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The flotation of magmatic sulfides
transfers Cu-Au from magmas to seafloor
massive sulfide deposits
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Copper and gold-rich seafloor massive sulfide deposits formed in intra-oceanic subduction settings
are typically associated with hydrous and oxidized magmas, but processes leading to their formation
remain controversial. Sulfide-bubble interaction has been suggested to play an important role in metal
transfer from magmas to seawater-derived hydrothermal fluids. Here we use textural observations of
magmatic sulfides, geochemical numerical models of chalcophile element concentrations, and
numerical models of magmatic sulfide growth within a mafic to felsic submarine magmatic suite
(Fatu Kapa, SW Pacific) associated with copper-gold-rich seafloor massive sulfide deposits. We
demonstrate that concomitant sulfide and aqueous fluid formation at the andesitic stage results in
floating sulfide-bubble compound drops in magmas, which play a crucial role in the transfer of copper
and gold toward the surface. We emphasize that late sulfide saturation in copper-gold-rich intra-
oceanic subduction-derived felsic magmas favors upward sulfide transfer via flotation.

Cu-Au-rich seafloor massive sulfide (SMS) deposits are mostly found in
close association with oxidized magmas that formed during intra-oceanic
subductions due to the influx of slab-derived aqueous fluids into the mantle
wedge'. The mechanisms by which SMS ores were enriched in chalcophile
elements, which have an affinity for both sulfides”* and aqueous fluids’* in
magmas are currently the focus of intense debate.

Under high magmatic oxygen fugacity (fO,), soluble sulfate species are
more prevalent than less soluble sulfide species’. Consequently, sulfide
saturation in oxidized intra-oceanic subduction magmas differs from that of
more reduced mid-oceanic ridge settings. In the former, sulfide saturation is
delayed toward a later differentiation stage and is triggered by factors such as
magnetite crystallization'*™", volatile saturation'* or changes in magmatic
composition”. As a result, during the early S-undersaturated stage of
magmatic evolution (MgO >4 wt%), the concentration of chalcophile ele-
ments such as Cu increase by more than a factor of ~2 in oxidized magmas
compared to their Mid-Ocean Ridge Basalt (MORB) counterparts. This
process is well displayed by subduction-related magmas like Niuatahi-
Motutahi, Valu Fa Ridge, and Pual Ridge (Fig. 1a). Subsequently, Cu con-
centrations abruptly decrease at MgO contents of ~2-4 wt%. A similar drop
in concentration is observed in other chalcophile elements such as Pd and
Se, which have a limited affinity for aqueous fluids'""*'*". The decrease
suggests that these elements are strongly partitioned into dense, immiscible

sulfide melts'~"*'”'*, However, water saturation can compete with sulfide
partitioning by scavenging chalcophile elements into low-density bubbles of
aqueous fluids™. This versatile behavior of chalcophile elements, along with
the geochemical signatures of magmatic sulfides (e.g., chalcophile element
ratios) and magmatic fluids (e.g., high CO, concentrations, sulfur isotopic
composition) preserved in hydrothermal vents, SMS, and epithermal ores,
or subaerial arc volcanic gases" >, has led to the emergence of two diverging
models. These models propose that Cuand Au are transported to the surface
either by magma-derived fluids mixed with varying amounts of seawater-
derived hydrothermal fluids'*"***** or through hydrothermal remobiliza-
tion of magmatic sulfides'"**.

These two models were reconciled in an experimental study **. The
study demonstrated that when sulfide blebs and aqueous fluid bubbles
exsolve simultaneously, they stick together to form compound drops that
can float toward the surface’”’. The dissolution of sulfides by bubble fluid
results in sulfur transfer toward aqueous fluids and sulfide consumption,
leaving only minor evidence of upward sulfide transfer in natural
settings”***. However, it has also been suggested that owing to their small
size, magmatic sulfides could be carried upward by ascending magmas
without requiring flotation”. Although sulfide-bubble compound drops
have been observed in natural magmas, these are typically trapped within"***
or between™ " phenocrysts. This leads to bubble flattening””,
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Fig. 1 | Geochemistry of Fatu Kapa lavas compared to mid-ocean ridge basalts
and intra-oceanic lavas. Cu versus MgO (a), MgO versus SiO, (b), Th versus MgO
(c), and La versus Th (d) for Fatu Kapa whole rocks (WR, open circles) and glasses
(filled circles) in groups 1A (purple color), 1B(a) and 1B(b) (dark and light blue,
respectively). The uncertainties for Cu, Th, and La are 5% of the measured value for
whole rocks, and for glass measurements they are provided at a 2-sigma level. Whilst
group 1A magmas align well with a Fractional Crystallization (FC) model in (d)
(purple trend labeled FC), groups 1B(a) and 1B(b) magmas evolve through more

1B(a)/1B(b) felsic endmember ﬁ/ 10

FC(1A)
FC-PMA withr=0.15(1B(a)) - ---
FC-PMA with r=0.10 (1B(b)) -

melted wall rock x

partial melting model =~ —#—

complex Fractional Crystallization-Partial Melting Assimilation models (dark and
light blue trends labeled FC-PMA in panel d)*’, see Methods for more details. Inset in
(d): red curve, calculated partial melts of local altered oceanic crust; dark blue star:
25% partial melting; light blue star: 10% partial melting; dark and light blue curves
are FC-PMA models. Data for Mid-Ocean Ridge Basalts (MORB)’®, and the
subduction-related magmas of Niuatahi-Motutahi', Pual Ridge'', and Valu Fa
Ridge" are reported for comparison (see legend insert for symbols list).

shrinking*"', and/or infilling with late-stage silicate liquid*****, posing
challenges in estimating the densities of compound drops essential for
determining whether flotation is required to carry sulfides upward.

Cu and Au-rich SMS ores (Supplementary Note 1; Supplemen-
tary Fig. 1) have been identified in the Fatu Kapa area (NW Lau
back-arc basin, SW Pacific) in close association with reduced magmas
(Supplementary Fig. 2) that exhibit a sub-alkaline trend. These
magmas are subdivided into two groups: group 1A magmas evolve
from basaltic to trachy-andesitic compositions by fractional crystal-
lization, while shallower group 1B magmas evolve from a primary
magma akin to the group 1A basalt toward dacitic compositions by
fractional crystallization coupled with assimilation of a felsic end-
member (Fig. 1b, ¢, d; Table 1)*. This endmember is generated by

partial melting of the local hydrothermally altered crust, with 1B(a)
(this paper) and 1B(b) (not examined here) magmas generated by a
partial melting degree of 25% and 10%, respectively. In this study, we
investigate the transfer of metals from Fatu Kapa magmas to the
surface by floating sulfides. To achieve this, we examine the textural
relationship between sulfides and aqueous fluid bubbles within Fatu
Kapa magmas. We also examine the onset of sulfide blebs and pre-
eruptive bubbles formation using geochemical models focused on
chalcophile elements (Cu, Pd, Zn, and Pb). We propose a model of
sulfide growth to test whether sulfide flotation is necessary for the
physical transfer of magmatic sulfides. Finally, we discuss the role of
compound drops in carrying metals from initially oxidized slab-
coupled magmas.
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Table 1 | Composition in major elements and estimated water concentrations of lavas representative of the Fatu Kapa sub-

alkaline suite

Basalt (1A and 1B(a)) Andesite (1B(a)) Dacite (1B(a))
Sample FU2-DR26-02 FU3-DR13-05 (1A) + H,O FU3-PL03-03
SiO, (Wt%) 49.69 56.80 63.30
AlbO5 (Wt%) 14.84 14.30 13.31
MgO (wt%) 6.99 2.30 0.99
CaO (wt%) 11.99 5.58 3.25
FeOyot (Wt%) 11.54 11.10 7.16
TiO, (Wt%) 1.65 1.79 1.02
NayO (wt%) 2.82 4.20 5.95
K20 (wt%) 0.49 1.32 2.06
Total without H,O (Wwt%) 100.17 97.37 97.04
Estimated H,O (wt%) 0.40 2.10 2.10
T (°C) 1160—1180 1070 980 - 1020
log(n) (Pa.s) 1.45 2.97 3.51
Lava texture Fine-grained matrix, few (<5%) Fine-grained matrix, few (~15%) Mostly aphyric
phenocrysts phenocrysts
Sinking velocity of isolated sulfides after ~1 year (myear™')  2.00 1.18 0.30
(log unit)
Ascending velocity of simple compound drops (m year™') - 0.17 -1.04
(log unit)
Ascending velocity of multiple compound drops (myear™') - 1.62 0.78

(log unit)

Temperatures, viscosities (n)* and sinking sulfide velocities as well as ascending compound drops velocities are indicated. Andesites were not measured in group 1B(a). Instead, we estimated their potential
composition using a volatile-saturated group 1A andesite with a water content equivalent to the water solubility of group 1B(a). The sinking velocities are those at ~1 year after sulfide formation, when the
sulfide radius increases at a slower pace. See “Transfer of Cu and Au from Fatu Kapa magmas to the surface” for details.

Results and discussion

Magmatic sulfides

We observed a total of 42 sulfide blebs in group 1A magmas (basalt-
andesites) (Supplementary Figs. 3-7). Only 10 of these sulfides are asso-
ciated with bubbles (Fig. 2a). Sulfide blebs are generally small, with a
diameter typically below 15 pum, but larger sulfides may reach up to 65 pm.
Individual sulfides are predominantly composed of pyrrhotite, which
forms upon exsolution of monosulfide solid solutions (MSS) that crys-
tallized from Fe-S sulfide liquids. These pyrrhotites exhibit micrometric
unconnected pores that occupy ~10-20% of the bleb volume. Within these
sulfide blebs, inframicrometric to micrometric Cu-rich phases are iden-
tified. These Cu-rich phases occupy about 5-15% of the bleb volume and
are typically located near MSS pores. In addition to the sulfide blebs, there
are fewer elongated sulfides and sulfide impregnations, which correspond
to burst sulfide blebs.

We observed 55 sulfide blebs in group 1B(a) magmas (Supplementary
Figs. 3, 4), 48 of which are connected to a larger bubble that can range in
diameter from 20 um up to several hundreds of um (Fig. 2b). Most of the
sulfide blebs observed in magmas of dacitic composition exhibit a similar
diameter to those of group 1A (ie., <15 pm). Individual sulfides also display
similar chemistry and textures to those of group 1A.

The presence of aqueous fluid in the form of bubbles has a notable
impact on the texture and composition of associated sulfides. Firstly, sulfides
attached to bubbles exhibit numerous holes with radii increasing from
nanometric scale up to 1 micrometer as they approach the bubble interface
(Fig. 2a, b). Some of the holes are interconnected to the proximity of the
bubble, suggesting sulfide dissolution by the aqueous fluid. Secondly,
micrometric Cu-rich phases are frequently observed in the section of the
sulfide bleb located near the bubble interface (Fig. 2b). These phases likely
formed due to an increase in metal content resulting from sulfur degassing
into the fluid, as supported by experimental evidence®. Finally, several
sulfides associated with a bubble identified in group 1A exhibit various
stages of oxidation, ranging from a slight replacement by oxides along their

borders to complete oxidation (Fig. 3a, b, ¢). During this process, most of the
MSS pores become partially to fully filled with iron oxides (Fig. 3a). Only
three of the 55 sulfides observed in group 1B(a) display evidence of oxidation
alongside dissolution (Fig. 3d).

When observed in thin sections, sulfide bleb-bubble interfaces some-
times consist of small thin sulfides growing from the primary sulfide toward
the vesicle cavity (Fig. 3d). This indicates that the secondary sulfides formed
through the precipitation of sulfur, previously partitioned into the bubble
fluid phase. Up to 16 round-shaped and texturally angular sulfides were
observed (Fig. 2, d) on several bubble rims of 1B(a) magmas. These sulfides
represent the same sulfide-bubble interface and, therefore, conceal the
primary sulfide on which they were deposited. Conversely, identification of
these large bubbles punctuated by multiple round and angular sulfides,
whose sizes are similar to the primary sulfides observed in cross-section (e.g.,
white box in Fig. 2d), suggests that numerous sulfide blebs are associated
with these bubbles. The existence of these multiple compound drops has
been firmly identified in an experimental study”, and decorated vesicles
previously interpreted as the result of sulfide condensation in ridge
basalts***" may correspond to multiple compound drops similar to those
identified in our study. This suggests that the sulfide-bubble association may
be common in natural settings. A semi-quantitative analysis of the deposited
sulfides using scanning electron microscopy revealed that a substantial
proportion are Cu-rich. This attests that bubbles formed at the felsic stage
contain substantial amounts of Cu.

Water content and volatile saturation

We estimated water content in group 1 magmas using a temperature-
dependent plagioclase-silicate melt hygrometer* and iteratively integrated
temperatures with a plagioclase-silicate melt thermometer® (Supplemen-
tary Notes 2, 3; Supplementary Figs. 8, 9; Supplementary Table 1). The
hygrometer has a standard estimated error of 0.35 wt%"’. Group 1A mag-
mas have less than 1 wt% H,O, while group 1B(a) felsic magmas contain
1.2-2.2 wt% H,O (Fig. 4a).
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Fig. 2 | Scanning electron microscope (SEM) images of sulfide blebs associated
with bubbles. a Sulfide bleb linked to a deformed bubble in the silicate melt of a
group 1A lava (sample FU3-DR-01-10, sulfide p194). b Sulfide bleb linked to a
bubble within the silicate liquid of a group 1B(a) lava (sample FU2-DR-27-05, sulfide
p159). Note the presence of Cu-rich phases (white areas) near the bubble and the
increasing pore size near the bubble. ¢ View of the sulfide-bubble interface from
inside the bubble in a group 1B(a) lava (sample FU2-DR-27-05, sulfide p24). The
main image is looking into the curved inner surface of the bubble. Note the round
shape, angular, and massive texture of sulfides. Some areas with high Cu con-
centrations are recorded. d Bubble linked to a single sulfide in the plan view of the

thin section (white box) of a group 1B(a) lava (sample FU2-DR-27-05, sulfide p123).
Inset of (d) shows that the sulfide bleb texture is different within the silicate melt
(porous texture and perfect circular shape) than inside the bubble (massive texture
with irregular and pseudo-angular shapes similar to the example shown in (c)). Note
the presence of other round-shaped sulfides inside the bubble, similar in diameter to
the sulfide observed in the thin section plan view (white box). These sulfides
represent the sulfide-bubble interface deposited on primary sulfides, suggesting that
this bubble is linked to multiple magmatic sulfides. White boxes indicate the location
of the zoomed area in the main picture (a, b, ¢), or in the inset (d).

Aqueous fluids separated from volatile-saturated magmas primarily
consist of H,O and CO,, but experiments conducted in volatile-saturated
magmas have shown that the fluid phase is dominated by H,O for pressures
below 2.5 kbar’’. Group 1A magmas yield a relatively constant pressure of
2.8+ 1.7 kbar (n =42, ~10.4 + 6.4 km), while group 1B(a) magmas yield a
pressure of 0.5+ 0.6 kbar (n=13, ~1.9 +2.2km) (Fig. 4b). Therefore, we
have not considered the behavior of CO, and assumed that a water-rich fluid
phase is formed when the H,O content of the magma reaches its water
solubility. We estimated the pressure evolution as a function of water
solubility for both basaltic and rhyolitic magmas using VolatileCalc*
(Fig. 4b). Group 1A magmas exhibit maximum water concentrations of
0.95 £ 0.35 wt% which are five times lower than the water solubility of
basaltic magmas at the estimated average magmatic pressure. In contrast,
dacitic magmas from group 1B(a) have water concentrations ranging from
1.2 to 2.2 wt%, and these concentrations intersect, within uncertainties, the

water solubility curve of rhyolitic magmas at the estimated magmatic
pressures. Consequently, group 1A magmas remain volatile-undersaturated
before eruption throughout their evolution, while the felsic magmas of
group 1B(a) are more likely to be in equilibrium with an aqueous fluid phase.

Chalcophile elements and sulfide saturation

The most mafic magmas within group 1A show enrichment in Highly
Chalcophile Elements (HCE, Cu, and Pd) compared to MORB at
similar Th concentrations (Fig. 5), used as a proxy of magmatic
differentiation. Their behavior during magmatic evolution is often
used to pinpoint the onset of sulfide saturation. Indeed, HCE are
highly compatible with sulfide liquids, with Pd having a stronger
affinity compared to Cu™'*'****. From the most mafic sample of
group 1A up to a Th value of ~0.70 ppm, both Cu and Pd contents
increase as Th increases, while the Pd/Cu ratio remains constant.

Communications Earth & Environment| (2024)5:462


www.nature.com/commsenv

https://doi.org/10.1038/s43247-024-01571-9

Article

; TA

preserved

oxidized
sulfide

comﬁ)lete
sulhde
oxidation

10 um

Fig. 3 | SEM images of oxidized sulfide blebs. a Sulfide displaying slightly oxidized
borders with most pores showing slight to full coating with oxides (group 1A, sample
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chemical map of this sulfide is available in Supplementary Fig. 7. d Three sulfides
with varying degrees of dissolution and/or oxidation attached to the same bubble
(group 1B(a), sample FU2-DR-27-05, sulfide p17). S and Cu chemical maps are
shown in the insets.

This indicates an initial stage of evolution under S-undersaturated
conditions (Fig. 5a, b, ¢). Beyond ~0.70 ppm Th, both Cu and Pd
decrease as Th increases, and the Pd/Cu ratio also decreases, indi-
cating that sulfide saturation is reached. It is worth noting that Pd
replicate analyses are similar within uncertainty below ~0.70 ppm Th,
whereas they are less reproducible in more evolved samples (Th>1
ppm, Fig. 5b). We attribute this poor reproducibility to the uneven
distribution of sulfide liquid droplets in S-saturated magmas, which is
consistent with previous studies'>'**". Moreover, Pd content experi-
ences a considerable drop once sulfide saturation is reached, followed
by a less pronounced decrease with increasing Th (Fig. 5b). This
suggests a change in the nature of the segregated sulfide phase, for
which Pd affinity is less pronounced. Moderately chalcophile element
(Zn and Pb) concentrations measured in the most mafic magmas
within group 1A are similar to those observed in MORB. Notably, the
Zn and Pb contents in group 1A magmas increase with increasing Th
values before and after sulfide saturation because these elements are
substantially less compatible with sulfides compared to HCE®.

In group 1B(a) magmas, Pd concentrations vary considerably, differing
by more than one order of magnitude from one lava to another, for a similar
Th content (Fig. 5b). We attribute these variations to the sampling of dif-
ferent batches of magmas originating from the same reservoir in which
sulfides are unevenly distributed. However, despite the differences between
the lava flows, the replicated sample analyses exhibit limited discrepancies,
which are lower than one order of magnitude. This suggests that sulfides are
distributed relatively homogeneously at the sample scale. Given the narrow
range in Th concentrations for group 1B(a), the lowest Pd concentration
measured in these lavas represents the maximum Pd concentration of sili-
cate liquids, indicating the presence of fewer sulfide liquid droplets com-
pared to the other samples (Fig. 5b). This concentration is approximately
two orders of magnitude lower than the mafic endmember. The Cu content
of group 1B(a) magmas is also lower than the mafic endmember with values
ranging from 10 to 25 ppm. This suggests that these magmas reached sulfide
saturation during their evolution before the felsic stage. Moderately chal-
cophile elements exhibit similar behavior to rare earth elements (REE)
(Figs. 1 and 5d, e; Supplementary Fig. 10). This suggests that their evolution
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(low Th and water content) coupled with assimilation of a felsic magma generated by
partial melting of the local altered oceanic crust (FC-PMA models, see Methods).
Assumed water content levels for melted wall rock are 5, 4, 3, and 2 wt% added to the
primary concentration (1 wt%) for VS5, VS4, VS3, and VS2, respectively.
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b Estimated pressures of Fatu Kapa magmas as a function of the estimated water
contents. Purple and blue areas: estimated pressure and H,O content uncertainties
expressed as one standard deviation for pressure, for groups 1A and 1B(a),
respectively. Purple and blue dotted lines represent the median estimated pressures
for group 1A and group 1B(a) magmas, respectively. Solid and dashed light blue lines
show water solubility curves for basaltic (1150 °C) and rhyolitic (850 °C) magmas
calculated using VolatileCalc*. The P-H,O area of the volatile-saturated low-K
dacites from the Niuatahi-Motutahi volcano'” is indicated in orange (see Implica-
tions for details).

is primarily controlled by the same mixing process affecting REE con-
centrations (Fig. 1d)”.

Evolution of Cu, Pd and Au in Fatu Kapa magmas

We modeled the fractional crystallization paths of chalcophile elements in
group 1A magmas using a mafic composition representative of this group of
samples (Methods). For Th concentrations lower than 0.70 ppm, the
S-undersaturated model align well with the data showing concurrent
increases of Th and HCE (Fig. 5a, b). When projected toward lower Th
contents, group 1A calculated paths intersect with the MORB field
(Fig. 5a, b). Therefore, it is conceivable that group 1A magmas evolved first
through S-undersaturated conditions, starting from MORB-like HCE
concentrations. This initial evolution would allow Cuand Pd concentrations
to increase by approximately a factor of two when they reach Th contents of
~0.70 ppm (MgO content of ~7 wt%, Fig. 1a). Throughout this process, the
residual melt fraction decreases from 1.0 to 0.7.

In contrast to some subduction-related magmas, group 1A magmas
reach sulfur saturation before the onset of magnetite crystallization, which
occurs in the Fatu Kapa magmatic suite at ~2 ppm Th (~4 wt% MgO,
Figs. laand 5a, b)”. Basaltic magmas from group 1A exhibit MORB-like fO,
that are ~0.5-unit log below the Fayalite-Quartz-Magnetite (FMQ) buffer
(Supplementary Fig. 2). Under such reduced conditions, sulfide saturation is
expected to occur as early as in MORB, around 9.5 wt% MgO*’. However, as
demonstrated by Cu and Pd data, sulfide saturation in group 1A magmas is
delayed to MgO content of ~7 wt%. Sulfide saturation decreases with
increasing pressure*. The Fatu Kapa area, influenced by the Samoan hot-
spot, likely undergoes partial melting at greater depths than MORB™. Thus,

we propose that the initial S-undersaturated stage is due to this greater depth
of partial melting (Fig. 6a, b).

Due to this initial S-undersaturated stage of evolution, sulfide satura-
tion in group 1A occurs in Cu-rich (~150 ppm) magmas, which is followed
by a drastic drop in Cu and Pd concentrations. Experimental evidence
supports that Cu-rich (>100 ppm) magmas form sulfides in the Cu-Fe-S
system rather than in the Fe-S system**. For instance, magmas from La
Fossa (Italy) are Cu-rich (~250 ppm) when they hit sulfur saturation, and
Cu-rich (34-66 wt%) sulfides are identified in lavas that encompass Pd and
Cu drastic decrease”'. Although no sulfide blebs were visually observed in
group 1A lavas during the Pd-Cu drop, we emphasize that the high apparent
compatibility of these elements attests that the segregated sulfides form in
the Cu-Fe-S system. Indeed, this drop is well-reproduced by a model for
which 0.2 wt% sulfides are formed with Cu-Fe-S:Fe-S proportions of 85:15
(purple curves in Fig. 5). These amounts and proportions align well with
those proposed in Cu-rich intra-oceanic arc magmas***". When the Cu
concentration of these magmas decrease below ~100 ppm, the more gradual
decrease in Cu and Pd can be accounted for by the formation of sulfides
formed in the Fe-S system, in agreement with our petrographic observations
(Fig. 2, Supplementary Figs. 3-6).

To account for the compatible behavior of HCE in group 1B(a)
magmas, we combined the partial melting of the locally altered crust-mixing
model® with fractional crystallization models. We used the Assimilation-
Fractional Crystallization (AFC) model” for HCE and the Fractional
Crystallization-Partial Melting and Assimilation (FC-PMA) model for
other elements (Methods). The initial mafic magma from the group 1A
model served as the starting composition for the group 1B(a) model.
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Fig. 5 | Variations in chalcophile element con-
centrations plotted versus Th. Cu (a), Pd (b),
Pd/Cu ratio (c), Zn (d), and Pb (e) versus Th for Fatu
Kapa (this study) and MORB magmas’®. Dashed
black dotted horizontal line: Method Detection
Limit (MDL) for Pd defined as one standard devia-
tion of the procedural blank. Vertical dotted lines
connect the replicate Pd analyses. AFC assimilation
coupled with fractional crystallization, SS sulfide
saturation, VS volatile saturation. The other acro-
nyms and symbols match those in Fig. 1, with the
number above the red partial melting curves refer-
ring to the degree of partial melting (%). The
uncertainties for Cu, Zn, Pb and Th are the same as
in Fig. 1. Those for Pd measurements are provided at
a 2-sigma level and fall within the size of the dot. The
purple and blue/gray trends depict the modeled
evolution of chalcophile elements in group 1A and
group 1B(a), respectively. The concentrations mea-
sured in group 1A closely match an FC model in
which sulfide saturation occurs when the remaining
melt reaches about 70% of its initial volume. The
blue trends represent models of 1B(a) evolution
under volatile-undersaturated conditions, while the
gray trends correspond to models VS5, VS4, VS3,
and VS2. In these models, sulfide saturation occurs
when the remaining melt reaches 70% of its initial
volume, mirroring the observation in group 1A. This
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Similarly with 1A magmas, we triggered sulfide saturation in 1B(a) mag-
mas when the residual melt fraction reaches 0.7 = 10% (Methods).

Beyond sulfide saturation, we considered the formation of ~0.2 wt% of
a sulfide phase, primarily in the Cu-Fe-S system, followed by the same
amount in the Fe-S system. Cu-rich sulfides were not observed, while
pyrrhotitic sulfides were identified in dacitic lavas. This model successfully
matches measured Pd concentrations (blue line in Fig. 5) but overestimates
Cu, Pb, and Zn contents in evolved magmas (Th > 3 ppm). This discrepancy
may be attributed to the formation of a H,O-rich volatile phase in 1B(a)
magmas, as Cu, Pb, and Zn have an affinity for aqueous fluids’™".

We have shown that 1B(a) dacitic magmas are saturated with a water-
rich fluid phase (Fig. 4). However, the calculated FC-PMA model curve for
water is substantially below the water saturation curve (red dotted line in
Fig. 4), suggesting that the estimated water content of the endmember is
underestimated. It is important to acknowledge that the wall rock in
question is hydrothermally altered”” and is likely richer in water than its
estimated original composition of ~1 wt%. Since we did not directly sample
this altered wall rock, we propose to explore four different scenarios, referred
to as VS5, VS4, VS3, and VS2, in which we ascribed 5 wt%, 4 wt%, 3 wt%,
and 2 wt% of H,O to the altered wall rock, respectively. First, we applied our
FC-PMA model to each of these scenarios and determined, for each one, the

Th value at which volatile saturation occurs, as well as the amount of fluid
formed once the measured compositions of 1B(a) magmas are reached (gray
lines in Fig. 4) (see Methods). Secondly, we incorporated these four sce-
narios into both the AFC and FC-PMA models applied to chalcophile
elements (gray lines in Fig. 5). As a result, we found that the measured Cu,
Zn, and Pb concentrations in group 1B(a) magmas can be reproduced by the
VS4 and VS3 scenarios for which 3.3 wt% and 2.4 wt% of aqueous fluids,
respectively, are formed at the andesitic stage.

Transfer of Cu and Au from Fatu Kapa magmas to the surface
The results of our modeling approach suggest that the complex evolution of
the Fatu Kapa magmatic system comprises stages during which Cu, and
presumably Au, are stored at depth within the crust, and stages during
which they are transferred to the surface. We did not measure Au but,
similarly with previous studies*>***, we rely on the fact that the affinity of
this element for sulfides falls between that of Cu and Pd*™ to extrapolate its
behavior when discussing its contribution.

Throughout most of their evolution, group 1A magmas segregated
sulfides and remained undersaturated with respect to volatiles. Accord-
ingly, only a few compound droplets were observed in these samples (inset
in Fig. 7a). We computed the evolution of the sulfide radius and sinking
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velocity of isolated sulfides in the basaltic magmas of group 1A using a
model of sulfide growth by sulfur diffusion and sulfide convection™ (see
Methods). Isolated sulfide blebs reach a size of 150-200 pm and a sinking
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velocity of ~100 m year™" within less than 1 year (Fig. 7b, ¢). Therefore, the
small, isolated sulfide blebs (<20 pm) identified within group 1A lavas are
those that formed shortly before eruption and were entrained by magmas,
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Fig. 6 | Cu-Au transfer from mantle to surface at Fatu Kapa. a Schematic
representation of the magmatic plumbing of groups 1A and 1B(a) magmas (not
drawn to scale). Magmas generated at mantle depths are S-saturated and become
S-undersaturated when they accumulate in the upper crust. In group 1A magmas,
Cu-Au concentrations increase until they reach sulfide saturation at intermediate
stages (b, ¢). These elements are mainly trapped in the crust in Cu-rich sulfides (c.),
and thereafter in Fe-S sulfide blebs (d). However, some few small sulfides formed
shortly before eruption may be entrained upward by erupting magmas (d, e, f).
During ascent, sulfides partly dissolve (inset in e). Aqueous fluid bubbles may
nucleate on sulfides during ascent, prompting sulfide oxidation (inset in f). In this
process, Cu-Au are released from the sulfide into the bubble, but limited presence of
sulfide-bubble droplets restricts considerable increase of Cu-Au content in the
magmatic fluid. Because only a few sulfides rise to the surface, associated SMS
deposits are not substantially enriched in Cu-Au (g). In group 1B(a) magmas, Cu-

O sulfide (Cu-Fe-S >> Fe-S) Cu-Au transfer
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Au concentrations initially increase until sulfide saturation is reached (h, i), with
initial formation of Cu-Fe sulfides trapping Cu-Au in the crust (i). The addition of
H,O to the system through the assimilation of hydrothermally altered wall rock
leads to volatile saturation at depth, occurring soon after sulfide saturation when
Cu-rich sulfides (not shown) or more likely Fe-S sulfides (j) are formed. Cu-Au also
partition into fluids as copper chloride (CuCl) and gold hydrosulfide (Au(HS)*)
complexes. Bubbles and sulfides nucleate on each other to form compound drops,
which accumulate at the roof of the magmatic chamber and are entrained in
erupting magmas. During their ascent, sulfide blebs are dissolved by aqueous fluids,
but this process is limited due to the slight pressure drop encompassed by sulfide
droplets during ascent (k). The Cu-Au endowment of Fatu Kapa SMS deposits is the
result of both mixing between magmatic and seawater-derived hydrothermal fluids
(1) and the leaching by hydrothermal fluids of preserved sulfides brought by flota-
tion (m).
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Fig. 7 | Size and sinking velocity of isolated magmatic sulfides within Fatu Kapa
magmas compared to ascending velocities of compound drops and magmas.

a Histogram depicting the distribution of sulfide bleb diameters observed in the
magmas of groups 1A and 1B(a). The proportions of sulfides associated with a
bubble for groups 1A and 1B(a) are shown in the inset. b Mean sulfide droplet radius
as a function of time for various initial sulfur concentrations estimated with a model
of sulfide growth by diffusion and convection™. Three initial S concentrations
(800 ppm—dashed curves, 1200 ppm—dashed dotted curves, and 1600 ppm—solid
curves) relevant to those found in natural systems are considered for basaltic (red
curves), andesitic (orange curves) and dacitic (green curves) lavas akin to those
found at Fatu Kapa. The same model for isolated sulfides within Niuatahi-Motutahi
low-K dacites is shown by the thick red-orange curve for S concentrations of

400 ppm (see Implications). The model stops when the sulfide bleb reaches 1 km

500
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depth. The range of sulfide sizes identified in groups 1A and 1B(a) are outlined by the
gray rectangle. T is the cooling timescale, N is the initial number density of sulfide
nuclei, x is the degree of supersaturation required to form the sulfide nuclei, and oys
is the silicate melt-sulfide surface tension. Magma viscosities are estimated via ref. 68
(Table 1). ¢ Velocity versus time for isolated sinking sulfides, ascending simple
compound drops (lined small circles to the right), and ascending multiple com-
pound drops (lined bigger circles to the right) compared to the ascending rates of
mafic magmas within the crust™ (redish rectangle) and to the velocities estimated
from the mafic-silicic differentiation timescale™, assuming a crustal section of 25 km
(greenish rectangle). Sulfide sinking velocities are estimated with the same model as
in b. CD compound droplets.

owing to an ascending rate for mafic magmas in the range of
~20-300 m year ' *°. Conversely, most of the segregated sulfides formed
between eruptions quickly attained a sinking velocity within the range of
ascending magma velocities, supporting that they settled at the bottom of
the magmatic chamber and scavenged Cu and Au from the magma body
(Fig. 6¢, d). Due to pressure drop experienced by magmas en route to the
surface”, syn-eruptive fluid bubbles may have nucleated on these
entrained sulfides in the magmatic conduit (Fig. 6e), explaining the rare
observations (10 total, inset in Fig. 7a) of compound drops in group 1A
magmas.

As the few entrained sulfides in group 1A magmas rise toward the
surface, they partially dissolve due to decreasing pressure*®*. This is evi-
denced by the uniformly porous texture displayed by the pyrrhotitic phases
within isolated sulfides (Supplementary Fig. 4 and Fig. 6e). Moreover, the
rare sulfides attached to a syn-eruptive bubble in group 1A magmas may
also undergo oxidation during ascent prompted by aqueous fluids confined

within the bubble. In all likelihood, Cu and Au in the compound drop are
transferred from the sulfide to the bubble fluids during oxidation (Figs. 2
and 6f). The filling of resorbed pores with secondary oxides strongly suggests
that sulfide oxidation occurs after sulfide dissolution.

Two processes are often considered in explaining the Cu-Au endow-
ment of SMS deposits. The first involves mixing seawater-derived hydro-
thermal fluids with aqueous magmatic fluids'*'*****. The second process
relies on fluid-rock interactions between seawater-derived hydrothermal
fluids and magmatic sulfides captured in lava host rocks'""**. For group 1A
magmas, the oxidation of sulfides connected to syn-eruptive bubbles could
potentially increase the Cu and Au contents in the magmatic fluids released
during ascent. However, this is likely limited since only one quarter of the
sulfide blebs in group 1A is associated with bubbles, and most show minimal
to no oxidation. Additionally, most sulfides formed in the magmatic
chamber remain trapped at depth, limiting the opportunity for hydro-
thermal fluids to mobilize Cu and Au (Fig. 6g). Therefore, it is unlikely that
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group 1A magmas considerably contributed to the Cu-Au endowment of
the Fatu Kapa SMS deposits.

Similarly to group 1A magmas, we speculate that group 1B(a) magmas
evolved firstly under S-undersaturated conditions, allowing an initial
increase of Cu and Au concentrations (0.5 < Th < 1.5 ppm; Fig. 6h, i). Sul-
fide saturation occurs at the andesitic stage, with the sulfide phase initi-
ally forming in the Cu-Fe-S system and subsequently in the Fe-S system. We
modeled the evolution of the sinking velocity of sulfide blebs over time in
both andesitic and dacitic 1B(a) magmas (see Methods). In dacites, isolated
sulfides quickly reach a sinking velocity of ~2myear™ (Fig. 7c). The
timescale span in the crust by mafic magmas evolving toward felsic com-
positions typically falls within 30,000-50,000 years**”’. Considering a crustal
section of 25 km, the average ascending velocity for these magmas ranges
from 0.50 to 0.83 myear . This implies that isolated sulfides within the
dacitic 1B(a) magmas sink faster than the magmas ascend. In andesites,
isolated sulfides quickly reach a sinking velocity of ~10 myear " (Fig. 7c),
which is close to the minimum ascending velocity of ~20 myear" for
magmas traversing the crust with limited compositional evolution. Con-
sequently, it is likely that the sinking velocities of isolated sulfides within
these andesitic magmas outpace the ascending velocities estimated from
basaltic to andesitic storage timescales within the crust. Therefore, Cu and
Au that would partition into isolated sulfides formed within andesitic to
dacitic 1B(a) compositions will not be transferred to the seawater-derived
hydrothermal system.

One key difference between groups 1B(a) and 1A magmas is the
assimilation of the felsic water-rich magma endmember in group 1B(a)
magmas. This addition of large amounts of water in the shallow magmatic
plumbing enables the synchronous formation of volatile-rich bubbles and
sulfide (Fe-S) blebs before eruption. In our VS4 and VS3 models, some of the
Cu-rich sulfides are segregated before volatile saturation and are likely to be
scavenged in the crust (Fig. 5a, b, ¢, Fig. 61). After this stage, aqueous fluid
bubbles and sulfide melts systematically stick together to form compound
drops (inset in Fig. 7a). Multiple compound drops (e.g., Fig. 2d) ascend with
a velocity of ~50 and ~5 m year™" within andesitic and dacitic 1B(a) mag-
mas, respectively (Fig. 7c, see Methods). Because near vitreous 1B(a) sam-
ples contain only a few silicate minerals (Table 1, Supplementary Fig. 11), we
suggest that capillary forces acting against multiple compound drop
upwelling are limited, allowing their effective flotation. Once accumulated at
the top of the magma chamber, these sulfides can be readily carried up by
batches of erupting magmas (Fig. 6j). Simple compound drops (e.g., Fig. 2b)
exhibit ascending velocities more than one order of magnitude lower than
those estimated for multiple compound drops (~1.0 and ~0.2 m year " in
andesitic and dacitic magmas, respectively). While these simple compound
drops are either neutrally buoyant or ascend slowly compared to magma
ascent rates, they still facilitate the transport of sulfides towards the surface
by preventing sulfide settlement.

Volatile saturation in these samples occurs when Cu, Pd, and pre-
sumably Au concentrations are still higher than those measured in MORB.
Group 1B(a) magmas, which have elevated Cl concentrations, can partition
Cu into aqueous fluids as copper chloride (CuCl) complexes****". These
magmas are relatively reduced (AFMQ < 0.4), which may also promote the
partitioning of Au into fluids as gold hydrosulfide (Au(HS),") complexes®.
Therefore, in group 1B(a) magmas, a substantial portion of Cu and Au is
transferred directly into aqueous fluids alongside partitioning in floating
sulfides (Fig. 6j). We have demonstrated that during magma ascent, sulfide
dissolution is prompted by aqueous fluids, as evidenced by pronounced
porosity near bubbles (Figs. 2b and 6j). However, this process alone is
unlikely to considerably increase Cu and Au concentrations in aqueous fluid
bubbles. The preservation of over ~80% of initial sulfide volume suggests
limited dissolution, likely due to the slight pressure drop during ascent from
shallow 1B(a) magma chambers (~1.9 + 2.2 km). Additionally, identifica-
tion of Cu-rich phases at the sulfide/bubble interface (Fig. 2b) indicates that
S, rather than Cu or Au, is transferred to the bubble during sulfide desta-
bilization. Finally, the limited pressure drop, which implies that less aqueous
fluids interact with sulfides'******, likely accounts for the scarcity of oxidized

sulfides, even though the majority of sulfides are linked to bubbles in
this group.

Ultimately, the mixing of Cu-Au-rich magmatic fluids formed from
group 1B(a) magmas with hydrothermal fluids (Fig. 61) and the leaching of
preserved 1B(a) sulfide blebs brought toward the surface through flotation
(Fig. 6m) participate to the Cu-Au endowment of the Fatu Kapa SMS
deposits.

Implications for the genesis of Cu-Au-rich SMS deposits in intra-
oceanic subduction settings

Our study supports the idea that sulfide-bubble compound drops form
when a magma is both volatile and S-saturated’*”. In the Fatu Kapa mag-
mas, sulfide flotation is essential to explain the Cu-Au endowment of the
associated SMS deposits. This finding provides insights into the formation
of Cu-Au-rich SMS deposits in ocean-ocean subduction settings. The rear-
arc volcano Niuatahi-Motutahi, associated with Cu-Au-rich hydrothermal
deposits®, exemplifies the role of sulfide flotation in the Cu-Au endowment
of SMS deposits in intra-oceanic subduction settings. Initially oxidized
mafic magmas (AFMQ + 1.0 +0.3) prevent early S-saturation. Therefore,
as magmatic differentiation operates, Cu and Au concentrations rise until
magnetite crystallization initiates at the dacitic stage. The highest Cu con-
tents in this magmatic suite are ~250-300 ppm, which is about twice as high
as in group 1B(a) and about four times higher than in MORB (Fig. 1a)".
Magnetite crystallization reduces ferric to ferrous iron, making the melt
more reduced, favoring S over S°* stabilization, and triggering sulfide
saturation'”. With such a high Cu content at the onset of sulfide saturation,
the segregated sulfide phase is Cu-rich***”", consistent with the observation
of Cu-rich sulfide blebs in Niuatahi-Motutahi dacites'’. The formation of
aqueous fluids (MgO ~ 2 wt%) occurs shortly after the onset of sulfide
saturation (MgO ~ 2.5 wt%). Given the elevated Cu and Au contents of
these melts, their high chlorinity, and their decreasing fO, upon magnetite
saturation, magmatic fluids formed at depth are likely Cu-Au-rich, with Cu
forming CuCl complexes and Au forming hydrosulfide complexes. Addi-
tionally, since magmas at the onset of volatile saturation still exhibit Cu
concentrations exceeding 100 ppm, it is probable that the sulfide phase
remains Cu-rich. Since Cu-rich segregation and volatile saturation occur
simultaneously, similar to 1B(a) magmas, aqueous fluid bubbles and sulfides
may stick together within the dacitic magmatic chamber. We conducted
modeling on the sinking velocity of isolated sulfides to examine whether
they are entrained by the felsic upwelling magmas (see Methods). Our
model shows that isolated sulfides quickly sink faster than magmas ascend,
precluding the efficient transport of isolated sulfides by upwelling magmas.
The efficient extraction of Cu and Au occurs through the segregation of
sulfide liquids coupled with sulfide flotation, transporting these elements
from magmas to the surface. Most ascending sulfides undergo complete
oxidation or dissolution, transferring Cu and Au from sulfides to bubbles
due to a considerable pressure drop between the magmatic chamber and the
ocean floor (ie., a larger amount of magmatic fluids interacting with sul-
fides) compared to that experienced by group 1B(a) sulfides (Fig. 4b). This
explains the scarcity of magmatic sulfides in subsurface lavas sampled at
Niuatahi-Motutahi". Identification of late sulfide saturation in other sub-
marine slab-coupled back-arc and arc magmas associated with Cu-Au-rich
ores, such as those in Pual Ridge'*""** and Valu Fa Ridge" (Fig. 1a), suggests
that this ore-forming mechanism is likely widespread, regardless of whether
sulfide saturation is triggered by magnetite crystallization'' ™" or by other
factorsl4,30,(>4,65.

Conclusions

By directly applying the Stoke’s law to sulfides with diameters of 10 and
100 pm, it has been suggested that most sulfide blebs, particularly within
intermediate and felsic systems, are entrained by upwelling magmas without
requiring bubble attachment and subsequent flotation”. Nevertheless, our
investigation, which incorporates realistic models of sulfide growth and
plausible timescales of magmatic evolution within the crust, challenges this
assumption, particularly in intra-oceanic settings. We find that segregated
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sulfides tend to sink regardless of whether the magmas are mafic or felsic,
which involves that the timing between sulfide droplets and aqueous
fluid bubbles formation emerges as the primary parameter governing Cu-
Au transfers from magmas to the surface. In scenarios where S-saturation
occurs substantially earlier than volatile saturation (e.g., group 1A), Cu-Au
partition into sinking sulfides only and are not effectively transferred to the
surface. In cases where S-saturation precedes volatile saturation by a shorter
interval (e.g., group 1B(a)), only a small portion of Cu-Au is lost through
partitioning within Cu-rich sulfides, while a considerable amount is
transferred to the surface by partitioning into both aqueous fluids and
floating Fe-S sulfides. Lastly, in instances where S-saturation occurs within
Cu-rich volatile-saturated magmas (e.g., Niuatahi-Motutahi), most of the
Cu-Au content within the magmatic chamber is efficiently transferred
toward the surface via partitioning into both aqueous fluids and floating Cu-
rich sulfides.

Methods

Models of Cu, Pd, Zn, Pb, and Co concentrations

Initial compositions, stages of magmatic evolution, and the partition coef-
ficients employed are summarized in Supplementary Tables 2-5 and Sup-
plementary Note 4.

Group 1A

Reverse modeling of major elements and forward modeling of litho-
phile trace elements have revealed that group 1A magmas primarily evolve
by fractional crystallization of an olivine-plagioclase-clinopyroxene-rich
cumulate throughout their evolution®. In lavas characterized by Th values
that are less than 2 ppm (cumulate A), oxides are present in minimal
amounts. Conversely, for lavas with Th values exceeding 2 ppm, ~12% of the
cumulate composition consists of oxides (cumulate B). To address the
behavior of chalcophile elements, we divided the evolution of group 1A
magmas into four distinct stages, each of which is described below. During
each stage, we modeled the behavior of these elements using the fractional
crystallization Eq. (1), where F represents the residual melt fraction, C;
denotes the concentration of an element in the residual melt, C? stands for
the concentration of the element in the parental melt, and D represents the
bulk partition coefficient for that element.

ZL_ pb-1
G M

Stage 1. From 0.50 to 0.70 ppm Th, 1A magmas are S-undersaturated
and we employed the same mode as cumulate A.

Stage 2. Starting from 0.70 ppm Th (F = 0.7), the Pd content of group 1A
magmas substantially decreases as Th values increase, indicating that
S-saturation has been reached. Recent experimental findings have
shown that when the Cu content in the silicate magma is higher than
~100 ppm, the segregated sulfide phase is mainly a Cu-Fe-S phase,
whereas mixtures of Fe-S and Cu-Fe-S phases are segregated below
this value®. This conclusion is further supported by the observation that
more than 50% of Cu-rich sulfides are needed to account for the
crystallization paths of Cu and Pd in magmatic suites showing Cu
contents exceeding ~100 ppm®. In contrast, a proportion of less than
20% Cu-rich sulfides is required for magmas with lower Cu
content******"_ This aligns with the identification of predominantly Cu-
rich sulfides in the Cu-rich silicate melt at the onset of sulfide saturation
and the identification of Cu-poor sulfides as these magmas become
Cu-depleted™. Given that group 1A magmas reach up to ~160 ppm Cu
during their S-undersaturated stage of evolution, we slightly changed
the mode of cumulate A to take into account the segregation of 0.19%
sulfides with a Cu-Fe-S:Fe-S proportion of 85:15 until the Cu value
reaches ~120 ppm Cu (~0.83 ppm Th).

Stage 3. From ~0.83 ppm Th to 2 ppm Th, Pd, and to a lesser extent Cu,
exhibit decreased compatibility with further magmatic evolution. This
suggests that the proportion of the Cu-Fe-S phase compared to the Fe-
S phase s lower in the segregated phase. Additionally, the Cu-Fe-S:Fe-
S proportion in the magmatic sulfides identified in lavas with 1.5 ppm
and 2.0 ppm Th varies in the range of 0:100 to 20:80. Therefore, for
stage 3, we maintained the same cumulate mode as in stage 2 but
adjusted the Cu-Fe-S:Fe-S proportion from 85:15 to 5:95.

Stage 4. Starting from 2 ppm Th, the composition of the cumulate shifts
from cumulate A to cumulate B*. Consequently, we made slight
adjustments to the mode of cumulate B to incorporate the same amount
of segregated sulfides as in stages 2 and 3, with the same Cu-Fe-S:Fe-
S proportions as in stage 3. This four-stage model of fractional crys-
tallization effectively reproduces the measured concentrations of Cu,
Pd, Zn, and Pb (Fig. 5).

Group 1B(a)

Direct modeling on lithophile trace elements (e.g., REE, Zr, Ba, U)
of group 1B(a) has shown that pure mixing between a basaltic magma
from group 1A and a Th-rich felsic endmember generated by 25%
partial melting of an intermediate magma from group 1A satisfactorily
explains the evolution of these incompatible elements™. However, the
presence of plagioclases, clinopyroxenes, and oxides (Supplementary
Fig. 11) as well as that of magmatic sulfides (Fig. 2) in the glassy samples
of group 1B(a) suggests that fractional crystallization must be con-
sidered when modeling the evolution of elements that are compatible
with these phases. For this reason, the Eq. (2) of assimilation coupled
with fractional crystallization (AFC)** may appear suitable for modeling
the evolution of compatible elements. In this equation, C;, C? and F
have the same meaning as in Eq. (1),  represents the ratio between the
assimilation rate and the fractional crystallization rate, z is defined as
Eq. (3), where D is the same as in the Eq. (1), and C, stands for the
concentration of the element in the wall rock. However, no AFC model
tested can adequately account for the high Th content of group 1B(a)
magmas because these models implicitly assume a melting degree of
100% (i.e., the composition of the assimilated magma equals that of the
wall rock)”. This implies that the assimilated magmas could not exhibit
higher Th values than the wall rock. To address this limitation and to
model the mixing of the fractionating magma with a Th-rich magma
generated by partial melting with a degree different than 100%, Eq. (2)
was combined with the batch partial melting Eq. (4) to create a frac-
tional crystallization model coupled with assimilation of a magma
generated by partial melting (FC-PMA). In Eq. (4), C,, stands for the
concentration of the element in the melted wall rock, D,, is the bulk
partition coefficient of the wall rock and Fp), represents the rate of
partial melting. Consequently, the evolution of Th, Zn, and Pb was
modeled using the FC-PMA model. However, for highly chalcophile
elements, their behavior during partial melting can be variable
depending on the presence and nature of residual sulfides. Nevertheless,
given that the initial Cu and Pd contents in altered crust are low and the
dilution effect due to assimilation is negligible at the low r value of 0.15
that we selected (see below), we decided to apply the AFC model (i.e.,
C, =C,,) to account for the evolution of Cu and Pd.

o r C
7:F_Z a l_F—Z
o= F gt @
D—-1
g D=1 (3)
r—1
C
. 4)
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To model the evolution of compatible lithophile elements, we utilized
the same wall rock composition, bulk partition coefficients of the wall
rock, and rate of partial melting as required for modeling the evolution of
incompatible lithophile elements (i.e., the melted sample is the inter-
mediate rock FU3-DR-13-05 from group 1A, D, = cumulate B, and
Fpy =25%)”. To determine the value of 7, we applied the following model
to non-chalcophile to moderately chalcophile elements, specifically La,
Sm, Eu, Dy, and Co, for various r values (Supplementary Fig. 10). The
evolution of the REE is well-reproduced for r values above 0.1. However,
due to their incompatible behavior, REE concentrations become primarily
controlled by the composition of the assimilated magma, making it
challenging to distinguish between higher r values. The trend of Co, which
exhibits strong compatibility with oxides, matches well with a r value of
0.15. Asaresult, we selected an r value of 0.15 to model the evolution of Cu,
Pd, Zn, Pb, and Th. We employed the same initial melt composition as
used for group 1A.

Similar criteria to those applied for group 1A were used to model the
behavior of metals in group 1B(a) magmas through volatile undersaturated
conditions (blue line in Fig. 5). Once sulfide saturation occurs, the sulfide
phase is primarily composed of sulfide liquid for Cu values above ~120 ppm
(with a Cu-Fe-S:Fe-S proportion of 90:10) and shifts to a predominance of
Fe-S below this threshold (with a Cu-Fe-S:Fe-S proportion of 15:85), with
0.22 wt% of sulfides formed. This latter Cu-Fe-S:Fe-S balance is consistent
with the proportions observed in group 1B(a) sulfides (Fig. 2, Supplemen-
tary Figs. 4, 5). We adopted silicate and oxide proportions similar to those of
cumulate A for Th concentrations below 2 ppm and similar to those of
cumulate B for higher Th concentrations. Since the initial melt composition
is the same as for group 1A, sulfide saturation is initiated when the F value
reached 0.7 + 10%. This uncertainty of 10% accounts for potential variations
in melt volumes due to assimilation and differences in pre-eruptive pres-
sures between group 1B(a) magmas and those of group 1A. This uncertainty
is depicted by the sheats of the Cu and Pd trends (Fig. 5a, b) and does not
considerably affect the behavior of Th, Pb, and Zn (Fig. 5).

To model the evolution of group 1B(a) magmas under volatile-
saturated conditions with the VS5, VS4, VS3, and VS2 scenarios, we esti-
mated the Th value at the onset of volatile saturation, defined as the Th value
for which the modeled water concentration reaches water saturation (i.e.,
H,0 =2.1 wt%, (Fig. 4)). These Th values are equal to 1.40, 1.55, 1.85, and
220 ppm in the scenarios VS5, VS4, VS3, and VS2, respectively. The
amount of fluid formed in each scenario is calculated as the difference
between the modeled and estimated water content in group 1B(a) magmas
ata Th value of ~3.7 ppm. We applied the same criteria for the evolution of
chalcophile elements as used in the volatile-undersaturated case, with slight
modifications to the proportions of silicate minerals to account for formed
fluids. It is worth noting that when volatile saturation occurs before sulfur
saturation or during the stage of sulfide segregation, as is the case for sce-
narios VS4 to VS3, the partitioning of Cu into aqueous fluids shortens the
stage of Cu-Fe sulfide segregation. This explains why the calculated trends
for Pd vary from one scenario to another, even though this element does not
considerably partition into aqueous fluids'**.

Models of sulfide growth and sinking velocities

We adapted a pre-existing model® of sulfide growth and related sinking
velocity to isolated sulfides in the basaltic magmas of group 1A. Parameters
similar to those utilized in another study’” were adopted, including the
diffusivity of sulfur in mafic melt following the experiments of Freda etal.
a surface tension between silicate liquid and sulfide (d,,5) 0of 0.21 Nm ™, an
initial number density of sulfide nuclei of 10" m™, a supersaturation degree
() of 0.1, and a cooling timescale (7) of 1000 years. The viscosity of a basalt
from group 1A was estimated using a viscosity calculator® (Table 1). The
Hadamard-Rybczynski version of the Stokes equation was used to estimate
sulfide velocities. We considered three initial S concentrations (800 ppm,
1200 ppm, and 1600 ppm) relevant to those observed in natural systems,
and the model was terminated when a settling depth of 1 km was attained,
corresponding to a standard magmatic chamber depth™*.

We modeled the evolution of the sinking velocity of sulfide blebs over
time in both andesitic and dacitic 1B(a) magmas using a similar model to the
one employed for group 1A sulfides, adapting the magma viscosities to those
estimated for these lavas (Table 1). As we did not directly sample the
andesitic lavas in group 1B(a), we utilized the major element concentrations
of an andesite from group 1A and relied on the assumption that these
magmas are near volatile saturation (i.e., H,O concentration equal to water
solubility) to estimate their viscosity.

We adapted this model to sulfides present in the volatile saturated low-
K dacites erupted at Niuatahi-Motutahi (Tonga rear-arc)'”. These low-K
dacitic magmas are stored at an average pressure of 1.9 + 0.7 kbar (n = 11"),
corresponding to a minimum water solubility of ~4.3 wt% (Fig. 4b). We
utilized this minimum water solubility to estimate the maximum viscosity of
these lavas, which amounts to ~850 Pa.. s at a temperature of 1000 °C. This
temperature falls within the range of 960-1040 °C estimated for these
lavas””. We used a S concentration equal to 400 ppm, in agreement with
measurements within melt inclusions".

Estimation of compound drop densities and velocities

Two abaci were established to determine the density of sulfide-bubble
compound drops based on their 6,;, angle”. The 6, ;- angle represents the
angle between the line connecting the center of the sulfide to the center of the
bubble and the line connecting the center of the bubble to the sulfide-
bubble-silicate melt interface. The first abacus corresponds to the cases
where the surface tension between silicate melts and vapor bubbles equals
0.18 N m™, while the second abacus corresponds to the cases where this
surface tension is equal to 0.36 N m". These values encompass the mini-
mum and maximum surface tension estimated in natural systems. The 0,/
angle of compound drops was measured from SEM images and plotted in
these two abaci to estimate the minimum and maximum density of com-
pound drops. In the case of ellipsoidal-shaped bubbles, the 8, angle was
determined as the average value between 8, .., and 6, ..., where
Orv min and Oy 110 Tepresent the 0, angles corresponding to the circle
with the smallest and largest radii of the ellipsoid, respectively.

For bubbles associated with a single sulfide, the density of the com-
pound drop falls within the range of 351 and 492kgm™ (16 densities
estimated), and we selected a value of 400kg m~>. We estimated
the ascending velocities of these compound drops with the
Hadamard-Rybczynski version of the Stokes equation (Table 1). In our
calculations, we simplified the shape of compound drops by assuming a
spherical form with a volume representative to that of the observed bubble,
namely 45 um (Fig. 2b).

For estimating the ascending velocity of multiple compound drops, we
used the same density as for simple compound drops, although this value is
likely lower given the wider size of the bubbles. We used a bubble diameter of
260 um (Fig. 2d).

Analytical methods

The Cu concentration in the magmatic glasses. Cu concentrations in
20 magmatic glasses were determined by laser ablation inductively
coupled mass spectrometry (LA-ICPMS) at the Institut Universitaire
Européen de la Mer (Péle Spectrométrie Océan, Brest, France). The
samples consisted of polished sections of silicate glass chips, except for
the glassy sample FU2-DR27-03, which had its composition determined
from measurements on a polished thin section. The analytical setup
included a COMPexPro excimer laser (A =193 nm) coupled with an
Element XR ICP-MS system. For each sample, three to eight measure-
ments of the mass ®Cu were performed and quantified using the NIST
SRM 612 glass as a reference material’’. “Ca served as an internal
standard. The operating conditions were as follows: an ablation rate of
7 Hz in low-resolution mode (m/Am = 300), a spot size of 90 um, 30 s of
background measurement, and 100 s of ablation time. Reference mate-
rials such as the natural basaltic glasses BIR1g and BCR2g”' and the
synthetic glass NIST SRM 614> were used to ensure the accuracy of the
measurements. The measured concentrations of these reference

Communications Earth & Environment| (2024)5:462

12


www.nature.com/commsenv

https://doi.org/10.1038/s43247-024-01571-9

Article

materials were found to be within their 20 certified standard deviation
(Supplementary Table 6). The reproducibility (%RSD) for Cu was 4%,
8%, and 49% with the BIR1g, BCR2g and NIST SRM 614 materials,
respectively.

The Cu and Zn concentrations in the magmatic whole rocks. Cu and
Zn concentrations in 28 magmatic whole rock samples, as well as Cu, Zn,
Pb, and Au concentrations, were determined by wavelength-dispersive
X-ray fluorescence spectrometry (WD-XRF) at the Laboratory Bio-
Geochemical cycles and Resources laboratory (Ifremer, Brest, France).
The analysis was performed with a Bruker AXS S8 TIGER system for
fusion beads. After data acquisition, the measured net peak intensities
were corrected for inter-element effects and converted into concentra-
tions. The conversion was achieved using calibration curves generated
from the analysis of geochemical standard powders, which were mea-
sured under identical analytical conditions. Additionally, further ana-
lyses of Cu and Zn in the magmatic whole rock samples were carried out
using inductively coupled plasma mass spectrometry (ICP-MS) at Geo-
Labs (Ontario, Canada).

The Pd concentration in the magmatic whole rocks and glasses. Pd
concentrations in 11 replicated whole rocks and 7 replicated powdered
glasses were measured by a quadrupole ICP-MS after sample preparation
of the Ni-sulfide fire assay-isotope dilution (NIS-FA-ID) method™. A5 g
split of the powder was mixed with Nj, S, and sodium borax with a ratio of
sample:Ni:S:borax of 10:1:0.5:10. An enriched PGE spike solution (‘**Pd)
was added to the mixture. The spiked powder mixtures were dried at
100 °C for 1h and fused for 20 min in an open furnace preheated to
1150 °C. N, gas was introduced into the furnace, and a second outer
crucible containing ~0.8 g of flour was used for reducing conditions
during fusion. The fused melts were then quenched by removing the
crucible form the furnace. Sulfide beads were recovered from the quen-
ched glasses and dissolved in 6 M HCL. The solution was passed through a
filter paper (0.45 um cellulose membrane), on which PGE-bearing par-
ticles were collected. The filter paper was digested in 4 mL of aqua regia,
and the final solution was dried down to <0.l1mL and diluted
with 2% HCI.

An Agilent 8900 Triple Quadrupole ICP-MS at Seoul National Uni-
versity (Seoul, South Korea) was used to analyze Pd concentrations. The
molecular interferences on the analyte elements by metal oxides, argides,
and chloride were monitored by analyzing single element solutions con-
taining Cu, Mo, Zn, and Zr. The oxide, argide and chloride production rates
were 0.05-0.5%, 0.001-0.003%, and 0.0004%, respectively. The interference
correction for Pd is <0.5% for 16 samples, from 0.5 to 2% for 15 samples, and
from 2 to 7% for 5 samples. Concentrations were determined by the isotope
dilution method using the '”Pd/**Pd ratio.

Procedural blanks were measured from the sample-free analyses
(n =18). The average procedural blanks are 182 + 70 pg Pd. The Pd method
detection limit (MDL) was taken to be one standard deviation of the pro-
cedural blanks. Pd MDL for samples is 14 ppt for 5 g samples. The proce-
dural blank values used to calculate averages and the detailed MDL
information are shown in Supplementary Table 7. The accuracy and pre-
cision of the analyses were checked by six measurements of a reference
material TDB-17* and the results are listed in Supplementary Table 8. The
measured TDB-1 values are consistent with literature values within 1o for
all. The %RSD is 3% for Pd.

The FeO/FeOyuy ratio in the magmatic glasses. The FeO con-
centration in 14 magmatic glasses was determined using the direct
titration method”. Approximately 0.5 mg of glass powders were dis-
solved in a boiling mixture of sulfuric and hydrofluoric acids for 3 min.
The ferrous iron released during dissolution was immediately titrated
against a potassium dichromate solution in a mixture of H,SO, and
H;PO,, with barium diphenylamine sulfonate used as the redox
indicator.

The FeOyya content of these solutions was determined after boiling
using inductively coupled plasma atomic emission spectroscopy (ICP-AES)
at the Laboratoire de Planétologie et Géosciences(Nantes, France). After data
acquisition, the measured intensities were converted into concentrations
using calibration curves generated from the analysis of geochemical stan-
dard solutions, which were measured under identical analytical conditions.
The FeOyq, content of the certified W-2 standard was measured six times,
yielding a value of 9.72 £ 0.03 wt% (10), which falls within the GEOREM
certified value of 9.72 + 0.04 wt%.

Major element concentrations in the sulfide droplets. Major element
concentrations of 90 sulfide droplets, including Si, S, Fe, Zn, Cu, Ni, and
Co, were determined using an electron microprobe (CAMECA SX100,
Microsonde Ouest, Brest, France) on carbon-coated polished thin sec-
tions with a thickness of 100 um. The analytical conditions were as fol-
lows: 15 kV accelerating voltage, 10 nA beam current, 1 um spot size, and
10 s counting time for Si, S, Fe, Zn, 20 s for Cu and Ni, and 30 s for Co.
Silicon was also measured to confirm the absence of silicate phases sur-
rounding the sulfide blebs within the analyzed volume.

Additional data used in this study. The concentrations of Co, Th, and
Pb in magmatic glasses and whole rocks, as well as the major element
concentrations in magmatic glasses, whole rocks, plagioclases, and
clinopyroxenes, are those published elsewhere™.

Collection of geological materials

Geological samples were collected by dredges and human operated vehicle
Nautile operations in a responsible manner and in accordance with relevant
permits and local laws.

Data availability

The dataset (glass and whole rock concentrations in chalcophile elements,
textural description of magmatic sulfides and their concentration in major
elements, thermobarometry results, thermohygrometry results, average
composition of SMS ores, and measured reference materials), as well as
models generated for this study (geochemical models for the evolution of
chalcophile element concentrations, models of sulfide growth and asso-
ciated viscosity calculators) can be found on Figshare at the following
https://doi.org/10.6084/m9.figshare.26131333.v1.
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