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Abstract

Shallow (<1500 mbsl) submarine arc-related hydrothermal systems can host base (Cu), precious (Au) and volatile elements
(As, Se, Sb, Te, Tl) in significant quantities. Their wide application in the high-tech industry, but a potential eco-toxicological
footprint gives them a strategic importance. However, the processes that concentrate these elements in submarine arc-related
hydrothermal systems, compared to their mid-ocean ridge counterparts are still debated, and it is unclear whether boiling-
related processes and/or the contribution of magmatic volatiles are key for their enrichment.

We present bulk sulfide-sulfate, isotope (S and Pb), and high-resolution microanalytical data of hydrothermal sulfides from
the Niua South fore-arc volcano in north Tonga, where numerous black-smoker type sulfide-sulfate chimneys emit boiling
fluids with temperatures (up to 325 �C) near the seawater boiling curve at ~1170 m water depth. Hence, this system represents
an ideal natural laboratory to investigate the effect of fluid boiling on base, precious, and volatile element enrichment asso-
ciated with hydrothermal seafloor mineralization. At Niua South, textural and chemical variations of multiple pyrite (fram-
boidal, euhedral and massive), chalcopyrite (linings), and sphalerite (dendrites and linings) generations are indicative for
sulfide precipitation from early low-temperature (~240 �C) fluids that underwent abundant mixing with ambient seawater
(low Se/Tl and Co/Ni ratios in pyrite) and from later high-temperature (up to 325 �C) (high Se/Tl and Co/Ni ratios in pyrite).
In addition, crustiform inclusion-rich pyrite that precipitated from high-temperature boiling fluids shows low Bi/Pb, Tl/Pb
and Sb/Pb ratios due to volatile element loss (e.g., Tl and Sb) to the vapor phase compared to pyrite that formed during
the low temperature stage. By contrast, late sphalerite (~280 �C) is enriched in elements with an affinity to Cl-complexes like
Mn, Co, Ni, Ga, Cd, In, and Sn, and therefore precipitated from the corresponding Cl-rich liquid phase.

Gold occurs in solid-solution and as boiling-induced particles of native Au, electrum, and Au-rich Bi-tellurides in pyrite
(up to 144 ppm Au), sphalerite (up to 60 ppm Au), and chalcopyrite (up to 37 ppm Au). These particles (<5–10 mm) probably
formed during fluid boiling causing an extreme Au enrichment (>30 ppm) in the mature and late stage of chimney formation.
Lead isotope data indicate that the hydrothermal fluids scavenged metals not only from the deeper basement in the reaction
zone (20–40%), but also from young dacitic volcanic rocks near the seafloor in the upflow zone (60–80%). Sulfur isotope
https://doi.org/10.1016/j.gca.2021.05.047

0016-7037/� 2021 Elsevier Ltd. All rights reserved.

⇑ Corresponding author at: GeoZentrum Nordbayern, Friedrich-Alexander-Universität Erlangen-Nürnberg, Schlossgarten 5, 91054
Erlangen, Germany.

E-mail address: jan.falkenberg@fau.de (J.J. Falkenberg).

https://doi.org/10.1016/j.gca.2021.05.047
mailto:jan.falkenberg@fau.de
https://doi.org/10.1016/j.gca.2021.05.047
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gca.2021.05.047&domain=pdf


106 J.J. Falkenberg et al. /Geochimica et Cosmochimica Acta 307 (2021) 105–132
(d34S = �0.3 to 4.4‰) and Se/S*106 values (<1500) of hydrothermal sulfides provide no evidence for a magmatic volatile
influx and indicate that S, and most metals and semi-metals were likely leached from the host rocks. Hence, volatile (As,
Se, Sb, Te, Tl), and precious (Au) element enrichments in arc-related submarine hydrothermal systems can be decoupled from
magmatic volatiles and are instead a result of boiling-induced trace element fractionation – a hydrothermal enrichment pro-
cess, which has been underestimated to date.
� 2021 Elsevier Ltd. All rights reserved.

Keywords: Submarine hydrothermal systems; Black smoker; in-situ trace elements of pyrite, sphalerite and chalcopyrite; S and Pb isotopes;
LA-ICP-MS; volatile and precious elements; Gold enrichment; Fluid boiling; Phase seperation; Tonga arc; boiling-induced trace element
fraktionation; hydrothermal sulfides; Niua South; Niua volcano
1. INTRODUCTION

More than 700 submarine hydrothermal vent sites have
been found since the discovery of high temperature
hydrothermal black smokers venting at the Galápagos Rift
in 1979 (Corliss et al., 1979) including about 300 associated
with arc and back-arc volcanism, and more than 400 along
mid-ocean ridges (Hannington et al., 2005, 2011; Beaulieu
and Szafrański, 2020). Hydrothermal sulfides in arc-
related settings are enriched in economically important
(e.g., Cu, Sb, Au) but also in eco-toxicological (e.g. As,
Hg, Tl) elements compared to their mid-ocean ridge coun-
terparts (Monecke et al. 2016; Kilias et al., 2013; Fuchs
et al., 2019). These sites are suggested to be modern ana-
logues for ophiolite-hosted volcanogenic massive sulfide
(VMS) deposits (Franklin et al., 2005; Martin et al.,
2019). World-class VMS deposits have been mined on land
for centuries, however fractionation and enrichment pro-
cesses for many trace and semi-metals are still poorly con-
strained (Martin et al., 2019, 2020). In order to better
understand the major ore-forming processes and element
fractionations, high-resolution microanalytical work in
actively forming submarine hydrothermal mineralizations
represents a unique opportunity to sample the ore-
forming fluids and the associated sulfide precipitates.

Hydrothermal circulation along mid-ocean ridges is
driven by a magmatic heat source producing hot (up to
400 �C) acidic (pH= 3–4) hydrothermal fluids (modified sea-
water) that can effectively leach metals from the igneous host
rocks in the reaction- and upflow zone (Franklin et al., 2005;
Hannington et al., 2005; Tivey, 2007). By contrast, the metal
and semi-metal budget (e.g., Cu, As, Se, and Au) of
hydrothermal fluids and sulfide precipitates in arc-related
settings may strongly be affected by the influx of magmatic
volatiles (Herzig et al., 1998; Yang and Scott, 2006; de
Ronde et al., 2011, 2019; Keith et al., 2018b; Martin et al.,
2020). Mixing of hydrothermal fluids with ambient cold sea-
water causes metal and semi-metal precipitation due to dras-
tic changes in temperature, pH and redox conditions (e.g.,
Tivey et al., 1999; Berkenbosch et al., 2012; Wohlgemuth-
Ueberwasser et al., 2015; Keith et al., 2016; Meng et al.,
2020). In addition, pressure-dependent fluid boiling is a com-
mon process in shallow (<1500 mbsl) submarine arc-related
hydrothermal systems causing element fractionation
between the segregating liquid- and vapor-fluid phase
(Reed, 2006; Pokrovski et al., 2013; Monecke et al., 2014;
Keith et al., 2021), which may be preserved by the texture
and composition of associated sulfide precipitates (Tardani
et al., 2017; Keith et al., 2020; Reich et al., 2020). For
instance, elements like As, Se, Sb, Te, Hg, and Tl preferen-
tially partition into the vapor phase, whereas Mn, Fe, Co,
Ni, Zn, Sn, and Pb are concentrated in the liquid phase due
to their affinity to form Cl-complexes (Pokrovski et al.,
2013; Román et al., 2019). By contrast, Au precipitates dur-
ing fluid boiling caused by H2S loss to the vapor phase and
the destabilization of the Au bisulfide-complex, which may
be a critical process for the Au enrichment in epithermal
(Cooke and McPhail, 2001; Pokrovski et al., 2014; Keith
et al., 2018a, 2020), geothermal (Simmons and Brown,
2007; Hannington et al., 2016; Libbey and Williams-Jones,
2016) and submarine hydrothermal systems (Gartman
et al., 2018; Fuchs et al., 2019).

Pyrite is the most abundant sulfide mineral in many sub-
marine hydrothermal systems and an important host for a
wide range of trace elements (e.g., Co, Ni, As, Se, Mo.
Ag, Cd, Sb, Te, Au, Tl, and Pb) (Wohlgemuth-
Ueberwasser et al., 2015; Keith et al., 2016). Pyrite forms
under various fluid conditions and, thus, its chemical com-
position may provide insight into various hydrothermal pro-
cesses including fluid boiling (Maslennikov et al., 2009;
Keith et al., 2016, 2018a; Martin et al., 2019, 2020;
Román et al., 2019). Sphalerite, on the other hand, repre-
sents a useful tool to estimate precipitation temperatures
and sulfidation states based on its Fe content, as well as
its Fe/Zn and Ga/Ge ratios (Möller, 1987; Einaudi et al.,
2003; Keith et al., 2014; Kawasumi and Chiba, 2017). By
contrast, the composition of chalcopyrite reflects the high
temperature (300–400 �C) stage during the evolution of a
vent systems, possibly related to chalcopyrite-fluid equilib-
rium conditions (Butler and Nesbitt, 1999; McDermott
et al., 2015; Wohlgemuth-Ueberwasser et al., 2015; Evans
et al., 2020; Meng et al., 2020). The radiogenic Pb and stable
S isotope composition of these sulfides is used to define the
source components in hydrothermal systems, namely leach-
ing of metals from the host rocks and the potential contribu-
tion of magmatic volatiles (Fouquet and Marcoux, 1995;
Herzig et al., 1998; Ono et al., 2007; McDermott et al.,
2015; Zeng et al., 2017; Martin et al., 2020).

Here, we present bulk sulfide-sulfate data coupled with
in-situ trace element, as well as Pb and S isotope analyses
of pyrite, sphalerite, and chalcopyrite, which provide
important new insights into the hydrothermal
mineralization processes in boiling submarine arc-related
hydrothermal systems. This study unravels the interplay
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between physicochemical fluid parameters (e.g., tempera-
ture, salinity, fO2, fS2), fluid boiling and influx of magmatic
volatiles, and reveal their impact on sulfide chemistry,
thereby ultimately providing a comprehensive framework
for the boiling-induced enrichment of precious (Au) and
volatile (As, Se, Sb, Te, and Tl) elements in submarine
arc-related hydrothermal systems.

2. GEOLOGICAL SETTING AND SAMPLING

LOCALITIES

The Tonga-Kermadec arc is a 2500 km long chain of
active, mostly submarine volcanoes in the western Pacific
Ocean (Fig. 1A). The northernmost part of the Tonga arc
(Tofua arc) has the highest subduction rates (240 mm/yr
at 16�S) on earth and numerous arc front, rear-arc and
back-arc volcanoes formed through the westward subduc-
tion of the Pacific Plate beneath the Indo-Australian Plate
(Bevis et al., 1995; Smith and Price, 2006; Embley and
Rubin, 2018).

The rhombohedral shaped, highly tectonized, Niua vol-
canic complex (formerly ‘‘Volcano P”) is the northernmost
volcanic structure of the Tofua arc and is suggested to have
been inactive for several thousand years (Rubin et al.,
2013). It has been previously divided into Niua North
and Niua South based on physiographic features
(Fig. 1B) (Arculus, 2006; Lupton, 2008; Merle et al.,
2012; Rubin et al., 2013; Kwasnitschka, 2016). Igneous
rocks at the Niua volcanic complex span a limited compo-
sitional range from andesites to rhyolites (Falloon et al.,
2007; Haase, 2018) with typical arc-like trace element and
volatile element abundances (Falloon et al., 2007; Lupton
et al., 2015). Hydrothermal activity at Niua South was first
examined on the NOAA Ocean Exploration ‘‘Southern
Ring of Fire expedition” in 2012, which surveyed the entire
region and revealed extensive hydrothermal venting of
black-smoker-type fluids at Niua South isolated to a
350 m wide and 80 m deep, steep-walled volcanic crater
(Fig. 1C) at the southern flank of the volcanic edifice at
1150–1190 m water depth (Merle et al., 2012). The crater
floor surrounding the hydrothermal structures is covered
by fine tephra and pebble- to boulder-sized volcaniclastic
pumice, pumice breccia, minor amounts of sediments, and
variably oxidized sulfide talus (Fig. 2A). Clusters of inactive
chimneys are found on top of the sulfide mounds, whereas
the flanks are dominated by active multi-spired sulfide-
sulfate chimneys (Fig. 2B). Multiple smaller accumulations
of sulfide talus was found between sulfide mounds towards
the northern and eastern crater rim (Fig. 1C). Inactive
sulfide-sulfate chimneys (up to 10 m) and minor diffuse
low-temperature venting up to 8.2 �C (‘‘shimmering water”;
Fig. 2C and D) occur on top of the sulfide mounds, whereas
the active chimneys (up to 15 m) are characterized by vigor-
ously venting of high-temperature black-smoker-type fluids
from beehive diffuser and multi-spired chimney complexes
on the mound flanks (Fig. 2E and F).

During R/V Sonne cruise SO263 (Haase, 2018) active
(n = 3) and inactive (n = 9) sulfide-sulfate chimneys, as well
as massive sulfide talus (n = 2) were recovered by TV-grab
operations and ROV dives from the hydrothermal vent field
of Niua South (Table 1, Fig. 1C and supplementary mate-
rial 1). Fluid temperatures measured during SO263 at Niua
South range from 267 to 318 �C and ‘‘vapor-flames‘‘
(Fig. 2G) indicate boiling conditions at 318 �C and
~1150 m water depth (Bischoff and Rosenbauer, 1984;
Monecke et al., 2014). The sampled fluids show variable
pH values (3.1–7.9) and salinities (595–695 mM Cl) slightly
above seawater (540 mM Cl, Millero et al., 2008, Table 1).
The active chimneys are sparsely to densely populated by
white microbial mats, snails, shrimps, crabs, polychaetes,
and scale worms (Fig. 2B and D). The widespread low-
temperature diffuse venting (up to 8.2 �C) is restricted to
the crater floor of Niua South and resulted in hydrothermal
alteration and cementation of igneous rocks and sulfide
talus, as revealed by local collapse pits (Fig. 2H).

3. METHODS

3.1. Bulk sulfide-sulfate analysis

Zones of seawater alteration from the outer chimney
wall were removed prior to the bulk chimney investigations.
Representative parts of sulfide-sulfate chimneys were
crushed and milled to a grainsize of approximately 50 mm
and are from here on referred to as bulk sulfides. Mineral
quantities of selected samples reflecting different zones of
the chimney wall (n = 10) were measured using a Siemens
D5000 X-ray powder diffractometer (XRD) at the GeoZen-
trum Nordbayern (electronic supplement Table A2). Min-
eral abundances (>1 wt.%) were calculated using the
Rietveld-algorithm with the Software Profex (Table 2)
(Doebelin and Kleeberg, 2015). The results are semi-
quantitative as amorphous phases were not quantified.

Element concentrations of selected bulk sulfide sam-
ples (n = 15) were measured at Activation Labs in
Ontario, Canada (electronic supplement Table A2). Sam-
ple powders (0.25 g) were treated by a four-acid digest
using hydrofluoric acid, followed by nitric- and perchloric
acid, as well as a nitric-perchloric acid mixture. The solu-
tion was heated and evaporated to incipient dryness and
afterwards redissolved using aqua regia and measured by
an Agilent 735 (ICP-MS) for Mn, Ni, Mo, Ag, Cd, Bi,
and Pb contents. Samples were fused with sodium perox-
ide and dissolved in acid for Cu and Zn measurements by
ICP-OES. Instrumental neutron activation analysis
(INAA) was performed to acquire Au, Ag, Ni, As, Ba,
Co, Fe, Hg, Sb, Se, and Sn contents. A 30 g sample ali-
quot was encapsulated in a polyethylene vial and irradi-
ated along flux wires at a thermal neutron flux of
7 � 1012 ncm�2 s�1. After a 7-day decay-period of
24Na the samples were analyzed with a high purity Ge
detector with a resolution better than 1.7 KeV for the
1332 KeV Co-60 photopeak. Sulfur was oxidized in a
heated oxygen environment with an accelerator material
before it was measured as SO2 in an infrared cell. Detec-
tion limits, blanks, duplicate measurements, and results of
certified reference materials are listed in the electronic
supplement Table A2.



Fig. 1. (A) Bathymetric map of the Tonga arc in the western Pacific (GEBCO Bathymetric Compilation Group, 2020). (B) Bathymetric map
of the working area (red rectangle) at the northern termination of the Tofua arc. The dacitic surface lavas (11-TVG-1 and 31-TVG-2) sampled
during SO263 at the Niua volcanic complex are marked as red stars and the North Tonga basement basaltic andesite (St23) sampled by
Falloon et al. (2007) is marked as a yellow triangle. (C) High-resolution multibeam AUV ABYSS bathymetric map of the Niua South
hydrothermal field summarizing the geological observations and showing the sulfide-sulfate chimney sampling locations (Haase, 2018).
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Fig. 2. Geological observations at Niua South: (A) oxidized sulfide-sulfate chimney talus, (B) sulfide-sulfate clusters of inactive and active
chimney spires covered by white microbial mats (C) sampling of sulfide talus, (D) diffuse venting of ‘‘shimmering water” (E) beehive-diffuser
emitting black-smoker-type fluids, (F) multi-spired chimney venting black-smoker type fluids, (G) vigorous discharge of black smoke and
boiling at 318 �C (see inset with ‘‘vapor-flames”), (H) collapse pit with cementation of volcaniclastic material and sulfide-sulfate talus. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Compilation of sulfide-sulfate, host rock and hydrothermal fluid samples collected during SO263 at Niua South (Haase, 2018). Chimney
activity was determined visually during ROV dives and fluid samples were collected using isobaric gas-tight (IGT) fluid samplers. For more
detailed information we refer to the supplementary material 1. Abbreviations: cpy = chalcopyrite, py = pyrite, sph = sphalerite, ba = barite.

Activity Sample # Host rock Depth [m] Fluid T [�C] Cl [mM] pH Sample type

29-ROV-10 Rhyolite/Dacite 1165 318 597 7.9 Cpy-py chimney
Active 43-ROV-3 Rhyolite/Dacite 1140 308–318 672 3.2–3.5 Cpy-py chimney

50-ROV-4 Rhyolite/Dacite 1165 259–287 595–695 3.1–4.5 Sph-ba chimney
Inactive 37-TVG-4/5/10,

38-TVG-1 and
50-ROV-10/11/
14

Rhyolite/Dacite 1157–1179 Cpy-py chimney

29-ROV-12 and
43-ROV-7

Rhyolite/Dacite 1175–1177 Sph-ba chimney

Talus 29-ROV-3 and
50-ROV-9

Rhyolite/Dacite 1176–1177 Py-mrc massive
sulfide
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3.2. Microanalytical techniques

Polished thick sections of sulfide-sulfate chimney sam-
ples (n = 17) were petrographically examined by optical
microscopy to identify the different mineral phases
(Table 2). A Hitachi TM4000 tabletop scanning electron
microscope (SEM) was used at the GeoZentrum Nordbay-
ern to identify potential mineral inclusions by back-
scattered electron imaging and energy dispersive X-ray
spectrometry (EDS) prior to the in-situ sulfide analysis.

The major element composition (Fe, Cu, Zn, and S) of
pyrite (n = 374), sphalerite (n = 209), and chalcopyrite
(n = 498) in 12 samples was determined by wavelength-
dispersive X-ray spectrometry (WDS) using a JEOL JXA-
8200 Superprobe at the GeoZentrum Nordbayern (elec-
tronic supplement Table A3). The quantitative analysis
was carried out in an evacuated chamber (<4.3 � 10�6

mbar) with a focused beam, an acceleration voltage of
20 kV and a beam current of 20 nA. Count times for the
WDS analysis were set to 20 and 10 s for peak and back-
ground measurements, respectively. Chalcopyrite (CuKa,
FeKa, SKa) and sphalerite (ZnKa) were applied as reference
materials. Stoichiometric calculations were used for data
quality assurance and most analyses displayed an error
�3 at.% with respect to the ideal stoichiometric composi-
tion of the corresponding mineral. Each spot measured by
electron probe micro analysis (EPMA) was marked on a
back-scattered electron image for subsequent trace element
analysis of the same mineral grain by laser ablation induc-
tively coupled plasma mass spectrometry (LA-ICP-MS).

Trace element concentrations in pyrite (n = 170), spha-
lerite (n = 50), and chalcopyrite (n = 100) of selected active
(n = 3) and inactive (n = 10) chimney samples were deter-
mined by a single collector quadrupole Teledyne Analyte
Excite 193 nm laser coupled with an Agilent 7500c ICP–
MS at the GeoZentrum Nordbayern (electronic supplement
Table A3). The ICP–MS operated with a plasma power of
1190 W. Helium (0.9 l/min) and Ar (0.95 l/min) were used
as carrier gases and Ar acted as plasma (14.9 l/min) and
auxiliary gas (0.9 l/min). A single spot ablation pattern with
a frequency of 20 Hz and a fluence of 4.04 J/cm2 was used.
Total analysis time for each spot was set to 55 s, including
20 s of gas blank analysis prior to ablation. A beam
diameter of 35 to 10 mm was applied according to the size
of the analyzed mineral. The following standards were used
for the external calibration: Po724 B2 SRM (Au; Memorial
University Newfoundland) and MASS-1 (USGS; Mn, Co,
Ni, Cu, Zn, Ga, Ge, As, Se, Mo, Ag, Cd, In, Sn, Sb, Te,
W, Hg, Tl, Pb, and Bi). Analytical precision was monitored
by the repeated analysis of the sulfide standards yield-
ing < 15% RSD for most elements except for Ni (18%),
Cu (28%), and Hg (35%). To monitor the instrument drift
the sulfide standards were analyzed several times during
an analytical day (electronic supplement, Table A3). Trace
element concentrations and minimum detection limits were
calculated by Glitter (van Achterbergh et al., 2001) using S
– analyzed by EPMA – as the internal standard. Sulfur has
been chosen due to the lack of interferences in the analyzed
element spectrum. There is only a 16O18O interference on
34S of about 1% for all sulfides since it is produced from
air (Sylvester, 2001). This is in accordance with other
recently published studies that also used S for the internal
standardization of sulfide analyses (Wohlgemuth-
Ueberwasser et al., 2015; Keith et al., 2016, 2020).

3.3. Stable and radiogenic isotopes

Sulfur isotope measurements were performed on pyrite
(n = 2), chalcopyrite (n = 3), and mixed sulfide
separates (n = 5) without further chemical treatment at the
Westfälische Wilhelms-Universität Münster (electronic sup-
plement Table A4). If separation of different sulfides was not
possible, mixed sulfide separates (sulfate-free inhomoge-
neous mixture of chalcopyrite, pyrite, and sphalerite) were
used to determine the S isotope composition. About 100 mg
of sulfide powder and 300–500 lm of V2O5 were placed into
tin capsules and measured with a Flash EA IsoLink elemen-
tal analyzer interfaced to a ThermoScientificDelta VAdvan-
tage isotope ratio mass spectrometer (EA-IRMS).
Reproducibility, as determined through replicate analysis
of reference materials, was better than ±0.2‰ (1r) and pre-
cision of duplicate measurement was 0.44‰ or better. Values
are presented in per-mille difference relative to the Vienna-
Canyon-Diablo Troilite (V-CDT) standard.

For Pb isotope measurements (n = 10) approximately
0.5 mg of sulfide powder was dissolved in 0.4 ml aqua regia



Table 2
Bulk sulfide-sulfate types and mineral abundances based on XRD and microscopic observation. The complete XRD data set is presented in the electronic supplement (Table A2) Abbreviations:
T = traces (<1%), M = minor (1–5%), C = common (5–25%), A = abundant (25–50%), D = dominant (>50%), Mrc = marcasite, Py = pyrite, Cpy = chalcopyrite, Brt = barite, Sph = sphalerite,
Gn = galena, Bn = bornite, Cv = covellite, Tnt-Ttr = tennantite-tetrahedrite, Cc = chalcocite, Hem = Hematite; Icb = Isocubanite; Orp = Orpiment; Au0 = native Au; El = electrum;
BixTey = various Bi-tellurides.

Sample Microscopic observation XRD [wt.%]

Mrc Py Cpy Brt Sph Gn Bn Cv Tnt-Ttr Icb Cc Orp Hem Au0 El BixTey Py Cpy Brt Sph Mrc

Chalcopyrite-pyrite chimneys

29-ROV-10 C A C M T 11 31 28 5
43-ROV-3 T D T T T T T T T T T
50-ROV-10 A C D A T M
50-ROV-10B M D C T
50-ROV-14 A A C M T T T T M 42 49 2
37-TVG-4 A T C D C T T T T M T T T 6 91 2
37-TVG-4C T M D M M T M T T
37-TVG-5 T C D C C T T 9 62 6 12 2
37-TVG-10 T C D C C T T
38-TVG-1 T C D C C T T T
Sphalerite-barite chimneys

29-ROV-12 M M D A T T M T T 2 2 66 29
43-ROV-7 T M C D C M T T T 3 17 53 23
50-ROV-4 C C D C T T 8 6 74 11
50-ROV-11 A M A C C T T T 24 61 14
50-ROV-11B T M T D A T T M
Pyrite-marcasite massive sulfides

29-ROV-3 A A C M T 47 9 1 43
50-ROV-9 C D M C M 54 1 23 2 20
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(50/50 = 6 M HCl/ 15 M HNO3) at 80 �C in a teflon beaker
(electronic supplement Table A4). After complete dissolu-
tion the solution was evaporated to dryness at 110 �C and
redissolved in 1 M HCl. Lead was separated from the
matrix using 100 ml Eichrom Sr-Spec resin. The sample
solution was loaded onto the resin and rinsed with 1 M
HCl before collecting Pb in 6 M HCl. All reagents were
extra distilled and typical procedural blanks for Pb were
50 pg. Lead isotope measurements were carried out on a
Thermo Fisher Scientific Neptune Plus MC-ICP-MS at
the GeoZentrum Nordbayern using a 207Pb/204Pb double
spike to correct for instrumental mass fractionation. The
double spike, with a 207Pb/204Pb ratio of 0.82, was cali-
brated against a solution of the NBS982 equal atom Pb
standard. Samples were diluted with 2% HNO3 to a concen-
tration of approximately 20 ppb, and an aliquot of this
solution spiked in order to obtain a 208Pb/204Pb ratio of
about one. Spiked and unspiked sample solutions were
introduced into the plasma via a Cetac Aridus desolvating
nebulizer and measured in static mode. Interference of
204Hg on mass 204 was corrected by monitoring 202Hg.
An exponential fractionation correction was applied offline
using the iterative method of Compston and Oversby
(1969). The correction was typically 4.5‰ per amu. The
NBS981 Pb isotope standard, which was measured as an
unknown yielded a 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204-
Pb ratio of 16.9436 ± 0.0004, 15.5011 ± 0.0004, and 36.7
287 ± 0.0009, respectively. Precision of sulfide measure-
ments for 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb were
better than 0.0005, 0.0004, and 0.0010, respectively.

The trace element contents of Niua lavas (n = 2) were
measured with the trace element method described previ-
ously in Storch et al. (2020) on washed rock powders using
a Thermo Scientific XSERIES 2 Quadrupole ICP-MS at
the GeoZentrum Nordbayern (electronic supplement
Table A5). For Pb isotope double spike chemistry of the
lavas, 0.10–0.12 g of the whole rock grains were leached
with 6 M HCl for 1.5 h. The leaching acid was removed,
and the samples were rinsed twice with MQ H2O and dried
overnight. The same Pb chemistry and measurement
conditions were used for sulfides and lava samples. The
four NBS981 standards measured with the lavas gave
206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb ratios of
16.9415 ± 0.0003, 15.4990 ± 0.0002 and 36.7216 ± 0.0006
, respectively. Precision of lava measurements for
206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb were better than
0.0003, 0.0003 and 0.0007, respectively.

4. RESULTS

4.1. Mineralogy of the sulfide-sulfate chimneys

The chimneys show a mineralogical zoning, including a
chalcopyrite-dominated lining around the central fluid con-
duit followed by sphalerite and barite-rich layers towards
the outer chimney wall, commonly mantled by brown-
orange Fe-oxides and orpiment crusts. Samples collected
from the different zones were classified as chalcopyrite-
pyrite and sphalerite-barite chimneys according to the
prevalent mineral phases in the central and outer parts of
the chimney wall, respectively (Table 2). Sulfide talus
samples that mainly consist of massive pyrite and marcasite
display no mineralogical zoning and were classified as
pyrite-marcasite massive sulfides (Table 2, supplementary
material 1).

Pyrite, sphalerite, and chalcopyrite are assigned to differ-
ent paragenetic stages of chimney growth based on variable
proportions and distinct textures throughout the chimney
wall (c.f. Section 5.1). Inclusion-rich pyrite framboids (py
I) with growth zoning are common in the outer chimney
wall, where they are surrounded and/or replaced by chal-
copyrite and sphalerite (Fig. 3A and B). By contrast, euhe-
dral pyrite occurs in the more Cu-rich inner and
intermediate chimney zones, where it is either hosted by
chalcopyrite (inclusion-free pristine py II, Fig. 3C and D)
or forms colloform-crustiform overgrowth around chal-
copyrite (inclusion-rich py III, Fig. 3E and F). Colloform
textures of massive pyrite (py mas) with columnar marca-
site replacement is a common feature in the talus samples
(Fig. 3G). Sphalerite I forms colloform layers overprinting
barite and pyrite I (Fig. 3B). Tennantite-tetrahedrite typi-
cally occurs together with sphalerite I, which locally hosts
chalcopyrite and galena inclusions. Sphalerite III typically
surrounds other sulfides and shows galena and native Au
inclusion at the transition from chalcopyrite II to sphalerite
III (Fig. 3H and O). Chalcopyrite II occurs as massive to
porous colloform linings along the central conduits
(Fig. 3I), whereas it occurs as disseminated grains towards
the outer chimney wall (Fig. 3A). Energy dispersive X-ray
spectrometry (EDS) revealed native Au, electrum (up to
45 wt.% Ag), and Bi-telluride inclusions (Bi/Te = 0.2 to
0.8) varying between < 5–10 mm in size within the chalcopy-
rite linings (cpy II; Fig. 3M and N). Colloform chalcopyrite
II aggregates are either replaced by secondary bornite,
covellite, and chalcocite or form exsolution lamellae in
bornite (Fig. 3J). Dendritic intergrowths of sphalerite,
chalcopyrite, bornite, and chalcocite-covellite are common
textures (Fig. 3K). Barite occurs as the dominant sulfate
phase (with minor amounts of anhydrite ± bassanite,
CaSO4 � 0.5 H2O) in the outer chimney wall, and forms
rosettes and dendritic intergrowth with sphalerite I
(Fig. 3B) that are locally overprinted by orpiment (Fig. 3L).

4.2. Bulk chimney chemistry

Subsections from all sulfide-sulfate samples were ana-
lyzed with respect to their major, minor, and trace element
composition (Table 3). Correlation coefficients (linear R2

values) for all bivariate combinations are listed in the elec-
tronic supplement (Table A2) and are reported as strong
(R2 = 0.7–1.0), moderate (R2 = 0.5–0.7), and weak
(R2 = 0.3–0.5). Major elements include Cu, Fe, Zn, Ba,
and S, which correlate mostly with the mineralogical clas-
sification into chalcopyrite-pyrite (Cu = 1.2–24.8 wt.%),
sphalerite-barite (Zn = 0.77–25.0 wt.%), and pyrite-
marcasite samples (Fe = 38.4–42.2 wt.%; Tables 2 and
3). Trace element concentrations show significant varia-
tions between these groups (Fig. 4, Table 3), for example,
the chalcopyrite-pyrite chimneys reach the highest Au con-
tents, partly above the respective detection limit



Fig. 3. Photomicrographs (A–L) and SEM images in back-scattered electron mode (M–O) of representative sulfide-sulfate samples from Niua
South: (A) inclusion-rich (see BSE inset) framboidal pyrite I embedded in chalcopyrite II (50-ROV-10), (B) pyrite I framboids associated with
sphalerite I together with barite dendrites and rosettes (50-ROV-11B), (C) euhedral pyrite II embedded in chalcopyrite II (29-ROV-3), (D)
inclusion-free euhedral pyrite II surrounded by chalcopyrite II (50-ROV-10A). (E) massive to semi-massive pyrite III surrounding and
replacing chalcopyrite II (50-ROV-10B), (F) chalcopyrite II surrounded by crustiform, inclusion-rich pyrite III and marcasite (29-ROV-10),
(G) massive colloform banding of pyrite (py mas) with columnar marcasite replacement/recrystallization (29-ROV-3), (H) pyrite II and late
stage inclusion-free sphalerite III surrounding chalcopyrite II (37-TVG-10), (I) massive chalcopyrite II linings replaced by bornite and
chalcocite (43-ROV-3), (J) colloform chalcopyrite II aggregates with exsolution lamellae and replacement textures of covellite, chalcocite, and
bornite (50-ROV-14), (K) dendritic intergrowths of chalcopyrite, sphalerite, galena, bornite, and covellite (50-ROV-14), (L) orpiment
surrounding sphalerite I and overprinting barite (37-TVG-4), (M) micron-sized native Au particles in the chalcopyrite II linings (37-TVG-4),
(N) Bi-telluride inclusions in chalcopyrite II (43-ROV-3), (O) native Au and galena inclusion in sphalerite III surrounding chalcopyrite II (37-
TVG-4). Abbreviations: bn = bornite, brt = barite, cc = chalcocite, cv = covellite, cpy = chalcopyrite, gn = galena, mrc = marcasite,
orp = orpiment, py = pyrite, sph = sphalerite, el = electrum. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Table 3
Compilation of bulk sulfide-sulfate data from Niua South, mid-ocean ridges (Fouquet et al., 1998; Hannington and Scott, 1988, Rona et al., 1993; Grant et al., 2018; Monecke et al. 2016; Hekinian
et al., 1980; Auclair et al., 1987; Münch et al., 1999; Hannington et al., 2005; Kristall et al., 2006; Pašava et al., 2007; Melekestseva et al., 2014; Webber et al., 2015; Wang et al., 2017) and Brothers
volcano (de Ronde et al., 2011). The complete Niua South data set is presented in the electronic supplement (Table A2). Abbreviations: G.M. = geometric mean, G.SD. = geometric standard
deviation.

Bulk sulfide-sulfates S Fe Cu Zn Ba Mn Co Ni As Se Mo Ag Cd Sb Au Pb Bi

wt.% ppm

Cpy-py Min. 21.7 7.54 1.91 0.470 0.650 10.0 1.00 1.00 1100 1.50 11.0 53.4 11.5 122 6.39 354 1.00
(n = 8) Max. 33.8 24.9 24.8 15.2 32.7 206 265 1.00 10,000 70.0 436 510 365 1400 >30.0 5000 15.0

G.M. 27.6 15.4 10.4 4.47 8.85 55.4 97.7 1.00 3659 3.64 77.2 218 117 592 18.4 1653 4.21
G.SD. 1.18 1.59 2.38 3.46 4.52 2.71 6.45 1.00 2.04 5.21 3.80 2.02 3.20 2.31 1.76 2.60 2.72

Sph-brt Min. 20.4 2.20 0.260 0.770 26.0 30.0 24.0 1.00 486 1.50 7.00 176 55.2 294 3.23 232 1.00
(n = 5) Max. 24.9 12.4 13.2 25.0 39.9 47.0 151 3.00 6310 1.50 117 741 1160 1580 >30.0 5000 4.00

G.M. 22.1 4.96 2.08 8.99 33.4 38.9 54.0 1.25 2294 1.50 23.7 385 384 809 10.0 1348 1.32
G.SD. 1.08 2.09 4.73 4.26 1.20 1.19 1.99 1.63 2.64 1.00 3.26 2.01 3.63 2.14 2.26 3.40 1.86

Py-mrc Min. 48.4 38.4 0.250 0.14 0.700 255 26.0 6.00 3780 1.50 65.0 18.3 4.30 30.8 3.05 86.0 5.00
(n = 2) Max. 49.1 42.2 4.28 0.80 7.42 562 206 7.00 5230 84.0 90.0 34.6 24.8 59.4 3.70 268 19.0

G.M. 48.8 40.3 1.04 0.33 2.28 379 73.2 6.48 4446 11.2 76.5 25.2 10.3 42.8 3.36 152 9.75
G.SD. 1.01 1.07 7.39 3.43 5.31 1.75 4.32 1.12 1.26 17.2 1.26 1.57 3.45 1.59 1.15 2.23 2.57

MOR Min. 0.100 0.100 0.010 0.010 0.001 5.27 0.600 0.153 2.00 1.10 0.100 0.500 0.430 0.060 0.01 0.001 0.010
Sulfides Max. 53.9 58.1 56.2 49.7 27.5 6550 6100 600 23,000 1505 598 1788 2820 3503 471 74,000 79.0
(n = 392) G.M. 36.3 29.5 7.12 6.26 0.840 545 370 37.0 301 118 71.0 91.7 209 47.5 7.66 1038 7.04

G.SD. 11.2 12.8 11.0 10.1 3.03 902 753 69.6 1415 212 72.6 180 366 252 33.1 4755 12.3
Brothers Min. 0.330 2.08 0.002 0.002 0.004 15.5 2.00 1.00 2.30 6.00 2.00 0.700 0.500 0.840 0.02 8.00 0.500
Sulfides Max. 57.7 50.2 35.6 43.8 48.4 1727 850 23.0 14,200 1690 910 1420 4140 1690 91.4 18,800 1490
(n = 56) G.M. 24.8 13.0 0.914 0.847 5.35 89.9 25.4 3.13 1274 117 57.9 47.1 62.1 82.8 2.82 513 11.3

G.SD. 2.58 1.90 13.6 11.8 8.41 4.94 4.72 1.91 4.88 4.72 4.42 4.00 10.6 4.39 5.13 5.99 10.8
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Fig. 4. Bivariate variation diagrams of chalcopyrite-pyrite and sphalerite-barite chimneys as well as pyrite-marcasite massive sulfide samples
from Niua South in comparison with hydrothermal fluid data from Niua South (Gartman et al., 2019) and bulk sulfide data from Brothers
volcano (de Ronde et al., 2011). Note that the correlation coefficients (R2 values) are listed in the electronic supplement (Table A2). Black lines
in (A-C) represent maximum detection limits for Au and several measurements above 30 ppm Au are reported as 30 ppm and, thus, represent
minimum values. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(>30 ppm), and thus are reported as 30 ppm representing
minimum values. Furthermore, they show high concentra-
tions of Co, As, and Mo, whereas sphalerite-barite sam-
ples have high Ag, Cd, Sb, Ba, and Pb contents
(Table 3). By contrast, the pyrite-marcasite samples are
depleted in most trace elements except Mn, Ni, Se, and
Bi. Weak to strong correlations have been observed in
bivariate combinations of Au-Cu (R2 = 0.27), Ag-Zn
(R2 = 0.86), Pb-Zn (R2 = 0.49), and Zn-Cd (R2 = 0.83)
(Fig. 4A, D, E, and F). Selenium/S*106 ratios in two
chalcopyrite-pyrite and one pyrite-marcasite sample,
where Se is above the respective detection limit (>3ppm),
range from 128 to 235 with a mean of 176 (supplementary
material 1).
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The chemical composition of the Niua South bulk sul-
fides is comparable to those from Brothers volcano (Figs. 4
and 5), which are both depleted in Mn, Fe, Co, Ni, and Se
and enriched in Au, As, and Sb compared to mean mid-
ocean ridge bulk sulfides (Fig. 5). The hydrothermal fluids
from Niua South (Gartman et al., 2019) are enriched in
Mn, Fe, and Cu and depleted in Zn, Ba, and Pb compared
to the dacitic host rocks (Fig. 5), and show element ratios
(e.g., Au/Cu, Au/Ag, Ag/Zn) broadly comparable to the
bulk sulfide composition of Niua South (Fig. 4).

4.3. Mineral chemistry

Pyrite is the main host for Co, Ni, Tl, Mo, and Te and
chalcopyrite for Sn, Bi, In, and Se, while sphalerite typically
shows intermediate trace element contents except for Sb
and Cd (not shown), with respect to the median or mean
values (Fig. 6). Correlation coefficients (linear R2 values)
for all bivariate trace element combinations in pyrite, spha-
lerite, and chalcopyrite are presented in the electronic sup-
plement (Table A3) and are reported as strong (R2 = 0.7–
1.0), moderate (R2 = 0.5–0.7) and weak (R2 = 0.3–0.5).

Iron, Cu, and S in pyrite vary from 41.6 to 48.0, 0.05 to
5.0, and 48.1 to 54.4 wt.%, respectively. The trace element
composition of the different pyrite types is distinct (c.f. Sec-
tion 4.1), as reflected by a Cu, Zn, Mo, Au, and Tl enrich-
ment and Co, Se, Cd, Sn, and Te depletion in pyrite I
compared to pyrite II and III (Table 4 and Fig. 6). By con-
trast, pyrite II is characterized by high Se and Sn, as well as
low Ni and Mo compared to pyrite I and III. Pyrite III dis-
plays elevated concentrations in Co and Te compared to
pyrite I and II. Cobalt and Te concentrations increase,
whereas Tl contents decrease from pyrite I to pyrite III
(Fig. 6). Silver, Sb, Te, Au, and Pb in pyrite plot on the
As-rich end of the wedge-shaped compositional zone
defined by mid-ocean ridge, back-arc, and island arc
Fig. 5. Multi-element diagram showing the bulk sulfide-sulfate sampl
hydrothermal fluids (Gartman et al., 2019) as well as in-situ pyrite, chalco
mean mid-ocean ridge bulk sulfides (c.f. Table 2). Brothers sulfides refere
references to colour in this figure legend, the reader is referred to the we
hydrothermal pyrite (Fig. 7A–E, Keith et al., 2016). Thal-
lium shows a similar wedge-shaped compositional variation
with As in pyrite (Fig. 7F, Deditius and Reich, 2016). Sele-
nium/Tl and Co/Ni ratios are lower in pyrite I compared to
pyrite II and III and exhibit a moderately positive correla-
tion (R2 = 0.68) (Fig. 7G). Furthermore, pyrite III (±II)
shows lower Sb/Pb, Bi/Pb, and Tl/Pb ratios compared to
pyrite I and massive pyrite (py mas), and overlap with
hydrothermal pyrite sampled from the boiling zone of the
Cerro Pabellón geothermal systems (Fig. 7H and I)
(Román et al., 2019). Selenium/S*106 ratios in all pyrite
types typically range from 0.6 to 1470 with a mean of
94.8 (supplementary material 1). Trace element ratios of
Au/As, Te/As, and Ag/As of euhedral pyrite II and III
are mostly comparable to the hydrothermal fluids, although
absolute concentrations are much lower in the fluids
(Fig. 7A–C). Arsenic and Sb concentrations in pyrite from
Niua South (2.6 ppm to 2.4 wt.% As and 0.034 ppm to 0.32
wt.% Sb) are comparable to those from other submarine
arc-related hydrothermal systems like Brothers volcano
and Volcano 19 (1.3 ppm to 2.0 wt.% As; 0.028 ppm to
0.086 wt.% Sb) but show a distinct enrichment compared
to pyrite from back-arc (0.4 ppm to 0.4 wt.% As;
0.027 ppm to 0.024 wt.% Sb), and mid-ocean ridge
hydrothermal systems (0.1 ppm to 0.5 wt.% As;
0.021 ppm to 0.031 wt.% Sb, Fig. 7E).

Zinc, Fe, Cu, and S in sphalerite vary from 42.2 to 65.6,
0.20 to 11.2, 0.05 to 10.4, and 30.6 to 34.1 wt.%, respec-
tively. Within the sphalerite subgroups (c.f. Section 4.1),
sphalerite I is enriched in Ge, As, Ag, Cd, Hg, Tl, and Pb
compared to sphalerite III, which displays elevated concen-
trations in Mn, Fe, Co, Ni, Ga, Se, Mo, In, Sn, Te, Au, and
Bi (Table 4, Fig. 6). Iron and Zn show a moderately nega-
tive correlation (R2 = 0.66) following a well-established
trend similar to sphalerite from other submarine hydrother-
mal systems (Fig. 8A, Keith et al., 2014.) Gallium/Ge and
es, the dacitic host rocks (electronic supplement Table A5), the
pyrite, and sphalerite composition from Niua South normalized to
nce data is from de Ronde et al. (2011). (For interpretation of the
b version of this article.)



Fig. 6. Box and whisker plots of selected trace elements in pyrite, sphalerite, and chalcopyrite analyzed by LA-ICP-MS with respect to their
paragenetic evolution (c.f. Table 5 and Section 5.1). The grey lines define the minimum detection limits of the respective element. Mean values
(white dots) are calculated based on the entire dataset (including outliers), and thus might plot outside the respective box, whereas median
values are based solely on data within the box (25th to 75th percentile). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fe/Zn ratios systematically increase from sphalerite I to
sphalerite III and display a moderately positive correlation
(R2 = 0.43) (Fig. 8B).

Chalcopyrite has a near stoichiometric composition and
is depleted in most trace elements compared to the other
sulfides, except for Se, In, Sn, Te, and Bi (Table 4,
Fig. 6). Zinc and Cd correlate moderately positive
(R2 = 0.59, not shown) in chalcopyrite and show
low Cd/Zn ratios (G.M. Cd/Zn = 0.007).

4.4. Sulfur and Pb isotopes

The Niua South sulfides range in d34S composition from
�0.3 to 4.4‰ (electronic supplement Table A4) and overlap
with values from sediment-free MOR hydrothermal sys-
tems that are described by a d34S composition between
mid-ocean ridge basalt (�0.9 ± 0.5‰, Labidi et al., 2012,
2014) and seawater (21.2 ± 0.9‰, Tostevin et al., 2014).
Furthermore, the d34S composition of the Niua South sul-
fides overlaps with those of the associated hydrothermal
vent fluids (2.6–3.6‰, Gartman et al., 2019), volcanic glass
samples from nearby (<10 km) Mata volcano (�0.2 to
2.0‰, Keller et al., 2009), and global island arc volcanic
rocks (5.0 ± 3.9‰, Ueda and Sakai, 1984; Woodhead
et al., 1987; Alt et al., 1993; Hoog et al., 2001). Pyrite shows
the lowest (�0.3 to 1.0‰), chalcopyrite intermediate (1.7–
1.8‰), and mixed sulfide separates the highest d34S values
(3.6–4.4‰; Fig. 9). Sulfide separates from active vents show
similar d34S signatures (1.8–4.0‰) like those from inactive
vents (�0.3 to 4.4‰).

The Pb isotope composition of the Niua South
hydrothermal sulfides ranges from 18.857 to 18.866, 16.621
to 16.626, and 38.832 to 38.845 for 206Pb/204Pb, 207Pb/204Pb,
and 208Pb/204Pb, respectively, exhibiting a 206Pb/204Pb signa-
ture comparable to that of other north Tonga lavas (Fig. 10)
(Regelous et al., 1997; Wendt et al., 1997; Ewart et al., 1998;
Falloon et al., 2007). By contrast, the 207Pb/204Pb and 208-
Pb/204Pb ratios of hydrothermal sulfides and dacitic lavas
from Niua South are higher than those of the other north
Tonga lavas (Fig. 10, electronic supplement Table A5).
The 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb signatures
of the Niua South hydrothermal sulfides are also systemati-
cally lower than those of the dacitic host rock lavas and dis-
play a trend towards the Pb isotope composition of the older
Tonga basement basaltic andesites (sample St23 measured
by Falloon et al., 2007, Fig. 1B). No systematic difference
between active and inactive samples occur with respect to
their Pb isotope composition (Fig. 10).



Table 4
Compilation of in-situ pyrite, sphalerite, and chalcopyrite trace element data with respect to the paragenetic relations (c.f. Table 5). The complete data set is presented in the electronic supplement
(Table A3). Abbreviations: G.M. = geometric mean, G.SD. = geometric standard deviation.

Minerals Fe Cu Zn Mn Co Ni Ga Ge As Se Mo Ag Cd In Sn Sb Te Au Hg Tl Pb Bi

EPMA [wt.%] LA-ICP-MS [ppm]

Pyrite I Min. 41.2 0.050 0.040 41.0 0.950 0.090 0.010 0.530 2458 0.300 22.43 0.030 0.170 0.000 0.040 0.220 0.010 0.010 0.120 0.880 7.02 0.000

n = 40 Max. 47.4 5.00 4.59 818 1135 14.0 6.96 9.35 23,554 10.9 46,819 2881 96.0 93.0 0.740 560 1.16 336 2.42 3734 61,915 0.710

G.M. 44.9 0.500 0.450 149 55.2 3.58 0.360 2.17 6491 2.21 96.9 23.0 2.85 0.050 0.150 16.1 0.100 3.44 0.59 384 988 0.040

G.SD. 1.03 3.08 3.31 1.89 7.86 3.96 5.62 1.85 1.72 2.69 3.43 32.8 4.61 16.8 2.41 7.25 3.99 30.6 2.48 4.28 9.25 6.61

Pyrite II Min. 45.9 0.050 0.040 4.11 0.140 0.110 0.020 0.320 2.55 1.10 0.040 0.040 0.130 0.010 0.06 0.030 0.060 0.040 0.080 0.010 0.820 0.010

n = 46 Max. 48.0 1.04 0.960 959 11,008 15.4 89.8 44.2 12,489 780 179 188 355 20.0 25.3 825 109 16.8 116 323 5355 48.1

G.M. 46.9 0.240 0.11 40.2 106 0.750 1.03 2.73 1959 18.9 4.15 4.26 4.01 0.570 0.64 6.98 2.64 2.15 0.36 5.24 50.4 0.530

G.SD. 1.01 2.35 2.57 3.60 11.0 5.10 8.53 3.14 4.99 11.7 7.59 5.64 7.76 8.93 5.80 10.3 9.26 4.42 5.66 23.5 7.60 20.0

Pyrite III Min. 44.3 0.060 0.070 6.88 3.63 0.150 0.020 0.460 626 0.900 0.100 0.080 0.060 0.010 0.090 0.100 0.070 0.020 0.130 0.010 0.81 0.010

n = 51 Max. 47.5 2.32 1.42 338 14,108 42.3 389 152 17,499 80.7 453 3441 2049 2.38 4.32 3177 189 38.5 49.8 883 63,330 105

G.M. 46.2 0.27 0.43 26.2 344 1.21 1.04 2.04 6491 3.32 12.4 7.17 11.0 0.150 0.28 32.9 3.08 3.39 2.17 1.51 280 0.090

G.SD. 1.02 2.79 2.69 2.95 7.40 6.49 13.3 4.61 2.05 2.82 7.29 7.84 14.8 5.40 3.03 10.3 22.6 6.16 9.25 53.8 17.9 21.5

Pyrite mas Min. 46.4 0.060 0.060 16.7 0.020 0.110 0.010 0.470 726 0.650 0.200 0.020 0.030 0.000 0.060 0.040 0.020 0.010 0.110 3.63 0.250 0.000

n = 33 Max. 47.8 0.230 0.060 2406 3497 5.42 9.95 3.16 16,002 3.19 292 45.5 77.7 3.60 0.250 259 0.710 26.5 1.07 421 1748 0.720

G.M. 47.1 0.100 0.060 239 2.14 0.440 0.130 1.68 3251 1.02 21.02 2.10 0.67 0.040 0.110 12.4 0.180 0.140 0.29 74.3 46.6 0.020

G.SD. 1.01 1.65 1.00 3.21 16.2 2.87 5.58 1.69 2.20 1.64 7.32 9.78 4.74 8.41 1.47 8.56 3.36 8.05 1.90 3.12 8.27 6.23

Sphalerite I Min. 0.150 0.050 42.2 21.3 0.440 0.120 0.040 10.8 218 1.21 0.010 14.2 755 0.010 0.070 5.71 0.060 0.010 2.47 0.620 1296 0.010

n = 31 Max. 9.20 10.4 65.6 143 235 0.390 506 362 81,221 3.20 22.1 4308 12,085 3.08 1.47 32,912 1.72 26.9 272 723 694,217 0.100

G.M. 0.860 0.420 62.7 48.6 10.0 0.180 34.7 68.4 3806 2.17 1.31 403 1804 0.130 0.160 1023 0.370 1.26 50.1 17.8 10,342 0.020

G.SD. 1.90 2.79 1.04 1.58 8.34 1.71 11.3 2.53 3.87 1.39 6.41 4.34 1.84 8.29 2.10 9.19 3.76 10.9 2.44 4.96 3.10 2.01

Sphalerite III Min. 0.970 0.070 53.8 34.8 0.360 0.150 14.1 1.26 2.66 3.02 0.080 37.3 395 0.010 0.090 15.0 0.130 0.250 6.31 0.050 24.3 0.010

n = 19 Max. 11.2 3.67 64.0 435 918 2.96 2043 97.8 9902 42.9 203 1210 6430 9.77 1.99 9361 3.79 60.4 85.0 908 30,347 0.320

G.M. 3.36 0.690 59.4 108 67.2 0.36 219 36.3 872 11.6 7.49 227 1763 1.10 0.510 1477 0.620 9.12 22.2 6.93 4607 0.090

G.SD. 2.10 2.23 1.05 1.80 7.34 4.16 3.85 2.55 8.34 2.62 6.28 2.52 2.26 9.19 2.69 4.59 3.39 4.40 1.90 6.89 7.14 2.88

Chalkopyrite II Min. 27.4 30.3 0.040 3.54 0.140 0.060 0.270 0.400 0.500 1.19 0.02 0.510 0.180 0.670 0.570 0.030 0.040 0.020 0.100 0.000 0.030 0.010

n = 100 Max. 31.6 35.6 1.59 71.6 354 6.96 457 107 224,177 1498 358 1461 1205 280 85.8 48,027 121 37.2 28.7 199 5967 170

G.M. 30.4 34.6 0.24 17.6 8.11 0.530 8.10 4.74 58.5 63.3 3.49 52.8 2.03 9.61 8.20 27.1 2.60 0.590 1.48 0.140 14.5 0.370

G.SD. 1.01 1.01 3.51 1.71 4.64 4.47 5.98 3.54 23.0 6.00 13.2 5.50 7.41 3.25 2.94 29.8 7.51 6.50 4.26 14.7 21.7 13.7
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Fig. 7. Bivariate variation diagrams of selected trace elements vs. As (A–F) and ratio-ratio plots (G–I) in pyrite from Niua South. The wedge-
shaped compositional zones of trace elements vs. As (A–F) are defined by the grey dashed line based on the compositional variety of
submarine hydrothermal pyrite from Keith et al. (2016). The black dashed lines in (A) and (B) represent the solubility limit of Au and Te as a
function of As in pyrite (Reich et al., 2005; Keith et al., 2018a). Representative time-integrated LA-ICP-MS depth profiles of pyrite I, II and
III (black circles in A–F) are presented in Fig. 11B–D. The paragenetic relationship of pyrite I to III is presented in Table 5 and described in
Section 5.1. Reference data for pyrite after Wohlgemuth-Ueberwasser et al. (2015), Keith et al. (2016), and Román et al. (2019) and
hydrothermal fluid data from Niua South is from Gartman et al. (2019). The compositional fields for ‘‘boiling-induced precipitation” are
defined by low Sb/Pb (<0.5), Tl/Pb (<0.03) and Bi/Pb (<0.02) ratios in pyrites and are redrawn after Román et al. (2019). Abbreviations:
CPGS = Cerro Pabellón Geothermal System. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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5. DISCUSSION

5.1. Sulfide-sulfate precipitation and chimney maturation

Mixing between hydrothermal fluids and seawater is the
primary process driving mineral precipitation during the
initial stage of chimney growth (stage 1). This is reflected
by the early precipitation of barite (and anhydrite) rosettes
(Fig. 3B, Table 5; Haymon, 1983; Tivey et al., 1999;
Berkenbosch et al., 2012). These early sulfates formed an
immature barrier between the hydrothermal fluid and ambi-
ent seawater, and acted as nuclei for subsequent low-
temperature sulfide precipitation including sphalerite
(Fig. 3B) and framboidal pyrite (Fig. 3A and B)
(Berkenbosch et al., 2012). Early anhedral sulfides typically
formed by rapid precipitation and quenching of H2S-rich
fluids induced by strong undercooling at temperatures
<150–200 �C, as revealed by their dendritic textures in the
outer chimney zones (Fig. 3B) (Murowchick and Barnes,
1987; Xu and Scott, 2005; Maslennikov et al., 2009;
Berkenbosch et al., 2012; Gartman and Luther III, 2013).
Similarly, As-rich low-temperature fluids (<100 �C) were
likely involved in the early stage of chimney growth, as indi-
cated by orpiment precipitation on the outer chimney wall
(Table 5; Dekov et al., 2013). The formation of pristine
euhedral pyrite (py II) (>250 �C; Murowchick and
Barnes, 1987) and chalcopyrite II (300–350 �C; Metz and
Trefry, 2000) reflects the onset of a more stable hydrother-
mal environment during the high-temperature stage 2
(Fig. 3A, C, D, and F, Table 5). This change in morphology
and mineralogy from stage 1 to stage 2 (Table 5) reflects the
evolution from a young low-temperature (<250 �C)
seawater-dominated to a more mature system with a steady
and high temperature (up to 325 �C) fluid flux and less sea-
water mixing (Haymon, 1983; Tivey et al., 1999;
Berkenbosch et al., 2012; Wohlgemuth-Ueberwasser et al.,



Fig. 8. Bivariate variations diagrams of (A) EPMA major element
data of Zn vs. Fe and (B) combination of EPMA Fe/Zn vs. LA-
ICP-MS Ga/Ge ratios in sphalerite from Niua South. The
paragenetic relationship of sphalerite I and III is presented in
Table 5 and described in Section 5.1. Reference data and
temperature calculation after Keith et al. (2014). (For interpreta-
tion of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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2015; Gartman et al., 2018). Dendrites of chalcopyrite and
sphalerite (Fig. 3K) indicate co-precipitation of Cu and Zn
(stage 3A, Table 5), which disagrees with fluid–solid equi-
librium during simple seawater mixing, since Cu precipita-
tion commonly starts at >300 �C, whereas sphalerite does
not precipitate until temperatures are <200–250 �C (Metz
and Trefry, 2000; Klevenz et al., 2011; Keith et al., 2021).
Fluid boiling induced destabilization of metal complexes
may have led to a co-precipitation of phases that would
typically form under distinct conditions like chalcopyrite
and sphalerite (Ueno et al., 2003; Pokrovski et al., 2014;
Keith et al., 2016). Colloform and crustiform textures of
inclusion-rich pyrite III (mature stage 3A) can be linked
to rapid crystallization and supersaturation of metal and
semi-metals in hydrothermal fluids, which could also be
related to fluid boiling (Román et al., 2019). Therefore,
the occurrence of pyrite III may define the onset of the boil-
ing stage at Niua South (Table 5), which can be separated
into a high temperature vapor-dominated stage 3A and
an intermediate temperature liquid-dominated stage 3B (c.
f. Section 5.4; Table 5). These two stages are preserved by
crustiform inclusion-rich pyrite III postdating chalcopyrite
II (stage 3A, Fig. 3F), as well as late-stage sphalerite III
(stage 3B, Fig. 3H). The replacement and recrystallization
of massive colloform pyrite to columnar shaped marcasite
in inactive samples (Fig. 3G) likely represent a low-
temperature (100 to 250 �C) overprint and dissolution-
and reprecipitation processes based on zone refining
(Fouquet et al., 1998; Berkenbosch et al., 2012; Grant
et al., 2018). The intimate association of co- and post
genetic native Au, electrum, Bi-telluride particles, chalcopy-
rite II, and sphalerite III (Fig. 3M–O) suggest a formation
and incorporation during stage 3A subsequent to the boil-
ing stage (stage 3B; Table 5). This can be explained by dras-
tic and abrupt boiling-induced changes in fluid conditions
like decreasing fS2 and temperature, as well as increasing
fO2 and pH causing metal complex destabilization and pre-
cipitation (Drummond and Ohmoto, 1985; Cooke and
McPhail, 2001; Ciobanu et al., 2006; Gartman et al.,
2018). For instance, fS2 and fO2 in hydrothermal systems
are controlled by the quantities of dissolved H2 and H2S
in the fluids (Kawasumi and Chiba, 2017). Near-boiling
vent fluids analyzed from unsedimented back-arc
hydrothermal systems reveal variable H2S (order of magni-
tude of 10) and fairly low but uniform H2 contents (Reeves
et al., 2011). The equilibrium reactionH2O(l) +S2(g)=H2S(aq)
+ O2(g) indicates that Log fS2 of a hydrothermal solution
with unit water activity is given by Log fO2 + 2*(log a

H2S(aq) + log K). Hence, if fO2 (set by aH2(aq)) is constant,
fS2 should drop by two log units when the H2S content of
the fluid decreases by one log unit inducing, for example,
the formation of native Au. Ratios of Bi/Te are variable
(0.19 to 0.77), but mostly resemble tellurobismuthite
(Bi2Te3), which was also identified as colloids in liquid-
dominated fluids at Niua South (Gartman et al., 2019), and
its formation may also be related to boiling-induced drastic
changes in fluid fS2 (Cooke and McPhail, 2001; Ciobanu
et al., 2006). This accumulation of boiling-induced mineral
particles in themature stage of chimney growth likely reflects
the upwelling of phase separated liquid-dominated fluids
(stage 3B) transporting these particles (c.f. Section 5.4) in
lower tempered fluids (Gartman et al., 2018, 2019), as
reflected by the stability of sphalerite relative to chalcopyrite
in the mature stage 3B (Metz and Trefry, 2000).

5.2. Trace metal incorporation in pyrite, chalcopyrite, and

sphalerite

Trace elements are hosted in sulfides either in solid solu-
tion or as micro- to nanoscale inclusions (Reich et al., 2005;
Deditius et al., 2014; Deditius and Reich, 2016; Keith et al.,
2018). Solid solution incorporation is mainly controlled by
the physical- and chemical properties of the crystal lattice,
such as the crystal symmetry, covalent radii, and formal
charges (Abraitis et al., 2004; Reich et al., 2005; Keith
et al., 2018). Three types of incorporation mechanisms are
distinguished for pyrite, including (1) elements that often
form inclusions (Cu, Zn, Ag, Sb, Pb, Bi ± Au ± Te), (2) ele-
ments that occur in solid solution due to non-stoichiometric
substitution (Mo, Au, Tl), and (3) stoichiometric substitu-
tion (As, Co, Ni, Se) (Abraitis et al., 2004; Reich et al.,



Fig. 9. Comparison of the d34S data from the Niua South sulfide separates with mid-ocean ridge (Shanks and Seyfried, 1987; Hannington and
Scott, 1988; Woodruff and Shanks, 1988; Knott et al., 1995; Butler et al., 1998; Friedman, 1998; Gemmell et al., 2004; Rouxel et al., 2004),
back-arc (Kusakabe et al., 1990; Herzig et al., 1998; Kim et al., 2004; Anderson et al., 2019), and island arc submarine hydrothermal systems
(Gemmell et al., 2004; de Ronde et al., 2011). The d34S composition of modern day seawater (21.24 ± 0.88‰, Tostevin et al., 2014) and
MORB (-0.90 ± 0.50‰, Labidi et al., 2012, 2014) is presented by the grey shaded areas and the local mantle composition (-0.2 to 2.0‰, Keller
et al., 2009) is presented by the blue shaded area. Reference data for the hydrothermal fluids are from Gartman et al. (2019) and for the island
arc rocks from Ueda and Sakai (1984), Woodhead et al. (1987), Alt et al. (1993) and Hoog et al. (2001). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. (A) 207Pb/204Pb vs. 206Pb/204Pb and (B) 208Pb/204Pb vs. 206Pb/204Pb for pyrite, chalcopyrite, and mixed sulfide separates from Niua
South. Mixing model is based on the mean Pb isotope composition of the dacitic surface lavas (unit 1, electronic supplement Table A5) and a
basaltic andesite from the Tonga fore-arc (unit 2; sample St23 from Falloon et al., 2007). The compositional fields of unit 1 and unit 2
represent the range of Pb isotope composition from two and three samples, respectively. Sampling positions of igneous host rocks are
highlighted in Fig. 1B. Reference Pb isotope values of the north Tonga lavas includes data from Regelous et al. (1997), Wendt et al. (1997) and
Ewart et al. (1998). Insets show the (A) moderate (R2 = 0.67) and (B) strong (R2 = 0.93) positive correlation between the surface lavas and the
Niua South hydrothermal sulfides. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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2013; Deditius and Reich, 2016; Román et al., 2019). High
concentrations of lattice-bound trace elements in pyrite
may particularly occur in arsenian pyrite, where As� typi-
cally substitutes for S� (Deditius et al., 2014; Keith et al.,
2018). Differences in the covalent radii of As (119 pm)
and S (105 pm) may cause lattice distortion and S vacan-
cies, which enhances the incorporation of heavier and larger
elements like Au (136 pm) and Te (138 pm) by increasing
the accommodation capacity of the crystal lattice for these
elements (Reich et al., 2005; Deditius et al., 2014; Keith
et al., 2018a, 2020). Trace elements like Ag, Sb, Te, Au,
Tl, and Pb typically form a triangular wedge-shaped com-
positional field in pyrite as a function of As (grey dashed
line in Fig. 7A–F) and compositions outside the wedge



Table 5
Paragenetic sequence for the hydrothermal mineralization at Niua South. Mineral abundance estimated by
optical microscopy, SEM and XRD (c.f. Table 2 and Fig. 3).
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may indicate that inclusions of the respective element are
present (Reich et al., 2005; Deditius et al., 2014; Keith
et al., 2016, 2018a). However, an inclusion-related incorpo-
ration of Ag, Sb, Tl, and Pb may not be generally excluded
for analyses within the wedge-shaped zone, since the Au
and Te solubility line intersects the wedge (black dashed
line in Fig. 7A and B; Reich et al., 2005; Keith et al.,
2018a). Gold and Te content in pyrite from Niua South
mainly plot below the solubility limit indicating that these
elements are primarily hosted in solid solution with only
subordinate occurrences of Au and telluride inclusions
(Fig. 7A and B). For most other trace elements (e.g., As,
Sb, Tl, and Pb), the incorporation at Niua South is less well
constrained and concentrations are highly variable over
several orders of magnitude between different pyrite gener-
ations (Figs. 6 and 7). Time-integrated LA-ICP-MS spectra
allows to identify microscale inclusions due to intensity
spikes (Wohlgemuth-Ueberwasser et al., 2015; George
et al., 2018; Keith et al., 2020). Pyrite I framboids that
formed by disequilibrium precipitation and quenching dur-
ing the early low-temperature stage show such intensity
spikes, which are likely related to inclusions of galena and
sphalerite (Fig. 11A and B; Huston et al., 1995;
Maslennikov et al., 2009). By contrast, euhedral pyrite II
exhibits smooth ablation patterns excluding the occurrence
of micro-scale inclusions (Fig. 11C) agreeing with its forma-
tion under more stable high-temperature conditions
(Huston et al., 1995; Román et al., 2019). By contrast, ele-
ment concentrations during the boiling stage reached the
fluid saturation level due to destabilization of metal com-
plexes, as reflected by inclusions of native Au in pyrite III
(Fig. 11D). Late stage, colloform massive
pyrites ± marcasite (py mas; Fig. 3G) show low trace ele-
ment contents (Fig. 6) as a result of dissolution and repre-
cipitation (Fig. 3G) during low-temperature overprinting
and zone refining, indicating that most trace elements are
likely hosted in solid solution (Wohlgemuth-Ueberwasser
et al., 2015; Grant et al., 2018).

Negative correlations of divalent cations like Fe, Mn,
Co, and Cd with Zn in sphalerite indicate an isovalent sub-
stitution for Zn2+ (Fig. 8A and electric supplement
Table A3) (Cook et al., 2009; Keith et al., 2014). However,



Fig. 11. Representative time-resolved LA-ICP-MS depth profiles of selected trace elements in pyrite (A-D), sphalerite (E-H), and chalcopyrite
(H-I). The composition of pyrite I, II, and III analyses in (B) to (D) are highlighted by black circles in Fig. 7. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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elevated Cu contents (>2 wt.%, Table 2) coupled with
microscopic evidence for chalcopyrite inclusions in spha-
lerite I (Barton and Bethke, 1987; Keith et al., 2014) and
intensity spikes in the LA-ICP-MS pattern further suggest
inclusions of galena and/or Ag-bearing sulfosalts
(Fig. 11E). Hence, the hydrothermal fluids were probably
supersaturated in Cu, Ag, Sb, and Pb caused by abrupt
cooling because of abundant fluid-seawater mixing during
the early stage of chimney evolution, as reflected by the
early formation of sphalerite I (Table 5). By contrast,
late-stage sphalerite III seems to host most trace elements
in solid solution as reflected by smooth LA-ICP-MS pat-
terns (Fig. 11G), except the occurrence of native Au and
galena inclusions, as revealed by back-scattered electron
imaging (Fig. 3O) and intensity spikes (Fig. 11F).

Chalcopyrite II is generally a poor host for most trace
elements except Ag, Se, In, and Sn (Fig. 6) and, hence trace
elements reaching higher concentration are typically related
to inclusions (Huston et al., 1995; Wohlgemuth-
Ueberwasser et al., 2015; George et al., 2018), such as the
reported native Au and Bi-telluride inclusions (Fig. 3M
and N, Fig. 11I). By contrast, the smooth LA-ICP-MS
spectra of Ag, Zn, In, Sn, Se, Co, and Ni are consistent with
an incorporation in solid solution (Fig. 11H).
We conclude that the trace element incorporation mech-
anisms in the Niua South sulfides vary with changing fluid
conditions, including variable degrees of seawater mixing
and fluid boiling preserved by the different paragenetic
stages (Table 5).

5.3. Fluid evolution during sulfide precipitation

Similar Au/As and Te/As ratios of pyrite II and III with
respect to the Niua South hydrothermal fluids (Fig. 7) indi-
cate that pyrite forming under stable (high-temperature
stage 2 and 3A) fluid conditions may reflect the fluid com-
position (Metz and Trefry, 2000; Maslennikov et al., 2009;
Keith et al., 2016). By contrast, pyrite I and massive pyrite
show distinct Au/As and Te/As ratios compared to the end-
member fluids, which is indicative for a pyrite formation
under disequilibrium conditions with respect to the fluid
phase likely caused by a strong seawater influx and post-
depositional modification, respectively (c.f. Section 5.1).
This indicates that the trace element contents of pyrite (I,
II, and III) from the different paragenetic stages at Niua
South (Table 5) reflect the precipitation conditions from
the associated fluid during system evolution, whereas the
composition of massive pyrite is affected by metal and
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semi-metal remobilization during chimney maturation and
may therefore not reflect the original formation conditions
(Fig. 12).

Elements like Mn, Ag, Tl, and Pb are typically enriched
in the outer, low-temperature parts of sulfide-sulfate chim-
neys and show higher solubilities in low temperature
hydrothermal fluids than elements like Co, Se, In, and Te,
which are enriched in the more central parts and exhibit
high concentrations in high temperature fluids (Auclair
et al., 1987; Butler and Nesbitt, 1999; Metz and Trefry,
2000; Maslennikov et al., 2009). Thus, enrichments of
Mn, Ag, Tl, and Pb in pyrite I and/or sphalerite I (stage
1) compared to an enrichment of Co, Se, In, Sn, and Te
in chalcopyrite II, pyrite III, and sphalerite III (stage 2
and 3) suggest a fluid temperature increase during chimney
maturation from <250 �C to up to 325 �C (Figs. 6 and 12;
Auclair et al., 1987; Maslennikov et al., 2009; Revan et al.,
Fig. 12. Fluid and chimney evolution model (not true to scale) for Niua
element variations in hydrothermal sulfides (c.f. Section 5.3). Bold fon
Extensive mixing of hydrothermal fluid and seawater. Stage 2: Decre
conditions. Stage 3A: Onset of fluid boiling causing metal- and semi-metal
the formation of native Au, electrum, and Bi-telluride colloids, which a
incorporated into chalcopyrite II linings and mature pyrite III. Stage 3B:
the inner chimney wall and incorporation in late-stage sphalerite III. Mod
colour in this figure legend, the reader is referred to the web version of t
2014; Wohlgemuth-Ueberwasser et al., 2015; Monecke
et al., 2016). Selenium/Tl ratios have been used as a temper-
ature proxy in pyrite due to their inverse temperature-
dependent behavior in hydrothermal fluids indicating that
higher Se/Tl ratios in pyrites reflects higher precipitation
temperatures (Auclair et al., 1987; Maslennikov et al.,
2009). Cobalt/Ni ratios show an effect similar to Se/Tl
ratios, since Co is enriched in high temperature pyrite,
whereas Ni either shows no temperature-related variation
or reaches high concentrations in pyrite at lower tempera-
tures (e.g., Huston et al., 1995; Maslennikov et al., 2009;
Revan et al., 2014; Keith et al., 2016; Meng et al., 2020).
Therefore, the positive correlation between Se/Tl and
Co/Ni in pyrite (R2 = 0.68; Fig. 7G), as well as the tempera-
ture sensitive ratios of Ga/Ge and Fe/Zn in sphalerite
(R2 = 0.43; Fig. 8B; Möller, 1987; Keith et al., 2014) further
support an evolution from low temperature (<250 �C) to
South based on the paragenetic relationships (Table 5) and trace
t is used for process relevant trace elements and ratios. Stage 1:
asing seawater influx and precipitation under more stable fluid
s fractionation between the vapor and liquid phase accompanied by
re concentrated in a subsurface liquid-dominated fluid layer and
Upwelling of liquid-dominated fluids and adsorption of colloids at
ified after Meng et al. (2020). (For interpretation of the references to
his article.)



Fig. 13. Log fS2 – 1000/T diagram with mineral sulfidation
reactions at 1 bar. Mineral stabilities and mol.% FeS in sphalerite
indicate increasing fS2 from stage 1 to stage 3A, followed by a
drastic drop in fS2 induced by the extensive loss of H2S during fluid
boiling (c.f. Section 5.1 and Fig. 12). Modified after Einaudi et al.
(2003). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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high-temperature (up to 325 �C) precipitation due to decreas-
ing seawater influence, consistent with the sulfide textures
and zoning throughout the chimney walls (c.f. Section 5.1).
This is also confirmed by Mo variations in pyrite that can
be used as a proxy for seawater mixing, since Mo is depleted
in endmember fluids (1–57 nM) compared to seawater
(103 nM; Douville et al., 2002; Keith et al., 2016; Meng
et al., 2020) Hence, theMo enrichment in pyrite I framboids,
compared to later stage pyrite II and III (Fig. 6) indicate a
strong decrease in seawater influence during system matura-
tion (Fig. 12). George et al. (2018) proposed that the Zn/Cd
ratio in chalcopyrite can be used to infer its precipitation tem-
perature suggesting that chalcopyrite II (Cd/Zn = 0.007)
formed at about 300 �C. This correlates with the tempera-
tures of the discharging fluids (308–318 �C) from the
chalcopyrite-pyrite chimneys indicating near boiling condi-
tions at ambient pressure conditions at 1140–1170 m water
depth (Table 1; Bischoff and Rosenbauer, 1984; Gartman
et al., 2018). Sphalerite formation temperatures inferred by
the Fe/Zn ratio (Keith et al., 2014) reveal slightly lower for-
mation temperatures for sphalerite I (240± 15 �C) compared
to sphalerite III (282 ± 42 �C), which are consistent with the
suggested temperature evolution and sphalerite textures with
respect to chimney zoning andmaturation (Fig. 12;Haymon,
1983; Tivey et al., 1999; Berkenbosch et al., 2012). The tem-
perature drop in stage 3B is suggested to be the result of heat
loss during fluid boiling and vapor-dominated venting in
stage 3A (Monecke et al., 2014).

Sphalerite compositions, in combination with mineral
assemblages and formation temperatures, can be used to
reconstruct the sulfidation state of a hydrothermal system
(Einaudi et al., 2003; Keith et al., 2014; Kawasumi and
Chiba, 2017). Iron contents in sphalerite I (G.M. = 1.5 m
ol%) and sphalerite III (5.2 mol.%) as well as the absence
of pyrrhotite are indicative for intermediate sulfidation con-
ditions above the pyrite-pyrrhotite equilibrium (Fig. 13),
which is supported by the occurrence of tennantite-
tetrahedrite and orpiment (Table 2; Einaudi et al., 2003).
Increasing fS2 during stage 1 to higher fS2 during stage 2
and 3A can be inferred due to increasing fluid temperatures
and decreasing fluid-seawater mixing affecting the redox
and sulfidation potential of the hydrothermal fluids
(Kawasumi and Chiba, 2017). Higher temperatures and
fS2 conditions during stage 3A (Table 5) may be achieved
by venting of H2S-rich vapor-dominated fluids produced
by fluid boiling during stage 3A (Figs. 12 and 13;
Drummond and Ohmoto, 1985; Cooke and McPhail,
2001). Sulfur fugacity and temperature apparently
decreased towards stage 3B (Fig. 13), which can be related
to the upwelling of Cl-rich and H2S-poor liquid-dominated
fluids (c.f. Section 5.1 and Fig. 13). These Cl-rich fluids
likely formed during fluid boiling, that was associated with
heat and H2S loss to the vapor phase during stage 3A
(Figs. 12 and 13; Drummond and Ohmoto, 1985;
Monecke et al., 2014). We conclude that the mineralogy
of the hydrothermal sulfides and the trace element compo-
sition of pyrite, sphalerite, and chalcopyrite from the differ-
ent paragenetic stages can effectively trace the evolution of
different physicochemical fluid parameters (temperature,
fO2 and fS2) during chimney maturation and fluid boiling
in submarine arc-related hydrothermal systems (Figs. 12
and 13).

5.4. Effects of phase separation and colloidal transport

‘‘Vapor flames” of discharging fluids (Fig. 2G) and fluid
salinities (up to 695 mM Cl; Table 1), which exceed seawa-
ter values (540 mM Cl, Millero et al., 2008) provide evi-
dence for Cl-rich liquid-dominated venting at Niua South
(Coumou et al., 2009; Monecke et al., 2014; Gartman
et al., 2018, 2019). Fluid samples with salinities lower than
seawater (453 mM Cl) observed by Gartman et al. (2019),
occurring on different sample sites in the vent field suggest
a co-occurrence of vapor- and liquid-dominated hydrother-
mal fluids within the Niua South system. The co-existence
of low salinity vapors and high salinity liquids within the
same hydrothermal field suggests a continuous boiling pro-
cess leading to a more saline and dense liquid-dominated
layer in the subsurface associated with the condensation
of low-density vapor into seawater at the seafloor
(Coumou et al., 2009).

Ratios of trace elements in pyrite with a vapor (e.g., Sb,
Tl, Bi) and liquid (e.g., Pb) affinity can provide important
insights into boiling processes (Román et al., 2019) and
can help to define the onset of fluid boiling at Niua South.
Low Tl/Pb (<0.02), Bi/Pb (<0.03), and Sb/Pb (<0.5) ratios
in pyrite III (±II) at Niua South are comparable to pyrite
from a boiling horizon in the Cerro Pabellón geothermal
system (Fig. 7H and I; Román et al., 2019) and are a result
of Tl, Bi, and Sb loss to the vapor phase. Hence, pyrite III
likely formed directly from a boiling fluid and may there-
fore define the onset of the boiling stage (stage 3A) at Niua
South (Table 5, Fig. 12), which agrees with the paragenetic
sulfide relations and textures (c.f. Section 5.1). By contrast,
sphalerite III (stage 3B) shows a distinct enrichment in ele-
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ments with a liquid affinity that typically form Cl-
complexes (e.g., Co, Ni, Cd, In, Sn), and a depletion in ele-
ments with a vapor affinity (e.g., As, Hg, Tl) compared to
sphalerite I, which is likely related to a previous element
loss to the vapor phase in stage 3A (Table 4, Fig. 6)
(Pokrovski et al., 2002; Pokrovski et al., 2013; Román
et al., 2019). We propose that sphalerite III formation is
related to the precipitation from an upwelling
intermediate-temperature (~280 �C) (c.f. Section 5.3), high
salinity (595–695 mM Cl, Table 1) liquid-dominated fluid
from a liquid layer beneath the boiling horizon (Coumou
et al., 2009; Monecke et al., 2014).

The Cl-rich fluids from Niua South show Au contents
(up to 1 ppb Au; Gartman et al., 2018, 2019) comparable
to other Au-rich fluids from boiling geothermal systems
from the Taupo volcanic zone (up to 2.3 ppb Au;
Simmons and Brown, 2007) or the Reykjanes geothermal
system (up to 20.9 ppb Au; Hannington et al., 2016), which
significantly exceed those from typical mid-ocean ridge
hydrothermal systems (up to 0.08 ppb; Fuchs et al.,
2019). The Au-rich nature of the hydrothermal fluids at
Niua South and Reykjanes have been attributed to native
Au colloids, representing an important mechanism for the
hydrothermal Au flux in boiling hydrothermal systems
(Hannington et al., 2016; Gartman et al., 2018, 2019).
Based on the boiling fluid data presented by Gartman
et al. (2019), we estimate that up to 63% of the dissolved
Au is bisulfide-complexed in the most saline fluids (up to
645.9 mM Cl, Gartman et al., 2019) of Niua South, despite
the low H2S contents (731–2274 mM/L, Haase, 2018) of
these fluids. Hence, the dissolved Au contents are near sat-
uration, indicating that cooling and/or further H2S loss will
drive Au precipitation (supplementary material 1). Upon
reaching the residual liquid saturation level a boiling-
induced Cl-rich liquid can be periodically transported
upwards (Coumou et al., 2009), colloids are flushed
through the vent orifices (Fig. 12; Gartman et al., 2018,
2019) and are incorporated as inclusions into chalcopyrite
II linings (Figs. 3M and N, 11I), sphalerite III (Figs. 3O
and 11F) and pyrite III (Fig. 11D) as revealed by time-
resolved laser ablation patterns and back-scatter electron
imaging. Upwelling of a cooled and degassed Cl-rich fluid,
which carries boiling-induced colloids of native Au, elec-
trum, and Au-Bi-tellurides led to the high Au contents in
the sulfide-sulfate chimneys (up to >30 ppm; Table 3) at
Niua South (Gartman et al., 2018). Similar precious (Au)
and volatile (e.g., As, Sb) element enrichments observed
at the NW caldera vent field of Brothers volcano (Ker-
madec arc) are related to a magmatic volatile influx increas-
ing the content of these elements in the hydrothermal fluids
(de Ronde et al., 2011). The input of magmatic volatiles
into a hydrothermal circulation cell typically results in a
low fluid pH, as known, for example, from Brothers (1.9–
3.4, de Ronde et al., 2011, 2019) as well as DESMOS and
SuSu Knoll in the eastern Manus basin (0.9–2.1, Seewald
et al., 2015). However, at Niua South evidence for a mag-
matic volatile influx is lacking (c.f. Section 5.5) and, hence,
the partly low pH (3.1–7.9, Table 1) values at Niua South
and the precious and volatile element enrichment in the sea-
floor sulfides are rather the result of vapor–liquid element
fractionation caused by fluid boiling. Experimental results
by Ballhaus et al. (2019) imply that Cl-rich liquid-
dominated fluids that formed by boiling may show pH val-
ues as low as 2.8, which are comparable to the lowest pH
values (>3.1) observed at Niua South (Table 1). Thus, we
propose that such boiling-induced element enrichment pro-
cesses are particularly important for shallow (<1500 mbsl)
submarine arc-related hydrothermal systems, since frac-
tionation and precipitation processes related to fluid boiling
are more efficient at lower temperatures and pressure condi-
tions (Drummond and Ohmoto, 1985; Monecke et al.,
2014) and can drastically alter the precious (Au) and vola-
tile (As, Sb, Se, Te, Tl) element budget in hydrothermal pre-
cipitates, even if a magmatic volatile influx is lacking (c.f.
Section 5.5).

5.5. Constraints on sulfur- and metal sources

Stable (d34S) and radiogenic isotopes (206Pb/204Pb,
207Pb/204Pb, 208Pb/204Pb) allow us to define the sulfur-
and metal source(s) of the hydrothermal fluids and their
sulfide precipitates (Fouquet and Marcoux, 1995; Herzig
et al., 1998; Verati et al., 1999; Kim et al., 2004; Ono
et al., 2007; McDermott et al., 2015; Martin et al., 2020).
Sulfide in submarine hydrothermal systems may be derived
from bacterial/biogenic (<150 �C) or thermochemical
(>160 �C) reduction of seawater sulfate (d34S = 21.24 ± 0.
88‰; Tostevin et al., 2014), leaching from igneous rocks
with various d34S compositions, or the disproportion of
magmatically derived SO2 (Herzig et al., 1998; Kim et al.,
2004; Ono et al., 2007; Martin et al., 2020). The d34S range
(�0.3 to 4.4‰) of hydrothermal sulfides from Niua South
(Fig. 9) exclude a biogenic source for S, since highly nega-
tive d34S values are lacking and the effect of biogenic reduc-
tion can be neglected in high temperature hydrothermal
systems like Niua South (Table 1; Ono et al., 2007;
McDermott et al., 2015). The contribution of magmatic
volatiles to a hydrothermal systems typically leads to d34S
values in the fluids and related sulfide precipitates that are
lower than in the related host rocks (Herzig et al., 1998;
Ono et al., 2007; McDermott et al., 2015; Martin et al.,
2020). The d34S composition of Tonga arc lavas is
unknown, however, d34S analyses of volcanic glass samples
(�0.2 to 2‰, Keller et al., 2009) from the nearby Mata vol-
cano in the NE Lau basin provide an estimation of the local
d34S composition at Niua South. This assumption is reason-
able, since 1) Mata volcano is located <10 km to the west of
Niua South (Fig. 1B), 2) the observed d34S variations at
Mata volcano is distinctly higher than the d34S composition
of mid-ocean ridge basalts (d34S = �0.90 ± 0.50‰; Labidi
et al., 2012, 2014), and 3) the d34S values from Mata vol-
cano overlap with global island arc rocks (5.0 ± 3.9‰,
Ueda and Sakai, 1984; Woodhead et al., 1987; Alt et al.,
1993; Hoog et al., 2001) (Fig. 9). Hence, the S isotope com-
position of the hydrothermal Niua South sulfides (�0.3 to
4.4‰) likely reflects an igneous host rock source for S
(�0.2 to 2‰, Keller et al., 2009) combined with minor
contribution of thermochemical reduced seawater S
(d34S = 21.24 ± 0.88‰; Tostevin et al., 2014). The propor-
tions of S derived from these reservoirs can be estimated by
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the two component mixing model introduced by Ono et al.
(2007). Considering that only the inner chalcopyrite lining
(d34S = 1.7 to 1.8‰) may be in equilibrium with the
hydrothermal fluids (McDermott et al., 2015; Evans et al.,
2020) we estimate that S leached from the host rocks
(d34S = �0.2 to 2.0‰, mean 1.1‰) in the reaction and
upflow zone mixed with less than 5% of seawater derived
S (d34S = 21.24 ± 0.88‰; Figs. 12 and 14). Alternatively,
similar d34S values in hydrothermal sulfides can be pro-
duced by ‘‘anhydrite buffering” (Ono et al., 2007). How-
ever, multiple S isotope data of fluid H2S from Niua
South exclude this process, as well as the contribution of
isotopically light S by magmatic volatiles (Gartman et al.,
2019), which confirms our conclusion that most of the S
in the sulfide precipitates is of host rock and seawater ori-
gin. Mixed sulfide separates, sampled from the outer
sulfate-rich chimney wall, show elevated d34S (3.6–4.4‰)
compared to pyrite or chalcopyrite, which is conclusive
with in-situ d34S zonation patterns from the inner to the
outer chimney wall observed by Meng et al. (2020) and,
thus, records the partly seawater origin of S. The d34S com-
position of pyrite (�0.3 to 1.0‰) lies in the typical range of
1.0–1.5‰ of sulfide-fluid H2S isotope fractionation (Shanks
III, 2001; Ono et al., 2007) overlapping with values of
equilibrium-chalcopyrite and with the local mantle values.
Ratios of Se/S*106 in pyrite and bulk sulfide samples are
also commonly used to define the source of S and Se in
hydrothermal systems and ratios >1500 are suggested to
be related to a magmatic volatile influx (Huston et al.,
1995; Layton-Matthews et al., 2008; Martin et al., 2019,
2021). All the Se/S�106 values in the pyrite and bulk sulfide
Fig. 14. Model (not true to scale) for the Niua South vent field including
precipitation and fluid boiling processes are illustrated in Fig. 12. Modifi
chemical sulfate reduction. (For interpretation of the references to colour
article.)
data from Niua South are consistently below the magmatic
threshold (supplementary material 1), providing further evi-
dence that the hydrothermal system was not affected by a
magmatic volatile influx.

Host rock leaching during hydrothermal circulation
seems to be the dominant metal and semi-metal source at
Niua South and, thus, the Pb isotope signature of the
hydrothermal sulfides can be used to trace the contributions
of different source rocks to the metal budget (Fouquet and
Marcoux, 1995; Zeng et al., 2017). Small, but statistically
relevant differences between the Pb isotope composition
of the Niua South surface dacitic lavas (unit 1: electronic
supplement Table A5) and hydrothermal sulfides exist
and suggest an additional less radiogenic Pb source in the
reaction zone of the hydrothermal system (Figs. 10 and
14). During fluid circulation the Pb isotope signal is homog-
enized and, thus, the sulfides represent a mixture of the
respective Pb isotope reservoirs (Fouquet and Marcoux,
1995; Verati et al., 1999). Basaltic andesites from the Tonga
fore-arc (unit 2) in the immediate vicinity of Niua volcano
(e.g., sample St23 from Falloon et al., 2007; Fig. 1B) are less
radiogenic than the Niua South surface dacites and may
therefore represent an analogue to the host rocks in the dee-
per reaction zone (Figs. 10 and 14). Hence, Pb from two
distinct reservoirs including 1) the younger surface dacites
(unit 1) and 2) the older basement basaltic andesites (unit
2) likely explain the Pb isotope composition of the Niua
South hydrothermal sulfides (Fig. 14). Our mixing calcula-
tion, which is based on the mean Pb isotope composition of
unit 1 (electronic supplement Table A5) and unit 2 (sample
St23 from Falloon et al., 2007) suggest that 20 to 40% of the
key hydrothermal processes and source components. The detailed
ed after McDermott et al. (2015). Abbreviations: TSR = thermo-
in this figure legend, the reader is referred to the web version of this
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total Pb was derived from the basement rocks (unit 2) in the
reaction zone, whereas 60 to 80% was leached during fluid
ascent from the (near)-surface dacites (unit 1) in the upflow
zone (Figs. 10 and 14). Although the thickness of the iso-
topically distinct rock units is unknown, our results indicate
that the more radiogenic upper layer (unit 1) contributes
more to the Pb isotope signatures of the hydrothermal sul-
fides than the deeper less radiogenic section (unit 2). Hence,
we conclude that most of the S, Se, and Pb, as well as
related metals and semi-metals were leached from the
igneous host rock in the reaction zone and hydrothermal
upflow zone, and that a contribution by magmatic volatiles
is unlikely.

6. SUMMARY AND CONCLUSIONS

We examined the bulk sulfide, stable S isotope, radio-
genic Pb isotope, and in-situ mineral composition of
hydrothermal precipitates from the boiling Niua South vent
site to develop a comprehensive model for volatile and pre-
cious element enrichment in boiling arc-related submarine
hydrothermal systems. Boiling-induced trace element frac-
tionation in hydrothermal fluids has been long recognized,
however, its effect on the sulfide composition is still poorly
constrained. At Niua South chemical variations between
hydrothermal sulfides from different paragenetic stages
are generally more distinct than between active and inactive
chimney samples, which implies that large scale hydrother-
mal processes and/or source components were similar over
the lifetime of the circulation system with only short-term
changes in physicochemical fluid parameters (e.g., tempera-
ture, pH, fS2, and fO2) in response to seawater-mixing and
fluid boiling.

Sub-samples of different zones from active and inactive
vents at Niua South were subdivided into chalcopyrite-
pyrite samples representing the more central parts of the
chimney structure, sphalerite-barite samples from the outer
chimney wall and pyrite-marcasite massive sulfide talus.
Sulfides that host numerous inclusions (e.g., Au0, BixTey,
electrum) together with dendritic intergrowth are inter-
preted to have formed by quenching as a result of seawater
mixing (stage 1) and boiling-induced precipitation (stage 3)
due to supersaturation of fluid in metal- and semi-metal
species. Euhedral and pristine sulfides formed under stable
high temperature fluid conditions in stage II. The evolution
from a low-temperature (<250 �C, stage I) to high-
temperature (up to 325 �C, stage 3A) system from the outer
chimney wall to the central fluid conduit reflects the matu-
ration of the chimney structures and has consequences for
the mineral textures and trace element composition of
pyrite (e.g., Se/Tl, Co/Ni, Mo) and sphalerite (e.g.,
Fe/Zn, Ga/Ge) from the different paragenetic stages. Differ-
ences in the FeS content of early sphalerite I (stage I) and
late sphalerite III (stage 3B) reveals changes in the sulfida-
tion state of the hydrothermal systems due to H2S loss dur-
ing fluid boiling in the mature chimney stage (stage 3A).
Inclusion-rich crustiform high-temperature pyrite III, that
precipitated during the boiling stage (stage 3A), shows
characteristically low Bi/Pb (<0.03), Tl/Pb (<0.02), and
Sb/Pb (<0.5) ratios as a results of boiling-induced element
fractionation. By contrast, late-stage sphalerite III is
enriched in elements like Mn, Co, Ni, Ga, Cd, In, and Sn
that have an affinity to the Cl-rich liquid phase during fluid
boiling, which proposes a late stage upwelling of a Cl-rich
liquid-dominated fluid (stage 3B). This liquid may also
carry boiling-induced native Au, electrum, and Bi-
telluride colloids, which are preserved as inclusions in pyrite
III and sphalerite III. Periodic upwelling of this Cl- and Au-
rich liquids may represent a common process for extreme
Au enrichments (>30 ppm Au) in sulfide-sulfate chimneys
in boiling submarine arc-related hydrothermal systems
and can have important implications on the formation
and exploration of Au-rich SMS and VMS deposits.

Sulfur and Pb isotope data revealed that most metals
and semi-metals were likely derived from the host rocks
by leaching, whereas evidence for a magmatic volatile influx
is lacking compared to many other arc-related submarine
hydrothermal systems. Consequently, our results demon-
strate that volatile (e.g., As, Sb, Se, Te), and precious
(Au) element enrichment in submarine arc-related
hydrothermal systems can be decoupled from a magmatic
volatile influx and is instead a result of boiling-induced
trace element fractionation – a hydrothermal enrichment
process, which has been underestimated to date.
Declaration of Competing Interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

ACKNOWLEDGEMENTS

We thank Captain O. Meyer and his crew, V.Ratmeyer and
the MARUM ROV team for the excellent support during the
scientific work onboard RV Sonne. M. Regelous is thanked for
help during the Pb-isotopes measurements, H.Brätz for her sup-
port during the LA-ICP-MS study and S. Krumm for perform-
ing the XRD-analyses. We acknowledge the comments by three
anonymous reviewers and the handling editors (Prof. Jeffrey G.
Catalano and Prof. Junichiro Ishibashi) for their useful com-
ments that improved this manuscript. This work was funded
by project 03G0263A of the German Bundesministerium für Bil-
dung und Forschung (BMBF).

APPENDIX A. SUPPLEMENTARY MATERIAL

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gca.2021.05.047.

REFERENCES

Abraitis P. K., Pattrick R. A. and Vaughan D. J. (2004) Variations
in the compositional, textural and electrical properties of
natural pyrite: a review. Int. J. Miner. Process. 74, 41–59.

Alt J. C., Shanks W. C. and Jackson M. C. (1993) Cycling of sulfur
in subduction zones: The geochemistry of sulfur in the Mariana
Island Arc and back-arc trough. Earth Planet. Sci. Lett. 119,
477–494.

https://doi.org/10.1016/j.gca.2021.05.047
http://refhub.elsevier.com/S0016-7037(21)00328-8/h0005
http://refhub.elsevier.com/S0016-7037(21)00328-8/h0005
http://refhub.elsevier.com/S0016-7037(21)00328-8/h0005
http://refhub.elsevier.com/S0016-7037(21)00328-8/h0010
http://refhub.elsevier.com/S0016-7037(21)00328-8/h0010
http://refhub.elsevier.com/S0016-7037(21)00328-8/h0010
http://refhub.elsevier.com/S0016-7037(21)00328-8/h0010


J.J. Falkenberg et al. /Geochimica et Cosmochimica Acta 307 (2021) 105–132 129
Anderson M. O., Hannington M. D., McConachy T. F., Jamieson
J. W., Anders M. and Wienkenjohann H., et al. (2019)
Mineralization and alteration of a modern seafloor massive
sulfide deposit hosted in mafic volcaniclastic rocks. Econ. Geol.
114, 857–896.

Arculus R. J. (2006) Northern Tonga Arc and Fonualei Rifts:
initial results from the NoToVE (SS11/2004) Research Voyage.
ASEG Extended Abstracts 2006, 1–5.

Auclair G., Fouquet Y. and Bohn M. (1987) Distribution of
selenium in high-temperature hydrothermal sulfide deposits at
13 degrees North, East Pacific Rise. Canadian Mineral. 25, 577–
587.
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