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Abstract
Many economic gold deposits on Earth are associated with volcanic arcs. However, little is known about
the factors that control the gold endowment of the parental arc magmas. Here, we present new high-
precision geochemical data from submarine glasses recovered from the length of the Kermadec arc. We
show that the combined systematics of Au, Ag and Cu helps to decipher sources and processes
responsible for Au enrichment in arc magmas. These data show that hydrous melting in the Kermadec
subarc mantle occurs predominantely at high temperatures in the presence of sulfide liquid. The highest
Au (>8 ppb at MgO> 5 wt.%), Au/Cu (up to 6*10-6) and mantle-like Ag/Cu values correspond to high-
temperature second-stage melting. Elevated temperatures in a hydrous  subarc mantle enables
enhanced and multiple-stage melting of highly depleted mantle and thus is a prerequisite of Au
enrichment in parental arc magmas. 

Introduction
Some of the largest and highest-grade Au deposits associated with Cu- and Ag-rich mineralization (i.e.,
epithermal, porphyry copper, volcanic hosted massive sulfides) are found above zones of plate
convergence, or subduction zones1,2. Evolved magmas generated in subduction zones are enriched in
Au, indicating a genetic link between parental magma compositions and gold endowment3-7. Gold has a
strong affinity for sulfide phases during mantle melting and subsequent magma fractionation e.g., 8-10. In
the absence of sulfide, Au behaves as an incompatible element with respect to common silicate phases
and is concentrated in silicate melts 11. Many studies have recognized a key role for prolonged sulfide
undersaturated crystallization in generating magmas enriched in Au and other strongly chalcophile
elements, such as Cu and Ag e.g., 6,10. However, it remains controversial whether parental subduction-
related magmas are more enriched in Au than, for example, mid-ocean ridge basalts, and if so, what the
major factors are that control this enrichment. 

The extent to which sulfide is completely consumed during mantle melting, releasing Au to the magma,
depends on the degree of melting and the sulfur solubility in the melt at given physical conditions (P, T,
ƒO2) in the mantle, and on the composition of the melt 6,12-13. Variations in the degree of partial melting

and melting conditions may therefore represent some of the dominant factors controlling the magmatic
Au, as well as Ag and Cu inventory14-17. Additional factors controlling the Au endowment of parental
mantle magmas could be variations in the subarc mantle depletion due to previous episodes of melting
8, 17-18 and, potentially, input of Au-bearing fluids/magmas from the subducting plate 19, 20. The Kermadec
Arc provides a useful case study to isolate the different processes occurring in the sub-arc mantle that
influence the Au budget beneath intraoceanic arcs, because variably depleted and enriched mantle
sources are involved in magma generation and the angle, composition and thickness of the subducting
Pacific Plate changes from thin oceanic crust at the northern segment to thick Hikurangi igneous plateau
(LIP) crust beneath the southern segment. 
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Geological Background
The intraoceanic Kermadec arc and Havre Trough represent an ~1300 km-long arc-backarc system
located between New Zealand and Tonga (~25˚S to ~36˚S; Fig. 1). Dehydration of the Pacific Plate,
subducting westward beneath the Indo-Australian Plate, drives arc magmatism and the formation of arc
front volcanoes, most of which host active hydrothermal systems and some massive sulfide
mineralization with high grades of Au2,23-24. Arc-related porphyry-, epithermal- and volcanic-hosted
sulfide deposits account for a significant proportion of global gold production 25, a number of which
originated at submarine arcs in intraoceanic subduction environments. The significance of
magmatically-derived precious metals and Cu in active submarine arcs has recently been demonstrated
in the Kermadec arc (e.g., Brothers and Clark Seamounts24,26). At Brothers Volcano, the main zone of
mineralization extends over an area of at least 600 x 200 m with alteration measured (by magnetics) to
~450 m below the seafloor with Au grades of up to 90 ppm Au occuring in some chimneys24,27.
Submersible dives have been conducted on 14 hydrothermally-active volcanoes of the Kermadec Arc
with four of the volcanoes (29%) found to host massive sulfide mineralization. The majority of the Tonga-
Kermadec arc volcanoes, however, have not been surveyed in any detail thus the number that host
massive sulfides may be higher. What ultimately controls the magmatic Au content remains unclear, yet
the sub-arc mantle and its interplay with the subducted Pacific Plate (uppermost lithospheric mantle,
altered oceanic crust and sediment veneer) likely plays a significant role. At the Tonga-Kermadec trench,
the incoming Pacific Plate changes markedly in thickness and composition from north to south, with the
Hikurangi Plateau - a ~9-15 km thick Cretaceous LIP - presently subducting south of ~34.5˚S27. To the
north of this latitude, ~6 km thick typical oceanic crust comprises the uppermost part of the subducting
Cretaceous Pacific Plate. South of 34.5˚S, where the oceanic Hikurangi Plateau subducts beneath the
southern Kermadec arc, the total volume of erupted lava is the greatest (~1200 km3, compared with

~830 km3 north of 34.5˚S), and the volcano spacing is lowest (~30 km, compared to ~55 km to the
north) 2. Furthermore, the slab surface models from the United Stage Geological Survey 28,derived from
relocated seismic events and from ocean bottom seismometer wide-angle refraction seismic data29,
show that the angle of the subducting Pacific Plate changes from ~30˚at ~60 km depth to 47˚at ~100
km depth beneath the northern Kermadec Arc to 20˚at ~60 km depth to 56˚ at ~100 km depth beneath
the southern Kermadec arc (Fig.1). The Pacific slab surface beneath the arc front volcanoes, however,
remains relatively constant between ~100 and 120 km depth. Lavas from the Kermadec Arc show a
marked increase in radiogenic Pb, and to a lesser extent in 87Sr/86Sr, and a decrease in 143Nd/144Nd
isotope ratios south of ca. 32°S, interpreted as increased material flux from the subducting Hikurangi
Plateau and/or sediments derived from New Zealand 30 or a different ambient mantle composition e.g.,

31. 

Volcanic Glass Composition

The composition of the Kermadec arc glasses range from basaltic to rhyolitic and fall into the low-K
tholeiitic to medium-K calc-alkaline series (see Table 1; Supplementary File 1). Mafic Kermadec arc
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glasses (MgO >5 wt.%) have FeOt and Au contents similar to, or higher than, mid-ocean ridge basalts
(MORB; Fig. 2). Decreasing MgO, Ni and Cr contents with slightly increasing SiO2 content in the mafic to

intermediate glasses (MgO ~3 wt.%) are consistent with predominantly olivine (± pyroxene and
plagioclase) crystallization (not shown). Similarly, with decreasing MgO, FeOt (and TiO2) decrease

abruptly at MgO of ~4 wt.%, suggesting the onset of magnetite (± ilmenite) crystallization, when FeOt

(and TiO2) are more rapidly removed from the melt 6 (Fig. 2A). Gold contents correlate broadly with FeOt

and show a similar trend of increasing Au content with decreasing MgO from 5 to 3 to wt.% and then
decreasing Au at MgO less than 3 wt.%. In samples with MgO > 5 wt.%, Au contents, however, vary by a
factor of up to seven and suggest a significant difference between Kermadec volcanoes and parental Au
contents or conditions of crustal evolution (Fig. 2B). Copper and Ag behave qualitatively similar
(Supplementary File 2), which is generally consistent with fractionation of silicate minerals from sulfide
undersaturated melt. The drop in Cu and Au contents at MgO of ~3-5 wt.% is related to sulfide saturation
and strong partitioning of these elements into sulfide phasese.g., 6. Of note is that sulfide saturation likely
occurs at different MgO contents for different volcanoes, suggesting that melt sulfur solubility beneath
the volcanoes varies along the arc, most likely due to variable ƒO2 or melt composition 38. 

Values of Ag/Cu and Au/Cu for Kermadec arc and Havre Trough backarc glasses (with MgO >3 wt.%
prior to the onset of magnetite crystallization) show a significant range: Ag/Cu = 2.2-5.8*10-5 and
Au/Cu= 1.1-6.0*10-6. These values exceed those of mid-ocean ridge basalts (average Ag/Cu~3.0*10-5

and Au/Cu = 1.7*10-636-37) and depleted mantle (Ag/Cu~2.7*10-5 39 and Au/Cu ~3.3*10-639). Between 8
and 3 wt.% MgO, Au/Cu and Ag/Cu values show little variation, consistent with no, or little sulfide
fractionation during early magma crystallization. The variations of Au/Cu and Ag/Cu in primitive glasses
are therefore likely to resemble those in primary magmas. At MgO contents lower than ~3 wt.%, both
Au/Cuand Ag/Cu values increase sharply (Fig. 2C and 2D) suggesting segregation of low temperature
monosulfide solid solution (MSS), such as Cu-rich phyrrotite 33, cubanite, chalcopyrite or bornite 6. 

When plotted against Nb/Zr (and Zr/Hf), a proxy of mantle source depletion and degree of
melting, Au/Cu in Kermadec arc glasses shows a broad negative correlation (cf. Fig. 3A). Of note is that
glasses from the northern Kermadec arc volcano Putoto have high Au/Cu and the lowest Nb/Zr values
indicating that these melts either originate from the most depleted subarc mantle, or underwent the
highest degree of partial melting or both. The derivation of of the Putoto samples from most depleted
source is also supported by some of the lowest 143Nd/144Nd ratios of all Kermadec arc lavas 31. In
addition, glasses from the volcanoes Kibblewhite, Ngatoroirangi, Kuiwai and Rumble III have elevated Au
and high Au/Cu at intermediate Nb/Zr, whereas glasses from the Havre Trough basin show no clear
correation between Au/Cu and Nb/Zr. Similarly, Ag/Cu in the Kermadec arc and Havre Trough backarc
glasses shows no clear correlation with Nb/Zr. The Havre trough glasses, however, form two groups: one
with high Nb/Zr, low Au/Cu and MORB-like Ag/Cu and the other with low Nb/Zr, Ag/Cu but high Au/Cu
(cf. Fig. 3). High Au/Cu back-arc sample-locations are relatively close to the arc front, therefore
resembling arc-front rather than backarc compositions. With the exception of three high-Mg andesite
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glasses from Kibblewhite 36 with high Ag/Cu values of ~6 at intermediate Nb/Zr, pointing towards a less
depleted parental subarc mantle, most glasses have MORB-like Ag/Cu values of ~ 2-4 (Fig. 3B). Gold
contents and Au/Cu values in most mafic Kermadec arc front glasses are higher than Au contents and
Au/Cu in MORB either indicating the addition of slab-derived Au to the mantle wedge or mantle melting
conditions favoring the generation of Au-rich magmas.   

Does gold come from the subducting slab? 

Gold can be highly mobile in aqeous fluids as a range of bisulfide, chloride and polysulfide ions19. As the

trisulfur radical S3
- can be stable in aqueous fluids up to ~700˚C and ~3.5 GPa 18,45, some of the Au in

the sub-arc mantle may therefore have been added by aqueous fluids from the subducting slab. Up to 2.8
wt.% H2O and ~20-80% sulfate (S6+) in olivine-hosted melt inclusions from the southern Kermadec arc 32

support that H2O is a (prominent) constituent in the subarc mantle, and that these melts originate from a
hydrated and oxidized subarc mantle. Thus, the origin of the Au enrichment via recycling Au by hydrous
slab components will be examined below. 

Previous studies recognized that slab-related components in Kermadec arc lavas originate from three
major sources: subducted sediments, altered MORB-like oceanic crust north of ~34.5°S, and altered LIP
crust to the south 31, 46-47. Strontium and Pb-isotopic compositions require the addition of <1 to ~4 % of a
sedimentary component from the subducted Pacific Plate 31.This sedimentary imprint generally
increases from north to south, suggesting that the southern Kermadec subarc mantle has been
influenced by greater amonts of sediment-derived Sr and Pb than the northern Kermadec subarc mantle.
The more radiogenic Sr and Pb isotopic compositions have previously been attributed to the increase in
subducting sediment thickness and its composition 46  and to the input from the subducting Hikurangi
Plateau48. 

The average Au, Ag and Cu contents in oxic and suboxic seafloor calcareous and biogenic sediments,
which comprise the most abundant ocean floor sediments is ~1 ppb Au, ~3 ppb Ag and ~75 ppm Cu 49-

52. These low concentrations are unlikely to change the Au, Ag and Cu contents of the subarc mantle,
assuming that 1-4% sediments are present in the mantle wedge and partitioning between slab and fluid
is close to unity for these metals. However, sediments formed in anoxic environments, such as sulfide-
rich black shales, may contain up to ~7 ppb Au, >1000 ppb Ag and >1000 ppm Cu 49-50, 53, and, if they
were subducting beneath the Kermadec arc, could potentially contribute significant amounts of
chalcophile elements to the sub-arc mantle. Thus, in order to test whether slab-derived sediment plays a
role in supplying Au (plus Ag and Cu) to the Kermadec subarc mantle, we plotted Au, Au/Cu and Ag/Cu
against Th/La (a proxy used to detect slab-derived sedimentary component 54; Supplementary File
3). Au/Cu and Ag/Cu show no systematic trends with Th/La, which precludes large contributions of Au,
Ag and Cu from the slab to the overlying mantle wedge from anoxic sediments, consistent with their
absence in drillcores from the Hikurangi Plateau offshore New Zealand (IODP Expedition 375) and DSDP
site 204 west of the northernmost Kermadec arc 55, 47. In addition, carbon-isotopes indicate a prevailing
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oxic environment in the Pacific Ocean, In addition, the degree of pyritization 56 provides further support
of the absence of anoxic sediments in the Pacific region.

Devolatilization of altered oceanic crust may also play an important role in transferring precious metals
and Cu to the overlying mantle wedge. For example, Hannington 52 has shown that hydrothermal
processes at the East Pacific Rise has led to local Cu enrichments of up to ~10 wt%. Although some
LIPs have high Au, Ag and Cu contents (e.g., Tamu Massif at the Shatsky Rise), they contain on average
3.8 ppb, 49 ppb and 178 ppm, respectively59. Elevated average Cu contents of 233 ppm have been
measured in the Hikurangi basement lavas (i.e., Rapuhia scarp 30), consistent with the general
enrichment in chalcophile elements of LIP crust. In addition, according to Jenner and O’Neill (2012) 38

average global MORBs have Au = 1.4 ppb, Ag = 24 ppb and Cu = 85 ppm and thus are relatively depleted
compared to LIP crust. But does the subducting Hikurangi LIP crust supply significant amounts of
chalcophile elements to the sub-arc mantle? 

A common indicator of the fluid flux from altered oceanic crust is Ba/Th 60, which shows a crude positive
correlation with Au/Cu (Fig. 3C). The highest Au/Cu values are, however, found in glasses from the
northern Kermadec arc volcano Putoto, which is a long ways north of the subducting Hikurangi Plateau,
and thus cannot be related to Au-rich LIP source fluids. In addition, Ba and Th contents in glasses from
Putoto are low compared to those from the southern Kermadec arc volcanoes, suggesting fluid is
derived from MORB-like and relatively Au-depleted altered oceanic crust. The high Ba/Th and Au/Cu
values for Putoto volcano also correspond to very low Nb/Zr (and Zr/Hf) (cf. Fig. 3). It is thus plausible
that the distinctive Putoto compositions reflect the most extensive melting of the most depleted mantle.
The overall low concentration of Ba and Th, together with very low Nb/Zr (and Zr/Hf and whole rock
143Nd/144Nd) in these glasses points to high degrees of melting of a depleted mantle wedge rather than
a source of Au from slab-derived fluids. High Au/Cu values are also observed in glasses from the
Giggenbach, and the southern Kermadec arc volcanoes Kibblewhite, Ngatoroirangi and the southern
Havre Trough. Within the southern Kermadec arc these glasses also have some of the lowest Nb/Zr
values, consistent with their derivation from the most depleted portions of the southern Kermadec
subarc mantle or high degrees of melting. 

In summary, there is little evidence for a significant contribution of Au (and Ag and Cu) from the
subducting slab, suggesting a predominant mantle control on the Au budget of the Kermadec sub-arc
mantle.  

Mantle control on gold systematics 

The generation of parental arc magmas with high Au contents and Au/Cu can be explained by two
scenarios:   1) low-temperature mantle melting with high fractions of mono sulfide solid solution (MSS)
present in the source 12, or 2) high-temperature melting of a highly depleted mantle source in the

presence of sulfide liquid 8. 
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Both scenarios are based on experimental studies that show that Au, Ag and Cu have fundamentally
different partion coefficients between the melt and sulfide liquid stable at high temperatures of 1300°C,
and MSS stable at lower mantle temperatures of 1175-1200°C 12-13. At temperatures of ≤1200°C,
compatibilities between MSS and mantle melts are in the order Cu>Au>Ag, resulting in higher Ag/Cuthan
Au/Cu values at low degrees of partial melting 12-13 (see Fig. 4 and Supplementary file 3). At high-
temperatures of ≥1300°C, compabilities between sulfide liquid and mantle melts is in the order
Au>Cu»Ag resulting in low Au/Cu and mantle-like Ag/Cu values during incipient melting. Values of Au/Cu
and Ag/Cu can therefore be used to determine which sulfide phase is stable in the mantle and whether
melting occurred at high or low temperatures. According to Zhang and Hirschmann 61, partial melting of
dry peridotite occurs in the sole presence of sulfide liquid at temperatures above the MSS liquidus. For
example, at 1.5 GPa (equates to melting depth of ~45 km) and a mantle potential temperature of
~1350°C (which is typical for MORB mantle, e.g., 62), sulfur is present as sulfide liquid. At the same
pressure (1.5 GPa), MSS becomes stable at temperatures of ≤1200°C. In our melting model, we
therefore use 1350°C and 1200°C at 1.5 GPa to simulate high-temperature sulfide melting in the
presence of sulfide liquid (Fig. 4 light red an orange fields) and low temperature melting in the presence
of MSS, respectively (cf. Fig. 4 (blue field) and Supplementary File 4). Below we will discuss the
comparison of the results from the modeling with Au/Cu and Ag/Cu values in the natural samples from
the Kermadec arc system starting with the evaluation of the low-T scenario. As low degree melts formed
in the presence of MSS have much higher Ag/Cu values than Au/Cu, we will focus on Ag/Cu in the
following paragraph. 

Most Kermadec glasses show Ag/Cu values similar to those for mid-ocean ridge glasses. Four glasse
samples from Kibblewhite, Kuiwai, Rumble V and the Havre Trough, however, have Ag/Cu values slightly
higher than MORB. According to our model, ~7-10% sulfide melting in the presence of predominantly
MSS at lower temperatures could explain the observed Ag/Cu values in these glasses. Three high-Mg
andesite glasses from Kibblewhite, however, have high Ag/Cu of ~6*10-5 that could be explained by ≤5%
sulfide melting in the presence of MSS. Hirai et al. 36  proposed that the Kibblewhite high magnesian
andesites formed via low-pressure melting (~1 GPa) of hydrous peridotite in the uppermost mantle
beneath thin Kermadec arc crust at temperatures of ~1200°C. According to Zhang and Hirschmann. 61,
partial melting of hydrous peridotite at low pressures at ~1200°C occurs in the sulfide liquid stability
field. Partial melting in the presence of MSS seems, therefore, rather unlikely. The high magnesian
Kibblewhite glasses plot intermediate between more mafic glasses from Kibblewhite with low Ag/Cu and
siliceous melts with high Ag, high Ag/Cu values and low wt.% FeOt, which can also plausibly be explained
by magma mixing between ascending mafic and siliceous melts (cf. Fig. 2a and Fig. 2c). We therefore
favor magma mixing to explain high Ag and Ag/Cu in the Kibblewhite high-magnesium andesitic glasses.
Although very minor occurrence of low-degree melting in the presence of MSS seems reasonable, most
of the Kermadec arc glasses have MORB-like Ag/Cu, which suggests that low-degree and low-
temperature melting in the presence of MSS plays only a minor role in the Kermadec subarc mantle. This
is consistent with published thermal models that predict rather high maximum mantle temperatures



Page 9/23

ranging from 1380˚C to 1450˚C (model D80) 64 beneath the Kermadec arc front. Such temperatures are
also consistent with predominantly partial melting in the presence of SL. Next, we will focus on the high-
T scenario.

At 1.5 GPa and 1350°C in the presence of sulfide liquid, mantle sulfides are completely consumed when
the degree of partial melting exceeds ~18 %. At higher degrees of partial melting (e.g., 20-25 %), Au/Cu
and Ag/Cu in the natural samples will approach and eventually reflect that of the mantle source (cf. Fig.
4 and Supplementary File 3). However, degrees of partial melting of ≤ 18 % at high-temperatures and
thus the sole presence of sulfide liquid explains most of the MORB data and some moderately mafic
glasses from Giggenbach, Healy, Rumble II West, Brothers and the Havre Trough back-arc (Fig. 4, light
red field), thus failing to account for high Au/Cu values of the remaining glasses. 

Preferential incorporation of Cu over Au in low degree partial melts (i.e. <10%) at high temperatures
results in higher Au/Cu in the residual mantle (cf. Fig. 4, light orange field). Therefore, a subarc mantle
that underwent previous melt extraction has higher Au/Cu than depleted mantle. Gold to Cu ratios (at
MORB-like Ag/Cu) in glasses from Monowai and Putoto (northern Kermadec arc) and from Rumble III,
Giggenbach, Kuiwai, Kibblewhite, Ngatoroirangi and some near arc front glasses from the Havre Trough
are higher than those of depleted mantle and MORB. The highest Au/Cu of up to 6*10-6 (~2 x higher than
in primitive mantle) is observed in moderately mafic glasses from the northern Kermadec arc volcano
Putoto. These glasses also have the lowest Nb/Zr (and Zr/Hf and whole rock 143Nd/144Nd) suggesting
their formation from the most depleted subarc mantle and/or through high degrees of melting. A
depleted, hydrous subarc mantle that underwent ca. 5 % previous melt extraction has also been
proposed to explain the fluid-immobile trace element distribution at Monowai located ~200 km to the
north (e.g., 65). Simililarly high Au/Cu of >5.5*10-6 at intermediate Ag/Cu values are found in glasses
from Kibblewhite, Ngatoroirangi and nearby Havre Trough. These glasses also have intermediate Nb/Zr
requiring remelting of less depleted mantle than glasses to the north. Alternatively, high Au/Cu can be
generated by incomplete pooling of partial mantle melts, assuming that low-degree melts (i.e. <10%) are
extracted from the mantle and, for example, solidified during ascent. However, single remelting up to
18% of a previously depleted mantle cannot reproduce Au/Cu*10-6 higher than ~5.4*10-6, requiring a
second-stage of sulfide melt removal (cf. Fig. 4). 

Low-degree second-stage melting at high temperature in the presence of sulfide liquid can reproduce the
high Au/Cu in the Putoto, Ngatoroirangi, Kibblewhite and Havre Trough   glasses at intermediate Ag/Cu
values (Fig. 4, light orange field). Two-stage melt depletion has also been invoked to explain high Pt/Ru
(which show similar melting behavior to Au/Cu) in the most depleted mantle at the Fonualai spreading
center in the Lau Basin 18 and Pt/Ru ratios in boninites 8. In addition, the Au content in the global
lithospheric mantle ranges from 1.0 to 3.3 ppb and is generally highest in shallow lithospheric peridotites
that underwent previous partial melting 66.

Taken together, the Au, Ag and Cu data from the Kermadec arc glasses require Au-Ag-Cu systematics
that are different from that in MORB. Almost all the Kermadec arc glasses require high temperature
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melting of variably depleted hydrous subarc mantle in the presence of sulfide liquid. Furthermore, high
Au/Cu values in about half of the samples requires re-melting of depleted mantle under hydrous fluid flux
from the subducting plate. Low-temperature melting in the presence of MSS does not seem to play a
significant role in the formation of Kermadec arc magmas and may only be required to explain a few
glasses with high Ag/Cu at intermediate Au/Cu. Partial melting in the stability field of MSS, however, may
be more important at active continental margins with thickened crust and a colder mantle wedge, where
it can be recognized based on elevated Ag/Cu in primitive melts. In summary, elevated mantle potential
temperature driving multiple melting stages of highly depleted mantle and the availability of hydrous
fluids appear to be the main factors controlling the Au content in primitive Kermadec magmas and
possibly parental arc magmas globally. 

Methods
Volcanic glasses analyzed in this contribution have been collected during seven surveys over the last 20
years with R/Vs Tangaroa (NZAPLUME I-III (1999-2004); NZASMS (2011); NIRVANA (2012); Ka-imikai-o-
Kanaloa (NZASRoF’05 in 2005) and Sonne (SO255 Vitiaz in 2017) using rock dredges and the
submersible Pisces. Sample locations and water depth for each sample are listed in Table 1.

Most of the 67 samples were taken from pillow rim glasses and some from glassy groundmass.
Following sample crushing, fresh glass chips were handpicked and washed repeatedly in deionized
water using an ultrasonic bath. Individual glass chips were then mounted in EpoThin (Buehler) epoxy-
resin and the stubs polished using a sequence of increasingly fine-grained sand paper, diamond pastes
and finally 0.05µm Al2O3 powder. 

Major element and S, Cl and F contents were determined via electron micro-probe analyses (EMPA) at
GEOMAR. The analyses were performed using a JEOL JXA8200 wave-length dispersive electron
microprobe, conditions and reference materials as described by 67. For trace elements, re-polished
mounts (to remove the carbon coating required for the EMPA analyses) were analyzed with laser-
ablation inductively coupled mass spectrometry (LA-ICPMS) at Institute of Geosciences, Kiel University.
The analyses were performed using a quadrupole-based ICP-MS (Agilent 7900) and a ArF 193 nm
Excimer LA system (Coherent GeoLas HD). In-situ micro-sampling was done with 160 µm pit size and 20
Hz pulse frequency at 10 J cm-2 fluence. Analyses were performed using a modified large volume

ablation cell (LDHCLAC 68, ETH Zürich, Switzerland). The generated aerosol was transported with 0.75 L
min-1 He and mixed with 0.6 L min-1 Ar prior to introduction into the ICP. The ICP-MS was operated under
robust standard conditions at 1500W and optimized for low oxide and hydroxide formation (typically
ThO/Th ≤ 0.4% and ThOH/Th≤ 0.05% monitored during entire analytical sessions at 248 m/z and 249
m/z). Sixty-five major and trace elements were analyzed on one spot. Analysis included 60 s
instrumental background measurement (laser-off) and 60 s signal collection during laser ablation. Dwell
time was 40 ms for Se, Ag, Re, Ir, Pt, Au, Tl and Bi and 1 ms for all other elements. One analytical cycle
lasted 0.649 s; complete analysis comprised data from 180 cycles. Analytical signal on two mass-
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numbers was collected for Cu (63, 65), Ag (107, 109), Re (184, 185), Ir (191, 193), and Pt (194, 195); one
mass-number for all other elements. Initial data reduction was performed using Glitter software package
69 for setting time-resolved integration windows and initial non matrix-matched calibration using SRM-
NIST612 glass 70 and Ca as internal standard. The subsequent data reduction and matrix-matched
calibration was done in Microsoft Excel using in-house made tables. On the first step, correction for
isobaric interferences has been applied for Se, Ag, Re, Ir, Pt and Au. For elements in focus of this work –
Ag and Au – measured intensities were corrected for interferences of 91Zr16O on 107Ag, 93Nb16O on
109Ag and 181Ta16O on 197Au. To measure the oxide production rates on masses of interest we analyzed
in every analytical block of 20 points pantellerite glass - in house reference glass PANT from Pantelleria
Island. This glass was chosen as the best one for corrections based on many years of experience with
minerals, natural glasses and glasses artificially doped with some elements, because this glass is highly
evolved and extremely enriched in all incompatible elements including Zr (2700 ppm), Nb (310 ppm), and
Ta (18.6 ppm), and also equilibrated at oxygen-reduced conditions and is sulfide saturated, providing
strong depletion in strongly siderophile and chalcophile elements, especially heavy PGE and Au. The
glass contains 0.13 ppm Ag (obtained by numerous replicate analyses of Ag using mass 107 and natural
zircon to estimate Zr/ZrO rate) and negligible (not detected and assumed to be 0 ppm) amounts of Au.
The accuracy of the applied correction is confirmed by equal concentrations obtained for different
isotopes (e.g., Ag on 107 and 109 m/z) and also by intercepts of calibration lines close to zero. The data
corrected for interferences were then corrected for instrumental drift using NBS NIST612 (S, Se, Cd, In,
As, Ag, Sb, Re, Pt, Au, Tl, Bi) and BCR-2G (all other elements) glasses. The final matrix-matched
calibration was based on a series of 20 whole-rock international reference materials prepared as nano-
particulate powder pellets (NPP) for direct in situ-analysis by laser ablation 71 and MPI-DING glasses 72

using recommended values from the GeoRem data base (http://georem.mpch-mainz.gwdg.de). During
the final step, true concentrations were calculated by matching the sum of major element oxides to 100
wt.%73-74. NPP BHVO-2 and TDB-1 and MPI-DING glasses (KL2-G, GOR128-G) were analyzed as
unknowns in the course of this study for checking long-term stability of the calibration and comparison
with other studies (Supplementary File 3). 

Typically, each glass sample was analyzed at 4 to 6 spots. Owing to the large beam-diameter of 160mm,
ablation of microlites was inevitable for some samples. When a significant range of compositions was
obtained due to variable entrapment of microliths, the data were corrected to obtain pure glass
composition using regressions versus K2O measured by LA-ICP-MS, extrapolated to K2O from separate
EPMA data. Where LA-ICP-MS data revealed no statistically significant trends and clustered near
constant values within analytical uncertainty, the data were averaged and treated as the composition of
the bulk ground mass (Table 1). 

Accuracy of analyses is estimated from calibration lines as average relative deviation of data for
reference materials from their recommended values to be 10% relative for Se (calibration range of 0.027-
0.351 ppm, number of reference samples N=8), Au (0.7-6.3 ppb, N=5) and Ag (24-139 ppb, N=9) and 5%
for Cu (18.6-343 ppm, N=13). Analytical detection limits for Se, Ag and Au are dependent on instrument
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sensitivity and also on the amount of interfering oxides and were estimated to be ~0.02 ppm for Se, ∼1
ppb for Ag and ∼0.2 ppb for Au in Kermadec arc samples, which are depleted to moderately enriched in
middle REE, Zr, Nb and Ta. The total uncertainty at 95% CL was estimated by using the error propagation
rule as square root of sum of squared long-term accuracy of standard measurements and squared two
relative standard deviation of sample replicate measurements.
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Figure 1

Bathymetric map after Smith and Sandwell 21 overlain by the USGS slab-surface model 28. Inset shows a
globe with the location of the Kermadec arc. Symbols mark sampled locations of Kermadec arc front
volcanoes and Havre Trough back-arc. Grey lines mark slab depth contours spaced at 20 km. Arrows
with numbers are subduction velocity rates after DeMets et al. 22.
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Figure 2

A) Concentration of MgO versus A) FeOt, B) Au, C) Ag/Cu and D) Au/Cu. Kermadec arc literature data are
from 32-36. MORB = mid ocean ridge basalt 38-39. All data sources are as listed in the legend.
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Figure 3

Panels A and B show Nb/Zr versus A) Au/Cu and B) Ag/Cu for Kermadec arc glasses with MgO > 4 wt.%.
Panels C and D show Ba/Th versus Au/Cu and Ag/Cu, respectively. MORB: mid ocean ridge basalt data
from 38-39, 42. Depleted MORB mantle (DMM) is after 40 (Ag = 8 ppb and Cu = 30 ppm) and Au = 1 ppb and
Cu = 30 ppm after 41 and Nb and Zr after 43 and Ba and Th after 44.
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Figure 4

Ag/Cu versus Au/Cu of the Kermadec arc volcanic glasses (MgO > 4 wt.%). The red line represents the
partial melting model of high-temperature sulfide liquid (SL) and blue line represents partial melting
model of low-temperature mono sulfide solid solution (MSS). According to ref. 61  , partial melting of dry
mantle occurs in the sole presence of sulfide liquid. Accordingly, we use a high melting temperature of
T=1350°C at 1.5 GPa (equates to ~45 km subarc melting depth), oxygen fugacity set at +1 log units
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above the quartz-fayalite-magnetite (QFM) buffer and the bulk mantle S content of 200 ppm S in our
model. To model low temperature mantle melting we use 1200°C at 1.5 GPa (at QFM +1 and 200 ppm S),
conditions under which MSS can be stable 61. These conditions correspond to the conditions of the
(hydrous) peridotite solidus in the presence of ~0.1% H2O 63. The purple lines are partial melting curves

in the presence of SL and MSS. Symbols on the modelled trajectories are 5% melting increments. Orange
line represents high-temperature remelting of previously depleted mantle in the presence of SL and the
turquoise lines are trajectories of low temperature remelting of previously depleted mantle (each melting
depletion event assumes 9% melt extraction). Depleted mantle values are after 40-41. MORB data are
from 38-39.
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