �60wt %

SiO2 (Mg-number of �40) in the Pual Ridge suite.

Previous geochemical and isotopic studies present evidence

for and against assimilation of crustal material associated

with fractional crystallization during the genesis of

magmas from the Manus Basin (e.g. Macpherson et al.,

2000; Shaw et al., 2001; Sinton et al., 2003; Park et al., 2010).

However, variations in Sr^Nd^Pb^O isotopic systematics

and incompatible element systematics of the Eastern

Manus Basin show no correlation with decreasing MgO

(Macpherson et al., 2000; Park et al., 2010). Instead,

Park et al. (2010) found decreases in 87Sr/86Sr, Ba/La,

Fig. 3. Covariation diagrams showing variations in (a) Cu/S, (b)
(Se/S)� 105, (c) Cu/Se, (d) Cu/Ag and (e) Ag/Se vs Mg-number for
MORB.
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and Pb/Nd with increasing distance from New Ireland (i.e.

from Susu Knoll to Pual Ridge; their figs 1 and 7), which

indicate that the amount of the subduction component is

the dominant control on the variations in isotopic system-

atics of magmas produced in the Eastern Manus Basin

(Park et al., 2010). The minor variations in 87Sr86Sr of

0·70370� 0·00009 (2s standard deviation) and the con-

stant Nb/U (Fig. 6) within samples from the Pual Ridge in-

dicate that crustal assimilation was inconsequential

during magma differentiation.

VOLAT ILE EXSOLUT ION OR

SULF IDE SATURATION OF

CHALCOPH ILE ELEMENTS?

Moss & Scott (2001) and Sun et al. (2004) attributed the

sudden drop in the contents of Au and Cu at magnetite sat-

uration to pre-eruptive exsolution of a chalcophile-rich

fluid or vapour phase. Our analyses reproduce the

trends for Cu (Fig. 1) and Au, and show that Ag and im-

portantly Se abundances also decrease abruptly at this

Fig. 4. Covariation of (a) FeOtot, (b) V, (c) Co and (d) Pt, (e) TiO2, (f) Re, (g) Sr and (h) P2O5 vs Mg-number in samples from the Pual
Ridge compared with MORB. Mg and Fe (i.e. Mg-number) data for MORB from Melson et al. (2002). Shaded fields are used to emphasize
the liquid line of descent of the Pual Ridge magmas.V, Co and Sr data for MORB from F. E. Jenner & H. S. C. O’Neill (unpublished data).
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point (Fig. 5). The abundance of chlorine, an element

with a propensity for partitioning into a fluid phase, in-

creases with magmatic differentiation in the Pual Ridge

suite, paralleling other highly incompatible elements ran-

ging from moderately volatile (e.g. Cs, Sn, Pb, Bi) to re-

fractory (e.g. W and La; Fig. 7); conservation of Cl in the

magma during differentiation is well illustrated by the con-

stant Cl/Nb of the Manus suite with decreasing

Mg-number (Fig. 6). The behaviour of Cu, Au, Ag and Se

is neither like that of S, which was lost during eruption

from all Pual Ridge magmas regardless of their degree of

evolution (Fig. 8), nor that of Cl (Figs 6 and 7). These

Fig. 5. Covariation of (a) Cu, (b) Se, (c) Ag, and (d) Au vs
Mg-number. At an Mg-number of �40 the contents of Cu, Ag and
Au suddenly drop following magnetite fractionation. SS, sulfide
saturation.

Fig. 6. Covariation of (a) La/Yb, (b) Ta/Yb, (c) Nb/U and (d) Cl/
Nb vs Mg-number for the Pual Ridge samples compared with
MORB (data for MORB from F. E. Jenner & H. S. C. O’Neill,
unpublished data). Dashed circles show that the Pual Ridge samples
immediately preceding (open squares) and following magnetite-
triggered sulfide saturation (closed squares) have indistinguishable
La/Yb, Ta/Yb, Nb/U and Cl/Nb, demonstrating that variations in
the degree of partial melting, depletion of the mantle wedge, crustal
assimilation and/or degassing cannot account for the differences in
chalcophile element systematics of the Pual Ridge suite. Dashed lines
show primitive mantle values from Palme & O’Neill (2003).
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new data strengthen the argument that volatile exsolution

did not produce the decrease in Cu, Au, Ag and Se

contents.

Copper, Au, Ag and Se are all highly chalcophile, which

suggests that the crystallization of magnetite-triggered sat-

uration in a Cu-rich sulfide phase. This interpretation is

supported by the change in chalcophile element ratios

after the onset of magnetite fractionation (Fig. 9).

Although it is possible that Cu could partition into mag-

netite, Se would not. Thus, the decrease in Se is as diag-

nostic of sulfide fractionation as V is of magnetite

fractionation.

Fig. 7. Covariation of (a) Cl, (b) Cs, (c) Sn, (d) Pb, (e) Bi, (f) W, (g) SiO2 and (h) La vs Mg-number, demonstrating that incompatible elem-
ents with a range in volatilities show no evidence of degassing during eruption. The break in slope at an Mg-number �40 results from the
rapid decrease in Mg-number associated with the sudden removal of Fe associated with magnetite fractionation. SS, sulfide saturation. Data
for MORB from F. E. Jenner & H. S. C. O’Neill (unpublished data).
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Fig. 8. Covariation of (a) S or S* vs FeO* (total Fe as FeO) for MORB compared with the samples from the Pual Ridge.The samples from the
Pual Ridge (squares), both prior to and following magnetite-triggered sulfide saturation, have lost S by degassing. Circles show the estimated
S contents (S*) for the Pual Ridge samples before sulfide saturation (BSS; open circles) and after sulfide saturation (ASS; closed circles). (b) S
or S* vs Cu; sulfide saturation in Cu-rich, low-Ni magmas. The experimental data for the saturation of a basaltic melt with 4·7^8·5 wt % FeO
in Cu^Fe^S^O sulfide melt at 12458C is from Ripley et al. (2002) and are fitted to a semi-empirical expression accounting for the effect of FeO
on sulfide saturation (continuous line).
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Fig. 9. Covariation of (a) Cu/Ag, (b) Cu/Se and (c) Au/Se vs Mg-number. (a) Prior to the onset of magnetite fractionation (Mg-number440),
the Pual Ridge samples have similar Cu/Ag to MORB.The onset of sulfide fractionation, prompted by magnetite fractionation, results in a de-
crease in the Cu/Ag, demonstrating that the sulfide fractionating from the Pual Ridge melts is different in composition from that fractionating
from MORB, and is one in which Cu is more compatible than Ag. Prior to sulfide saturation, the Cu/Se of the Pual Ridge suite is intermediate
between MORB and boninites (data for boninites from Hamlyn et al., 1985), demonstrating that the residual sulfide in the mantle source
region of the Pual Ridge magmas was more depleted than MORB. (b, c) The drop in Cu/Se and Au/Se at magnetite fractionation also points
to a Cu-rich sulfide phase fractionating for the silicate melt.
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DECOUPL ING OF SULFUR AND

SELEN IUM DUR ING ERUPT ION

AND DEGASSING

The hypothesis that Au, Cu, and Ag partition into a sulfide

melt during evolution by fractional crystallization of arc

and back-arc magmas has commonly been discounted be-

cause the measured contents of S appear to be far too low

to achieve sulfide saturation (Sun et al., 2004; Zajacz &

Halter, 2009). However, S is typically degassed from

volatile-containing melts with high fO2 during eruption

(Nilsson & Peach, 1993), so the content of S determined in

the erupted volcanic rocks of a magma series is not a reli-

able indicator of the pre-eruptive (magma chamber) con-

tents present during the evolution of a magma series.

There is direct evidence for this late-stage loss of S in

subduction-related settings from analyses of olivine-hosted

melt inclusions, in which original S contents an order of

magnitude greater than those in bulk erupted rocks are

preserved (Me¤ trich et al., 1999; de Hoog et al., 2001). All of

the Pual Ridge samples from this study contain vesicles

and are clearly degassed to the extent that virtually all S

has been lost (Fig. 8). The scatter in S contents presented

by Moss & Scott (2001) is also consistent with the propen-

sity of S to exsolve during eruption. The key observation is

that the contents of Se are similar to those in MORB

(Fig. 5), indicating that the content of Se was not modified

during degassing.

The main gaseous species of S in magmatic systems re-

gardless of whether S is oxidized or reduced in the melt is

SO2 (Me¤ trich et al., 2009). In contrast, SeO2(g) is far less

stable thermodynamically. Using available thermodynam-

ic data, the equilibrium constant for the reaction

1 � 042 FeSe0�96ðsÞ þ SO2ðgÞ ¼

FeSðsÞ þ SeO2ðgÞ þ 0 � 042 FeðsÞ
ð1Þ

is �17·5 at 1000 K (data from Barin, 1989); unfortunately,

data for stoichiometric FeSe are not available. Therefore,

at these conditions the equilibrium ratio of SeO2/SO2 in

the gas phase will be �10�8, implying that Se will not

degas as SeO2. Reduced magmas, in which sulfide is the

dominant S species, retain S during eruption (quenching;

i.e. MORB, Fig. 8a), yet oxidized, sulfate stable, quenched

glasses contain little or no S. Thus, in the case of sulfur,

the reduced species is retained whereas the oxidized spe-

cies is lost. Se oxidizes to selenite or selenate at higher Eh,

or fO2 (e.g. Johnson & Bullen, 2004, and references there-

in) than the sulfide to sulfate transition, such that the top-

ology may be as shown schematically in Fig. 10, where

quenching in the shaded region loses oxidized sulfur but

retains reduced Se. Experimental support for the much

lower volatility of Se compared with S in silicate melts

comes from the observation that the MPI-DING glass

reference materials prepared from basaltic rocks in the

laboratory at atmospheric pressure and high temperatures

have lost almost all of their S, yet retained Se (Jochum

et al., 2006; Jenner et al., 2009). Previous studies of the sys-

tematic behaviour of S and Se in geological samples have

also shown that Se is far less mobile than S during hydro-

thermal alteration and metamorphism in low-temperature

environments (Yamamoto, 1976; Howard, 1977; Lorand

et al., 2003; Barnes et al., 2008).

EST IMATING THE PRE -

ERUPT IVE CONTENT OF

SULFUR (S* ) US ING SELEN IUM

CONTENTS

Where degassing has lowered the S content of an erupted

magma, Se is proposed as a proxy for estimating the

pre-eruptive content of S. Prior to magnetite fractionation

and sulfide saturation, the chalcophile element ratios of

the Pual Ridge glasses (e.g. Cu/Ag and Cu/Se) are con-

stant, as each element is incompatible in the silicate

phases crystallizing from the evolving melt (Fig. 9). The

build-up of Se, Cu, Ag and Au during fractionation of the

Pual Ridge series, resulting from the high fO2 of the sili-

cate melt suppressing sulfide saturation [the oxidation

state of MORB is lower than that of the samples from the

Manus Basin (5FMQ), with Fe3þ/
P

Fe ¼ 0·12 (Bezos &

Humler, 2005) compared with40·2 (Sun et al., 2004), re-

spectively; Fig. 11], contrasts with the trends shown by the

majority of MORB samples (Fig. 2), in which S contents,

and hence also Se, Cu and Ag, are controlled by saturation

with Fe^Ni-rich sulfide (Mathez, 1976). Thus, the S/Se of

the Pual Ridge samples prior to sulfide saturation is

assumed to remain constant. However, to use Se to esti-

mate the S content of the parental the melts, an estimate

of the original S/Se is required.

Variations inTa/Yb can be used as a measure of the fer-

tility of the mantle source region, as both elements are con-

sidered to show conservative behaviour during subduction

Fig. 10. Schematic diagram showing the higher predicted S6þ/
P

S
than Se6þ/

P

Se (modified from Me¤ trich & Clocchiatti, 1996) with
increasing relative fO2 with respect to FMQ. Grey field marks the
field for samples from the Pual Ridge.
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(Pearce et al., 2005). The lower Ta/Yb of the samples from

the Pual Ridge compared with MORB (Fig. 6b) supports

previous geochemical studies (e.g. Kamenetsky et al., 2001;

Sinton et al., 2003), which argued that the mantle source

region of the Pual Ridge magmas was more depleted by

previous melt extraction than the source of MORB. It was

pointed out by Hamlyn et al. (1985), in their study of boni-

nites and other magnesian low-Ti magmas from

subduction-related magmas, that prior depletion by melt

extraction would probably cause the exhaustion (i.e. com-

plete melting out) of the mantle sulfide component.

Boninites are generally considered to have been generated

by water-fluxed melting of extremely depleted mantle

source regions (e.g. Crawford et al., 1989).

The Se contents of the most primitive samples from the

Pual Ridge are slightly lower than in MORB (Fig. 5), but

higher than in the samples described by Hamlyn et al.

(1985), except for a few samples from King Island. In con-

trast, the initial contents of Au, Ag and Cu are close to

the upper range of MORB (Fig. 5). Hence, the Cu/Se, Ag/

Se and Au/Se of the Pual Ridge samples prior to sulfide

saturation are higher than in MORB (Fig. 9). These

features are expected if the source of the Pual Ridge lavas

was depleted in mantle sulfide by a prior melting event,

but to a lesser extent than those studied by Hamlyn et al.

(1985). Those workers found Cu/Se and Au/Se of �900

and �0·105, respectively, for boninites (average Cu/Se

values of the Bonin Islands boninites are shown for com-

parison in Fig. 9).

Primitive MORBs from the Pacific and Atlantic oceans

with49wt % MgO (Supplementary Data Table 1) have

975�43 ppm S, and 0·291�0·024 ppm Se (Fig. 7), such

that S/Se¼ 3379�291, somewhat higher than the esti-

mated chondritic value of 2500 (Palme & O’Neill, 2003).

This may be attributable to the original S/Se in the

mantle being non-chondritic; as Palme & O’Neill (2003)

pointed out, the S/Se in the Bulk Silicate Earth is only con-

strained rather poorly [see Rose-Weston et al. (2009) and

references therein for a more recent appraisal of the avail-

able data]. Alternatively, the non-chondritic ratio may be

due to fractionation of S/Se between silicate melt and re-

sidual sulfide melt in the genesis of MORB, because the in-

crease in S/Se during the evolution of MORB (Fig. 3)

shows that S/Se is lower in immiscible sulfide melt relative

to silicate melt. Therefore, it is likely that the depleted

source of the Pual Ridge samples would have had sulfide

with lower S/Se than chondritic. For example, if

MORB-source mantle had original S of 200 ppm with

chondritic S/Se of 2500, and was depleted by extraction of

MORB-like magma to form the source of the Pual Ridge

magmas having only 100 ppm S, the S/Se of this residual

sulfide would be 1800.

The pre-eruptive S content (S*) of the most primitive

(highest Mg-number) glass (MD3) can then be estimated

to be �200 ppm. This is very much lower than MORB

(open circles in Fig. 8). Thus, the parental melt would be

undersaturated in sulfide, even if all the S in the magma

was S2^. Therefore, there are two reasons why the Pual

Ridge magma can evolve without sulfide saturation: its

high oxidation state and its low initial S. Assuming con-

stant S/Se, the samples just prior to magnetite saturation

(MD7a and MD7b) with 0·35 ppm Se will still have only

�600 ppm S, far below the level for sulfide saturation

implied by the MORB array. However, the lack of sulfide

fractionation has allowed the magmas to build up Cu con-

tents that are several times those found in MORB.

THE MAGNET ITE CR I S I S

Magnetite fractionation triggers sulfide
saturation

To constrain the effect of magnetite fractionation on the

sulfide saturation point of relatively oxidized melts, we

have investigated the phase relations of sample MD7b

using the MELTS program (Ghiorso et al., 2002). At the

point at which a specified phase such as magnetite appears

on the liquidus, a system of known composition at equilib-

rium has one degree of freedom thermodynamically, so by

specifying pressure, we may calculate the liquidus tem-

perature, the glass Fe3þ/Fe2þ (related to fO2), and compos-

ition of the magnetite. At an assumed pressure of 0·2GPa,

with 1·5wt % H2O (Sun et al., 2007), we find the liquidus

of MD7b at 10958C (see Thy & Lofgren, 1994), with Fe3þ/
P

Fe in the melt of 0·29, giving an fO2 relative to the faya-

lite^magnetite^quartz synthetic oxygen buffer (FMQ), log

fO2¼FMQþ 2·0. The Fe3þ/
P

Fe data of Sun et al. (2004)

are consistent with increasing Fe3þ up to the point of mag-

netite saturation and thereafter stabilization at a lower

level (Fig. 11).

Fig. 11. Covariation of Fe3þ/(Fe3þþ Fe2þ) atom % vs wt % SiO2 for
the Pual Ridge samples (data from Sun et al., 2004) compared with
MORB data from Bezos & Humler (2005) shows an increase between
�50 and 60wt % SiO2 and sudden decrease at �60wt % SiO2, sup-
porting our interpretation that a change in fO2 of the melt associated
with magnetite fractionation triggers sulfide saturation.
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The magnetite on the liquidus has the composition

Fe2þ0·93Mg0·24Fe
3þ

1·34Al0·24Ti0·21O4; Fe3þ/
P

Fe in this

phase is 0·59, which is considerably higher than in the co-

existing melt. An important point to emerge from

MELTS modelling is that the oxidation state of the

system (either Fe3þ/
P

Fe or fO2) required to trigger mag-

netite saturation is sensitive to the H2O content of

the melt: with the same major-element composition as

MD7b, H2O contents of 0·2%, 0·5% and 1·0% require

that the melt has an Fe3þ/
P

Fe of 0·45, 0·37 and 0·31,

respectively.

At the calculated fO2 of FMQþ 2, c. 90% of the S dis-

solved in the melt exists as SO4
2^ (Me¤ trich & Clocchiatti,

1996, fig. 2). There is a homogeneous equilibrium in the

melt between the redox couples Fe3þ and Fe2þ on one

hand, and SO4
2^ and S2^ on the other (Me¤ trich et al.,

2009):

SO2�
4 þ8 Fe2þO ¼ S2�þ8 Fe3þO1�5 ð2Þ

for which the equilibrium constant is

K ¼
Fe3þ=

P

Fe

1� Fe3þ=
P

Fe

� �8
1� z

z

� �

ð3Þ

where z is the fraction of total S as SO4
2^. Using Fe3þ/

P

Fe¼ 0·29 and assuming z¼ 0·9, K¼ 8·6�10�5. The im-

portant point is that the stoichiometry of the reaction

raises the Fe redox ratio (Fe3þ/Fe2þ) to the power of eight

in the equilibrium constant. Consequently, a modest

change in Fe redox ratio can have a great influence on

sulfur speciation. A least-squares mass balance indicates

that 2·6% magnetite of the composition found on the liqui-

dus of MD7b must be subtracted from MD7b to give the

next sample in the sequence (MD8), which causes Fe3þ/
P

Fe to drop to 0·21, assuming closed-system conditions.

Substituting this redox ratio into the equilibrium constant

then gives z¼ 0·25 for MD8; that is, the dissolved S in the

melt switches from mostly SO4
2^ to mostly S2^.We propose

that this rapid switch in S redox ratio, triggered by the cal-

culated amount of magnetite fractionation, causes satur-

ation in a sulfide phase, and hence the sudden drop in Cu,

Au, Ag and Se, in glasses richer than 60wt % SiO2 and

with an Mg-number of540 in the magma series (Fig. 5).

Magnetite fractionation triggering sulfide saturation may

be a common occurrence in the evolution of magmas, and

has previously been suggested as the mechanism producing

the Platinova reef of the Skaergaard intrusion (Andersen,

2006), and the PGE mineralization associated with mag-

netite in the Stella layered intrusion of South Africa

(Maier et al., 2003).

Magnetite fractionation triggers apatite
saturation

The decrease in P2O5 (Fig. 5) at an Mg-number of

�40 argues that magnetite fractionation also triggers

saturation in apatite as well as precipitating sulfide.

The dominant controls on apatite saturation are the activ-

ities of P2O5, SiO2, Al2O3 and CaO, and temperature

(e.g. Watson, 1979; Harrison & Watson, 1984; Sha, 2000;

Tollari et al., 2006), but none of these factors change much

with the precipitation of 2·6% magnetite, which mainly af-

fects Fe contents and oxidation state.

Toplis et al. (1994a) showed that increasing P in the melt

increases the solubility of magnetite, which they attributed

to stable Fe3þ(PO4)
3^ complexes in the melt. However,

this explanation seems inconsistent with the effect that

adding P has on lowering Fe3þ/Fe2þ in silicate melts

(Mysen, 1992; Toplis et al., 1994b; Jayasuriya et al., 2004).

Whatever the mechanism, the corollary should be that

the decrease in Fe3þ following magnetite fractionation

should indeed lower the solubility of P and favour the pro-

motion of apatite to a liquidus phase. Tollari et al. (2006)

tested this hypothesis explicitly by varying total Fe content

and fO2 and concluded that ‘neither iron content of the

liquid nor oxidation state play a significant role on phos-

phate saturation’. Nevertheless, their experimental results

clearly showed a positive correlation between P2O5 and

Fe2O3 (calculated from total Fe and fO2) except at very

high P2O5 where molar P/Fe41 (e.g. Tollari et al., 2006,

fig. 5).

Parat & Holtz (2004) found a barely resolvable increase

in apatite solubility in SO4
2^-containing melts compared

with S-free melts at similar conditions. However, these re-

sults are for melts with low CaO contents (50·7 wt %) in

which formation of Ca^SO4
2^ complexes might affect the

activity of CaO. Hence, this scenario is unlikely in the

much higher Ca, lower S compositions of the Pual Ridge

magmas. The reason for the coincidence of magnetite and

apatite saturation therefore remains enigmatic, although

we note that there seem to be frequent occurrences of apa-

tite inclusions in magnetite in igneous rocks (e.g. Frietsch

& Perdahl, 1995; Gelcich et al., 2005).

THE NATURE OF THE SULF IDE

PHASE AT THE MAGNETITE

CR I S I S

Another reason why the role of sulfide precipitation may

have been overlooked in the Pual Ridge suite is that many

of the other chalcophile or potentially chalcophile elem-

ents analysed for this study do not show the same abrupt

decrease as Cu, Au, Ag and Se at Mg-number � 40.

Rather, these other elements (e.g. Co, Ni, As, Sn, Sb, Re,

Pt, Pb and Bi) either do not decrease at all (e.g. As) or

show a moderate decrease that may be attributed to the

fractionation of magnetite, chromite, olivine and clinopyr-

oxene (e.g. Co and Ni). We propose that this apparent in-

consistency may be explained by the nature of the sulfide

phase, which is expected to be very different from the
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sulfide in equilibrium with MORB. Examination of sulfide

globules in MORB glasses shows that this phase is an Fe^

Ni-rich sulfide melt with approximately the stoichiometry

of monosulfide solid solution (e.g. Mathez, 1976). MORBs

evolve saturated with sulfide liquid, the composition of

which has been inferred from the sulfide globules in

MORB glasses (Mathez, 1976; Czamanske & Moore, 1977;

Francis, 1990). These globules are composed of finely inter-

grown Fe^Ni^Cu-sulfides that crystallize on quenching of

the original sulfide melt.The parent sulfide liquid probably

also contained a few weight per cent of oxygen (Fonseca

et al., 2008), which quenches to magnetite (Czamanske &

Moore, 1977). Czamanske & Moore (1977) showed that the

composition of the globules changes with increasing evolu-

tion of MORB, decreasing from Ni-rich [Ni/

(NiþFeþCu) � 0·25] in the most primitive MORB

glasses, to Ni-poor [Ni/(NiþFeþCu) � 0·05] in the

more evolved (see Czamanske & Moore, 1977, fig. 4). The

average composition of the MORB sulfide globules ana-

lysed by Francis (1990) is Fe 46wt %, Ni 7wt %, Cu

10wt % and S 36wt %, from glasses covering a large

range of MgO, from 10·0wt % (primitive MORB), to

5·4wt %. The Pual Ridge magmas at the magnetite cri-

sis have higher Cu and considerably lower Ni contents

than MORB and consequently will fractionate sulfide

that is more Cu-rich and Ni-poor. Furthermore, the S

content of the Pual Ridge magmas at the magnetite crisis

estimated above from S/Se systematics at �600 ppm is

only half that of sulfide-saturated MORB with similar

FeOtot (Fig. 8a).

The Cu/Ag of MORB remains constant with decreasing

Mg-number (Fig. 3), which demonstrates that the parti-

tion coefficient of Ag between silicate melt and the

MORB sulfide phase is similar to that of Cu. In contrast,

the onset of sulfide saturation in the Pual Ridge suite

causes a marked decrease in the Cu/Ag of the residual

melt, and Cu/Ag continues to decrease with further evolu-

tion (Fig. 9). This change in Cu/Ag implies that Cu is

more compatible in the sulfide fractionating from the

Pual Ridge suite than Ag. Analysis of chalocophile

element abundances in a range of sulfides has shown

that the Cu/Ag of chalcopyrite is considerably higher

than that in pyrrhotite (Barnes et al., 2008) and that

the content of Ag is considerable higher in Cu-rich sulfides.

In the Cu^Fe^S system, intermediate solid solution (ISS,

the high-temperature equivalent of chalcopyrite) is not

stable above 9608C, whereas bornite (ideal formula

Cu5FeS4) is stable at the calculated liquidus temperature

of MD7b of �10958C; (Kullerud et al., 1969; Ebel &

Naldrett, 1997).

Assuming that the drop in Cu content, �[Cu], between

samples MD7b and MD8 of 250 ppm resulted from sulfide

fractionation, we can constrain approximately the compos-

ition of the sulfide phase by using the drop in S as

calculated from the drop in Se and some estimate of the

S/Se systematics:

�½S	
 ¼�½Se
 � ðS=SeÞsulfide ð4Þ

where �[Se] is the change in Se content resulting from sul-

fide fractionation between samples MD7b and MD8 (in

this case 0·21ppm). Only limited measurements (n¼ 4) of

the content of Se in bornite are available in the literature

and show a large range in S/Se from 646 to 1280 (Core

et al., 2006) and an average of 931�268. Thus, the average

�[S*] calculated using the available bornite analyses is

192�57 ppm, S* in MD8 is �450 ppm and the Cu/S in

the sulfide phase is estimated as 1·38�0·37, within uncer-

tainty of that expected from the stoichiometry of bornite.

Segregation of a crystalline Cu sulfide as opposed to Fe^

Ni-rich sulfide matte or monosulfide solid solution explains

the depletion in Ag and Au, elements that occur in sulfides

with a similar valence to Cu (1þ), favouring their parti-

tioning into bornite, unlike other potentially strongly chal-

cophile elements such as Ni, Re, and Pt with higher

valence states, which do not show the abrupt decrease

(Fig. 4). S* in the melt prior to sulfide saturation is esti-

mated as only �640 ppm; below the sulfur-saturated

MORB array (Fig. 8). However, this estimate is within the

range of Cu and S contents in experimental Cu-rich,

Ni-poor basaltic melts with 4·7^8·5wt % FeO, saturated

in Cu^Fe^S^O sulfide melt at 12458C [Fig. 8b; data from

Ripley et al. (2002)]. Scatter in the experimental data

from Ripley et al. (2002) in this two-variable plot is caused

by variations in FeO. To adjust for this, we have fitted the

data to a semi-empirical expression accounting for the

effect of FeO on sulfide saturation [see equation (27) of

O’Neill & Mavrogenes 2002]):

ln½S
SulfSat¼ 6 � 98þ 0 � 22½FeO
 � ln½FeO


�0 � 0096½Cu
=½FeO

ð5Þ

where [FeO] is total Fe as FeO in the silicate melt (in wt

%), and [S] and [Cu] are the contents in the silicate melt

(in ppm). For the Pual Ridge magma at the magnetite

crisis, [Cu] is 275 ppm and [FeO] is 8 ppm, hence

[S]SulfSat is calculated to be 560 ppm, in agreement with

S* estimated from S/Se systematics of �640 ppm at the

magnetite crisis. The great thermodynamic stability of

Cu-rich sulfides causes them to saturate at lower levels of

dissolved S2^ in the silicate melt (e.g. Evans et al., 2008a),

compared with sulfide saturation in anhydrous melts such

as MORB. The presence of small magmatic chalcopyrite

and bornite inclusions in magnetite (e.g. Borrok et al.,

1999) lends support to the hypothesis that magnetite frac-

tionation may precipitate Cu-rich sulfides. The hypothesis

that this phase may be crystalline bornite, given sufficient-

ly low magmatic temperatures, as in the H2O-containing

Pual Ridge magma series, is amenable to experimental
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testing, as is the idea that such a phase would sequester Ag

and Au but not other potentially chalcophile elements.

ENR ICHMENT OF ORE METALS

IN OX IDIZED MELTS FROM

IN IT IAL ‘MORB’ -L IKE

CONTENTS

There is a well-known association between Au^Cu-rich

sulfide deposits and convergent margins (e.g. Hedenquist

& Lowenstern, 1994; Sillitoe, 2010, and references therein).

However, economically mineable deposits are not pro-

duced in all subduction-related settings. In this study we

have shown that the most primitive samples from the

arc-like Pual Ridge, Eastern Manus Basin, are depleted in

FeOtot (Fig. 4), Se (Fig. 5), and probably S compared with

MORB-related samples. The contents of Au, Cu, and Ag

(Fig. 5) are within the range of MORB, indicating that

their contents are not greatly enriched in the mantle

wedge by fluid ingress from the subducting slab. Low

abundances of Se and Cu in arc-related low-Ti lavas and

boninites have previously been identified by Hamlyn et al.

(1985). They used the systematic relationships between

Mg-number, Se, and Ti to argue that the mantle wedge

component becomes increasingly S-undersaturated and

depleted in chalcophile elements with continued melt ex-

traction, and found no evidence for addition of chalcophile

elements during mantle metasomatism. The initial budget

of S and chalcophile elements in magmas generated in

subduction-related settings is probably controlled by the

presence of sulfide phases in the mantle wedge, sulfur solu-

bility during partial melting (e.g. the content of FeO in

the melt), and ultimately the fertility of the wedge compo-

nent as opposed to enrichment from the subducting slab.

The lower Ta/Yb (Fig. 6b) and initial Se and FeOtot

(Figs 4 and 5) of the Pual Ridge suite compared with

MORB is in agreement with the interpretations of

Hamlyn et al. (1985) that the mantle wedge becomes pro-

gressively depleted in chalcophile elements with continued

melt extraction. The high Cu/Se and Ag/Se of the Pual

Ridge suite compared with MORB (Fig. 9) demonstrates

that Cu and Ag are more compatible in mantle sulfides

than Se, and that the mantle source region will evolve to

higher Cu/Se and Ag/Se with progressive melt removal.

Differentiation of S-undersaturated, moderately to

highly oxidized arc magmas prior to magnetite-triggered

sulfide saturation, results in the enrichment of Cu

(�280 ppm), Ag (�90 ppb) and Au (�7 ppb) to contents

considerably higher than MORB (Fig. 5). The low S* and

high fO2 of the Manus Basin magmas suppresses the early

segregation of magmatic sulfide, otherwise ubiquitous in

MORB. Experimental studies demonstrate that crystal-

lization of pyrrhotite from low-fO2 magmas such as

MORB depletes the magma in Cu (Jugo et al., 1999),

preventing the dramatic increase in Cu from 50 to

60wt % SiO2 seen in the Pual Ridge suite (Fig. 5).We em-

phasize that the oxidized nature of arc-related magmas is

the key feature leading to their enrichment in chalcophile

elements relative to other tectonic environments. Arc-type

sulfide-undersaturated, oxidized melts experience a pro-

longed interval of ‘sulfide-free’ fractionation; the sulfide

eventually formed is rich in Au, Cu, and Ag. High H2O

contents of arc-related magmas also help to bring magnet-

ite onto the liquidus at a relatively early stage of magma

evolution. It is unnecessary to invoke an enriched mantle

source resulting from addition of S and chalcophile elem-

ents via a subduction-derived component (e.g. Stolper &

Newman,1994; de Hoog et al., 2001; Mungall, 2002).

Sulfide-rich enclaves within the earliest unaltered intru-

sive phases of the Bingham (Utah, USA) giant porphyry

copper deposit, the Last Chance Stock, consist of clinopyr-

oxene, biotite, magnetite, ilmenite and plagioclase with

accessory sulfides including 2% bornite and 0·3% chalco-

pyrite, and have been interpreted to have formed by

low-pressure crystallization of the host magma (Core

et al., 2006). Microprobe analyses of these sulfides show en-

richments in Au, Ag, and Se. It has been suggested that

the parental magma of the Last Chance Stock was gener-

ated by partial melting of mafic lower crustal material con-

taining Cu-rich sulfide cumulates, resulting in the

production of Cu-rich melts (Vogel et al., 2001; Core et al.,

2006). Partial melting of Cu^Ag^Au-rich bornite cumulate

layers within magma chambers integral to subduction-

related systems such as those of the Manus Basin is a pos-

sible process for generating Cu-rich intermediate magmas

such as those of the Last Chance Stock. Alternatively,

fluids transgressing or leaching Cu^Au^Ag intracrustal cu-

mulate sulfide horizons will dissolve high contents of these

ore-forming metals; we note that arc and back-arc basin

hydrothermal sulfide deposits have higher Au contents

than those that precipitate on the sea floor in non-

convergent margin settings (Herzig et al., 1993).

CONCLUSIONS

In summary, the low contents of chalcophile elements in

the most primitive Pual Ridge samples are comparable

with those in MORB, indicating that these elements are

not enriched in the mantle wedge. The suppression of sul-

fide as a liquidus phase in arc-related melts with high fO2

allows Cu, Ag, Au, S, and Se to become enriched during

magmatic evolution by fractional crystallization.

Eventually, the appearance of magnetite on the liquidus

lowers the FeOtot, Fe2O3, and SO4/S
2^ of the melt, and

triggers sulfide saturation. The saturation of the melt in

sulfide is concomitant with apatite saturation. Because

this saturation occurs in relatively evolved magmas with

low Ni but high Cu compared with MORB, the sulfide

phase is bornite rather than the Ni^Fe-rich sulfide
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(monosulfide solid solution) typical of MORB (e.g.

Mathez, 1976). This phenomenon is not observed in melts

with low fO2 (i.e. MORB) as the immiscible sulfide on

the liquidus of even the most primitive magmas prevents

the build-up of Cu, Ag and Au. In contrast, the bornite

fractionation inferred to accompany the appearance of

magnetite on the liquidus is the critical first step in the en-

richment of Cu, Ag and Au in subduction-related settings.

This first step should result in the formation of oxide^

sulfide horizons in sub-arc plutonic sequences.
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