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Abstract

Variations in trace metal contents and sulfur isotope ratios (5**S) within pyrite, at the scale of individual
mineral grains, preserves a record of temporal fluctuations in the source of metals and sulfur as well as
changes in the chemical composition and temperature of hydrothermal fluid during the evolution of the
Brothers volcano, Kermadec arc, New Zealand. In this study, we analyzed pyrite from drill core recovered
from two geochemically distinct hydrothermal systems at the Brothers volcano, the seawater-influenced
NW Caldera (Site U1530) and magmatic-volatile-dominated Upper Cone (Site U1528) during the
International Ocean Discovery Program’s Expedition 376. At the NW Caldera site, from 189 m below the

seafloor, a seawater-derived hydrothermal fluid forming chlorite-rich alteration overprints early
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pyrophyllite + illite alteration. Within ~30 m of the seafloor at this same site, pyrite contains zones of high
As content with a variable §%S signature that ranges from -4.5 to 3.4%o (n = 26). Values for 5*S >0%o
record shallow mixing of seawater with upwelling hydrothermal fluids. In deeper parts of the system, but
still within the chlorite-rich alteration zone, §**S values >0%o are absent, indicating that relatively more
sulfur is contributed from magmatic volatile degassing and SO disproportionation. In the pyrophyllite-rich
alteration zone, pyrite contains Co-enriched cores that correspond to sharp changes in §**S values from -
5.3%0 to 4.6%0 (n = 68). Cobalt enrichment occurs in response to the mixing of seawater-derived
hydrothermal fluid with Co-rich magmatic brines. At the Upper Cone site, a relatively constant supply of a
low-salinity magmatic fluid results in pyrite grains that rarely exhibit any internal zonation in trace metal
content. In pyrite where zonation does exist, a correlation between Cu and Sb and uniformly low §**S values
(<0%o) indicates a link between metal enrichment, the pulsed degassing of magmatic volatiles, and SO-

disproportionation.

Introduction

The temperature, pH and composition (e.g., salinity) of hydrothermal fluids venting at the seafloor can be
influenced by dynamic magmatic processes occurring in the sub-seafloor (Rona et al. 1993; Baker 1995,
1998; Seyfried et al. 2003; Von Damm 2013). The intrusion of new magma provides a renewed source of
heat to the overlying hydrothermal system, commonly leading to an increase in the temperature of fluid that
is vented at the seafloor (Massoth et al. 1989; Butterfield and Massoth 1994; VVon Damm, 2000). A resulting
increase in fluid temperature can promote phase separation of the hydrothermal fluid if the two-phase
boundary is intersected (Bischoff and Rosenbauer 1984). Phase separation produces both vapor and brine
phases that can influence the transport and mobility of metals in the overlying hydrothermal system (Vanko
et al. 2004; de Ronde et al. 2019a). In some instances, the intrusion of volatile-rich magmas (e.g., high in
H>0O, CO,, HCI, HF, SO,), such as melts generated in arc-related environments, will result in the release of
SO, that undergoes disproportionation upon cooling and mixing with the hydrothermal fluid, producing

low-pH, sulfate-rich “acid sulfate” fluids (Giggenbach 1987; Kusakabe et al. 2000). Thus, the intrusion of
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new magma beneath a hydrothermal system may alter the composition of hydrothermal fluids and influence
the solubility, transport and deposition of metals at and below the seafloor (Seyfried and Mottl 1982; Metz

and Trefry 2000).

The intrusion of new magma may also provide a direct source of some metals in the overlying hydrothermal
system (Hedenquist and Lowenstern 1994; Hedenquist et al. 1994; Yang and Scott 1996). Evidence of
magmatic volatile influx, especially SO, degassing, is widely reported in arc-hosted seafloor massive
sulfide (SMS) deposits where SO- disproportionation produces sulfide minerals with §**S values <0%o and
sulfate minerals that have §*S values less than seawater sulfate (~21%o; Rees et al. 1978) (e.g., Conical
Seamount, Gemmell et al. 2004; Hine Hina, Herzig et al. 1998; Brothers, de Ronde et al. 2005; 2011). An
enrichment in Pb, As, Sh, Bi, Hg and Te (Wohlgemuth-Ueberwasser et al. 2015), Se, Au and S (Patten et
al. 2020), Te, Bi, Se and Cu (Martin et al. 2021; 2022a) or Au, Te, Bi, Cu, Mo, Ag and Se (Berkenbosch et

al. 2012; 2019) are also suggested as evidence of magmatic volatile influx in seafloor hydrothermal systems.

To investigate the source of metals in seafloor hydrothermal deposits, isotopic and chemical variation of
hydrothermal precipitates have commonly been investigated using bulk-rock analytical methods (e.g.,
Herzig and Hannington 1995; Herzig et al. 1998; Fuchs et al. 2019). Bulk-rock analysis leads to the
homogenization of any geochemical or isotopic variation, within the sample and across individual mineral
grains (Fallick et al. 2012). Therefore, to investigate temporal variability in the composition of
hydrothermal fluids during mineral precipitation, in situ analytical techniques that, when applied in a
systematic manner (i.e., from core to rim), preserve information on spatial variation in fluid composition

and metal sources (Wohlgemuth-Ueberwasser et al. 2015; Wang et al. 2018; Berkenbosch et al. 2019).

To investigate variations in fluid composition and the addition of metals from different sources, we
consequently performed in situ analytical transects across individual pyrite grains in samples from Brothers
volcano of the Kermadec arc, New Zealand. Pyrite is ubiquitous in seafloor hydrothermal systems and

altered volcanic rocks from below the seafloor at Brothers (de Ronde et al. 2019a) and is a sink for many



71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

trace metals, making it the ideal target for mineral-scale analysis (Huston et al. 1995; Butler and Nesbitt

1999; Wohlgemuth-Ueberwasser et al. 2015).

Previous studies have focused on vent field scale variations in the source of metals and sulfur (Martin et al.
2022a) or only analyzed samples collected at the seafloor from Brothers (de Ronde et al. 2005, 2011). These
studies have identified links between magmatic volatile influx and the enrichment of Te, Se, Cu and Bi and
have shown that sulfur is contributed from magmatic volatile degassing and SO disproportionation.
However, no consideration has been given to how or indeed if the source of metals and sulfur changes over

time.

In this study, using samples that were collected from the deep-sea drilling of the Brothers volcano during
the International Ocean Discovery Program’s Expedition 376: “Brothers Arc Flux” (de Ronde et al. 2019b,
c), we employ a combined analytical approach utilizing both geochemical mapping and sulfur isotope
ratios. This approach allows links to be established between metal enrichment processes and the source of
sulfur, and when combined with detailed petrography, determine temporal variations that occurred as the
pyrite grains grew. We show that traditional bulk-rock analysis and in situ analyses that do not employ a
systematic analytical approach (i.e., from core to rim), underestimate the complexity of mineralizing
processes at Brothers. The source of metals and sulfur fluctuates considerably during pyrite growth and

preserves evidence of brine dilution, seawater mixing and magmatic volatile degassing.

Brothers volcano

Geology

Brothers volcano is located in the southern part of the Kermadec-Tonga interoceanic arc, NE of New
Zealand (Fig. 1A). The volcano consists of an elongate, northwest-southeast aligned edifice with a
prominent caldera measuring ~3 x 3.4 km at its lower rim (Fig. 1B and C; Embley et al. 2012). In the
southern part of the caldera, a younger cone has formed (Fig. 1C). The volcanic rocks at Brothers are

dominated by dacites (Haase et al. 2006; Timm et al. 2012; Wysoczanski et al. 2012; Brandl et al., 2023).
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Both on and below the seafloor, volcanic host rocks locally have a prominent brecciated texture and are
variably-altered to assemblages of secondary minerals that formed during the interaction of magmatic-
hydrothermal fluids with volcanic host rocks (de Ronde et al. 2005; de Ronde et al. 2019a; Martin et al.

2022h).

Hydrothermal venting

The Brothers caldera hosts five active and one inactive site of hydrothermal venting (de Ronde et al. 2005;
Baker et al. 2012; Stucker et al. 2022). In this study we focus on two of the active sites: the Upper Cone
(Site U1528) and NW Caldera (Site U5130; Fig. 1B and C). These sites have vent fluid compositions that
are influenced by magmatic volatile degassing and seawater-derived hydrothermal fluids, respectively (de
Ronde et al. 2011; 2019a, b, c; Stucker et al. 2022). At the Upper Cone site, hydrothermal fluids venting at
the seafloor are low-temperature (up to 122°C), highly acidic (pH 1-2) and contain elevated ZSO4 (up to
88.9 mM) and H.S (5.0 mM) (de Ronde et al. 2011; Kleint et al. 2019; Stucker et al. 2022). At the seafloor,
venting is diffuse and Fe-oxide crusts and chimneys comprised of native sulfur are common (de Ronde et
al. 2011, 2005). By contrast, fluid venting at the NW Caldera site is high-temperature (up to 320°C),
moderately acidic (pH 3-4), and gas-poor, but contains elevated Cl concentrations (up to 751 mM) and low
H>S contents (1.1 mM) (de Ronde et al. 2011; Kleint et al. 2019; Stucker et al. 2022). Fluid venting at the
NW Caldera occurs along a series of ring faults on the caldera wall (Embley et al. 2012) forming metal-

sulfide-rich black smoker chimneys (de Ronde et al. 2005; Berkenbosch et al. 2012).

Alteration mineralogy

The alteration mineralogy of samples is distinct between the Upper Cone (Site U1528) and NW Caldera
(Site U1530) (de Ronde et al. 2019a, b, ¢; Martin et al. 2022b). At the Upper Cone, two different alteration
assemblages have been identified: natroalunite + pyrophyllite-rich samples, indicating high-temperature
(>300°C) low-pH fluids (~1-3), and samples that contain smectite indicating lower temperature (~180°C)

and near neutral pH fluids (~4-5) (de Ronde et al. 2019a, b; Martin et al. 2022b). The two mineral
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assemblages occur intercalated at irregular intervals from the seafloor to the bottom of the drill hole (359.3
meters below seafloor (mbsf); de Ronde et al. 2019b). The irregular distribution of alteration minerals with
depth below the seafloor indicates that acid sulfate fluids were locally channeled along discrete permeability
pathways forming natroalunite-rich alteration, whilst smectite-rich zones represent regions of increased

seawater influx (de Ronde et al. 2019b).

At the NW Caldera (Site U1530), a further two alteration mineral assemblages have been identified. The
first assemblage occurs from the seafloor to the bottom of the drill hole (453. 1 mbsf) and contains chlorite
+ quartz (de Ronde et al. 2019c¢). The second assemblage contains pyrophyllite + illite (with diaspore and
zunyite) and only occurs in the lower part of the drill hole from 189 mbsf to the bottom of the hole (453.1
mbsf). Chlorite + quartz alteration formed during the interaction of high-temperature (>300°C), moderately
acidic (pH 3-4) seawater-derived hydrothermal fluids with volcanic host rocks (de Ronde et al. 2019a, c;
Martin et al. 2022b). By contrast, pyrophyllite + illite alteration formed at a lower pH (1-3) from high-
temperature (>320°C) fluids derived from magmatic volatile degassing (de Ronde et al. 2019a, c¢; Martin et
al. 2022b). Below a depth of 189 mbsf, chlorite + quartz alteration overprints older pyrophyllite + illite
alteration and is related to changes in subsurface permeability that occurred during caldera collapse (de
Ronde et al. 2019a). We retain the use of these alteration mineral assemblage classifications throughout this

study.

Sulfur isotope systematics

At the Upper Cone, bulk sulfur isotope ratios (5%S) of pyrite from the seafloor average -4.5 + 0.6%o (1o, n
= 4; de Ronde et al. 2005). Pyrite analyzed from below the seafloor is more variable with an average §*S
value of -6.4 + 2.8%o (1o, n=7) for samples containing smectite, and -5.2 £ 2.9%o (15, n = 24) for samples
containing natroalunite + pyrophyllite (Martin et al. 2022a). Natroalunite and native sulfur from the seafloor
at this site have an average S value of 16.3 & 1.4%o (1o, n=4) and -5.8 + 2.1%o (15, n = 9), respectively.
Here, H2S from vent fluid has an average §%S value of -3.6 + 2.1 (15, n = 4) (de Ronde et al. 2003, 2011).

The predominance of %S values in pyrite and natroalunite that are lower than the magmatic host rocks

6
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(~5%o, enriched arc mantle; Ueda and Sakai 1984) and seawater (~21%o; Rees et al. 1978) respectively,

indicate that SO, disproportionation is widespread at the Upper Cone site (de Ronde et al. 2005; 2011).

Analysis of pyrite from sulfide chimneys and sulfide-rich breccia at the seafloor from the NW Caldera
yields an average 5*S value of -1.2 + 2.0%0 (1o, n = 24; de Ronde et al. 2003, 2005, 2011). The sulfur
isotope composition of barite from the same chimneys averages 21.3 + 0.8%o (1o, n = 20; de Ronde et al.
2011). Pyrite from chlorite + quartz-rich alteration from below the seafloor has an average §**S composition
of -4.6 £ 3.5%o (10, n = 26) and pyrophyllite + illite samples average -4.8 + 5.5%o (10, n = 20) (Martin et
al. 2022a). The sulfur isotope composition of sulfate and sulfide minerals at the NW Caldera indicate that
sulfur is sourced from the leaching of igneous host rocks, thermochemical sulfate reduction (TSR) of
seawater and the disproportionation of degassing SO, (de Ronde et al. 2005, 2011). However, temporal
variation in the relative source(s) of sulfur at Brothers are poorly constrained, as are links between the

source of sulfur and the trace metal enrichment signature of pyrite.

Trace metal signatures in pyrite

A previous study utilized laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)
analysis of pyrite from below the seafloor at the NW Caldera and Upper Cone sites. The aim of the study
was to investigate borehole-scale variation in the source of metals and sulfur within and between the
different vent sites at Brothers (Martin et al. 2022a). Pyrite from pyrophyllite + natroalunite samples at both
the NW Caldera and Upper Cone are enriched in Cu, Se, Te, Co and Bi, indicating a link between magmatic
volatile degassing and the enrichment of these elements (Martin et al. 2022a). By contrast, pyrite from
chlorite + quartz-rich alteration at the NW Caldera is depleted in Cu, Te and Bi indicating that these metals
were leached during later seawater overprinting. At the NW Caldera, pyrite in samples at or within, 30 m
of the seafloor contain elevated Ag, Sh, and As contents, due to lower fluid temperatures associated with
shallow sub-surface seawater mixing (Martin et al. 2022a). In addition to changes in the trace metal content
of the pyrite, Martin et al. (2022a) documented different types of internal zonation within the pyrite grains.

Pyrite grains from chlorite-rich alteration near the seafloor at the NW Caldera exhibited oscillatory
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overgrowths, whilst pyrite from deeper samples contained oscillatory zonations that delineated relict core
zones. In contrast, comparable zonations were generally absent at the Upper Cone site and pyrite did not
commonly exhibit any internal zonation (Martin et al. 2022a). To investigate the origin and significance
of these zonations in the context of an evolving magmatic-hydrothermal system at the Brothers volcano,
we undertook element mapping and high-resolution mineral-scale analytical transects allowing correlations

between sulfur isotope ratios and the distribution of trace metals to be investigated.

Methods

Sample collection

Samples in this study were collected during IODP Expedition 376: “Brothers Arc Flux” aboard the D/V
JOIDES Resolution (de Ronde et al. 2019b, c). We analyze samples from two drill sites: the Upper Cone
(IODP Site U1528, Hole U1528D) and the NW Caldera (Site U1530, Hole U1530A, Fig. 1B). Drilling at
the Upper Cone site penetrated to a maximum depth of 359.3 mbsf with an overall core recovery of 29.3%
(de Ronde et al. 2019b). At the NW Caldera, drilling penetrated to a maximum depth of 453.1 mbsf, with

an overall core recovery rate of 16.9% (de Ronde et al. 2019c).

Etching of sulfide grains

Prior to geochemical analysis, pyrite was etched with sodium hypochlorite (1% NaOCI) to reveal any
internal variations. Samples were etched for 90 s, rinsed with water and then air-dried. This process
tarnishes the pyrite to expose zonations, sub-grain boundaries and mineral inclusions that are then imaged
using reflected light microscopy (Cox et al. 1981; Cox 1987; Tanner et al. 2016). Etching provides a low
cost and rapid way to assess the internal morphology of pyrite grains. The tarnish was later easily removed

using 0.25 um diamond polishing solution and a polishing pad.
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Geochemical Mapping

Electron probe micro-analysis (EPMA) was used to qualitatively map trace metal distribution in pyrite.
Arsenic, Co, Cu, Se, and Sb were analyzed using a JEOL JXA-8230 SuperProbe equipped with five
wavelength-dispersive spectrometers at Memorial University of Newfoundland (Canada). The instrument
operated at an accelerating voltage of 20 KeV, a beam current of 250 nA and a dwell time of 200 ms. The

resolution of maps depended on the size of the mineral grain analyzed but was typically ~1 pm per pixel.

Sulfur isotope analysis

The sulfur isotope composition (5**S) of pyrite was determined using Secondary lon Mass Spectrometry
(SIMS) microanalysis. In total, 10 pyrite grains from seven representative polished mounts were analyzed
employing closely spaced analytical transects of points (n = 134) from the grain core to rim with an
additional 15 analyses performed on primary magmatic sulfide blebs from unaltered volcanic rocks. Sample
blocks were mounted in epoxy in aluminum retaining rings, polished, and coated with 300A of Au prior to
analysis to mitigate charging of the sample during ion bombardment. Samples were analyzed using a
Cameca IMS 4f SIMS instrument at the CREAIT Microanalysis Facility at Memorial University of
Newfoundland (Canada) following the analytical procedure outlined in Brueckner et al. (2015). Each
sample was bombarded with a primary beam of 250-750 pA of Cs*, accelerated through a potential of 10
keV, and focused into a 10 um diameter beam. Negatively charged sputtered secondary ions were
accelerated into the mass spectrometer using a potential of +4.5 keV. The duration of each analysis was
16.3 minutes including 120 seconds of pre-sputtering with a 10 um square raster applied to the beam spot
to remove sulfur contamination from the sample surface. Reproducibility, based on the repeat analysis of
pyrite-UL9 (8%S= 16.3%o), was better than £0.4%o (1c) (see ESM, Table Al). Internal precision on
individual sample spots was typically better than £0.4%o (1c). All analyses are reported in standard delta

notation relative to Vienna-Canyon Diablo Troilite (V-CDT).
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Results

Sample characterization

We present isotopic and geochemical data from 10 pyrite grains from core sections that represent the major
alteration mineral assemblages present at Brothers volcano (Martin et al., 2022b). The pyrite grains selected
contain a representative suite of different internal zonation patterns identified from a larger etching study.
Hence, the 10 pyrite grains selected for detailed analysis are considered to be representative of a wide range

of hydrothermal processes occurring at the Brothers volcano.

Upper Cone (Site U1528)

To classify alteration mineral assemblages in this study, we retain the use of the original classification
outlined by de Ronde et al. (2019a) and Martin et al. (2022b). Two samples were analyzed from the Upper
Cone (Fig. 2A; ESM, Table A2). Core section 23R1, from 162.5 mbsf, is a volcanic breccia that has been
altered to an assemblage of natroalunite + pyrophyllite + anhydrite + pyrite and quartz (Fig. 2B). Clasts
appear less-altered, variably resorbed, and darker in color than the surrounding matrix, which is white and
contains native sulfur (Fig. 2B). Core section 49R2 was collected from 287.3 mbsf; it is pervasively altered
with a massive texture and contains no visible clasts (Fig. 2C). It is composed of smectite + anhydrite +
pyrite + quartz with natroalunite and cristobalite. Pyrite in both samples occurs as fine-grained (<0.2 mm)

disseminated euhedral to subhedral grains (Fig. 2B-1 and C-1).

NW Caldera (Site U1530)

Five representative samples were analyzed from the NW Caldera (Fig. 3A; ESM, Table A2). Core section
1R1 is located at the seafloor (0.1 mbsf); the sample has a prominent brecciated texture with angular blue-
green clasts that are chlorite and illite-rich in a matrix of pyrite + anhydrite + barite and minor (<5 vol.%)
sphalerite (Fig. 3B). Pyrite (and minor marcasite) occur as coarse-grained aggregates, with pyrite often
exhibiting growth zonations defined by regions of increased porosity (Fig. 3B-1). Core section 5R1 is

located at a depth of 25.9 mbsf; the sample has a brecciated texture with blue-green illite-chlorite-rich clasts

10
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in a matrix of pyrite, anhydrite and barite with sphalerite (Fig. 3C). Pyrite occurs in the matrix as aggregates

of euhedral-disseminated grains (Fig. 3C-1).

Core section 55R1 is located at a depth of 265.9 mbsf and contains quartz + pyrophyllite + anhydrite +
diaspore and rutile with a mottled equigranular texture, and is crosscut by an anhydrite vein (Fig. 3D).
Pyrite occurs as disseminated anhedral grains (Fig. 3D-1). Core section 65R1 is located at a depth of 313.9
mbsf and contains quartz + anhydrite + pyrophyllite, diaspore and rutile (Fig. 3E). Pyrite forms
disseminated grains with an anhedral morphology (Fig. 3E-1). Core section 83R1 is located at a depth of
400.3 mbsf and contains chlorite, anhydrite and quartz (Fig. 3F). Pyrite is disseminated throughout the

sample and forms discrete aggregates of euhedral grains (Fig. 3F-1).

Sulfide etching

Pyrite grains show a range of different internal morphologies when etched with NaOCI (Fig. 4). Pyrite from
the Upper Cone (Fig. 4A) generally exhibited less internal color variation than pyrite at the NW Caldera.
At the Upper Cone, etching was useful in delineating the boundary between different sub-grains in
aggregates of fine-grained euhedral pyrite (Fig. 4B). Internal zonations are rarely present, and generally

occur parallel to the grain margin and define oscillatory overgrowths (Fig. 4C).

At the NW Caldera, three different forms of internal variation are commonly observed. The first type is
characterized by minimal changes in color across zones, with zonations appearing as black lines or darker
horizons that are parallel to the current grain margin (Fig. 4D). The second type of variation consists of
sharp changes in color (e.g., blue to yellow) with clear growth zones that exhibit a different orientation to
the present grain margin (Fig. 4E). The third type of variation consists of irregular very-fine (<10 um) bright
bands that do not exhibit any correlation with respect to the core or rim of the grain and have no preferred

orientation (Fig. 4F).
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Sulfur isotopes

Upper Cone

Pyrite from core section 23R1 (Fig. 5A-1) shows clear oscillatory growth zones emanating from the core
of the grain with a later overgrowth of pyrite (blue-yellow; Fig. 5A-2). Eighty-eight percent of 5**S values
fall within +1c of the median value (-1.4%o) (Table 1; Fig 5A-3). The grain center is enriched in **S relative
to the grain margin and there is no distinct isotopic composition associated with each of the three growth

zones (Fig. 5A-3).

The median §*S value of -5.9%. for core section 49R2 (289 mbsf) is notably lower than the pyrite grain
analyzed in core section 23R1 (164 mbsf; Table 1). The grain has no visible zonations and contains a region
that is rich in anhydrite inclusions that has the lowest §*S values (Fig. 5B-1 and B-2). The core of the grain
is slightly enriched in S relative to the grain margin and 71% of analyses fall within +1c of the median
value (-5.9%o) (Fig. 5B). Similar to the sample shown in Figure 5A, sample 5B also shows a ~4%o range in

5%S values.

NW Caldera — Chlorite + quartz alteration

Pyrite from core section 1R1 exhibits a complex oscillatory zonation pattern with an inner core zone (Fig.
6A-1 and A-2). Only 58% of data plot within +1c of the median value (-1.1%o) (Table 1; Fig. 6A-3). The
grain core and innermost zone are depleted in **S with respect to the surrounding outer zone, with §%S

values decreasing toward the grain margin (Fig. 6A-3).

Two pyrite grains were analyzed in core section 5R1 (Table 1). The first pyrite grain contains a homogenous
euhedral core that has been overgrown by a later pyrite generation that exhibits oscillatory zonations (Fig.
6B-1 and B-2). The core of the inner euhedral grain is enriched in 3‘S up to 3.4%o, as is the region that
appears blue to yellow in color in Figure 6B-2 (up to 2.4%.). The outermost margin of the grain contains

the lowest %S values down to -2.2%. (Fig. 6B-3). The second pyrite grain has a euhedral morphology and

12



282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

exhibits oscillatory zonations with the core appearing blue-yellow in color (Fig. 6C-1 and C-2). The core

is enriched in *S relative to the grain margin (Fig. 6C-3).

Pyrite from core section 83R1 (Fig. 6D-1) contains two sub-grains defined by the ochre and yellow color
in Figure 6D-2. The larger ochre colored grain exhibits weak oscillatory zonations that are sub-parallel to
the grain margin (Fig. 6D-2). The median &*S composition of the grain is -4.0 + 3.8%o (1o, n = 16; Table
1); this is notably less than other near-seafloor pyrite from chlorite-rich alteration (1R1 and 5R1). The 5*S
values decrease across the grain with no clear correlation from the core to the rim, with, for example,

opposing grain edges containing %S values of -0.8%o and -7.5%o, respectively (Fig. 6D-3).

NW Caldera — Pyrophyllite + illite alteration

Pyrite analyzed from pyrophyllite + illite alteration has a notably larger inter-grain range in §**S values
(13.5%o0) compared to pyrite analyzed from chlorite + quartz alteration (8.0%.; Table 1). The etching of
sample 55R1 showed complex internal variations (Fig. 7A-1 and A-2). The zonations, defined by brighter
orange regions, appear random in shape and orientation (see also Fig. 4F). Values of %S >0%o are absent
in sample 55R1, with 79% of data falling within +1c of the median value (-3.2%0) (Table 1; Fig. 7A-3).
There is no clear correlation between §*S values and the location of the analytical point within the grain,

nor is there any correlation between brighter regions and sulfur isotope ratios.

Etching of pyrite in sample 65R1-A reveals the presence of a relict core defined by oscillatory zonations of
orange with a sub-grain located at the margin of the grain (Fig. 7B-1 and B-2). Zonations occur as complex
orange bands that are sub-parallel to the current grain margin (Fig. 7B-2). The core of the grain is enriched
in 34S relative to the grain margin, with both low (-5.4%.) and high (+3.8%o0) ‘S values recorded at the
margin of the grain (Fig. 7B-2 and B-3). A detailed transect across the core of the same grain (Fig. 7C-1)
shows comparatively large positive (up to 4.1%0) and negative (down to -2.1%o) excursions in §*S values
(Fig. 7C-2). A sharp transition in §*S values, from 4.1%o to -2.1%o occurs at the brightest visible band
moving from the rim toward the core of the grain (Fig. 7C-3). In grain 65R1-B, a square-shaped core
characterized by orange oscillatory zonations is visible (Fig. 7D-1 and D-2; lower right hand corner). The
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sulfur isotopic composition of the grain shows a symmetrical profile with the core enriched in **S (up to
1.2%o) relative to the margin of the grain (Fig. 7D-3). Pyrite from sample 65R1-C is anhedral (Fig. 7E-1)
with internal zonations delineated by bright orange regions (Fig.7E-2). The zonations define a core region
but occur sub-parallel to the current grain margin (Fig. 7E-2). The range in %S values (-5.3 to 4.6%o) is
comparable to samples 65R1-A and B (Table 1). A shift from 1.9%. to -5.2%o occurs as the second bright

band is intersected moving from the core to rim of the grain (Fig. 7E-3).

Magmatic sulfide blebs

To establish the sulfur isotopic composition of host rocks at Brothers, we analyzed magmatic sulfide
droplets, with a stoichiometric composition similar to pyrrhotite (i.e., Monosulfide Solid Solution — MSS),
in unaltered samples (ESM 3). Their size and texture ranges from small (15-45 um) sulfide droplets to large
(120-150 um) sulfide-magnetite clusters (ESM, Table A2), with grains having a comparable morphology
to magmatic sulfide minerals previously described at Brothers (Keith et al. 2018; Brandl et al., 2023). The
median 84S value for MSS-type inclusions was 0.2%. (n=15) with an average of 0.9+2.4%. (n=15, 15) and

a range of -3.1%o to 6.7%o (Table 1).

Trace metal mapping

The mineral-scale distribution of As, Cu, Co, Se and Sb between different pyrite grains from altered
volcanic rocks below the seafloor at Brothers volcano is highly variable. At the Upper Cone, sample 23R1
shows concentric zonations in Cu and Sb content, with high contents along distinct growth zones (Fig. 8A
and B). The distribution of Se, As and Co is homogenous with no zonation visible in the grain (Fig. 8C, D

and E).

At the NW Caldera, core section 1R1 shows zonations in As content, with the highest As occurring along
crystal growth boundaries (Fig. 9A). The core of grain 1R1 appears relatively enriched in As compared to
surrounding overgrowths. The distribution of Sb is similar to As, with the highest content occurring along

growth zones at the margin of the grain (Fig. 9B). Copper exhibits weak zonation and is concentrated along
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growth zones, but also occurs as micron-scale inclusions of chalcopyrite (Fig. 9C). Selenium and Co do not
exhibit any zonation (Fig. 9D and E). In sample 5R1 (grain A and B), As is strongly enriched at the contact
between early euhedral pyrite and later pyrite overgrowths (Fig. 9F) and corresponds to blue-yellow colors
in the etched image (Fig. 6B and C). Antimony, Se and Co do not show any detectable variation (Fig. 9G,
I, J). The distribution of Cu exhibits only minor variation as bright bands in the late pyrite overgrowths

(Fig. 9H).

High-Co content in pyrite from sample 55R1 occurs as randomly distributed micron-scale zones (Fig. 10A).
Arsenic, Cu, Se and Sb are homogenously distributed (Fig. 10B to E). The distribution of Co is highly
heterogeneous in pyrite 65R-1A (Fig. 10F and F*). Increased Co contents are associated with the core of
the grain, occurring as oscillatory zonations (Fig. 10F*). Less-pronounced Co variations are also visible at
the margin of the grain and surrounding the grain core (Fig. 10F and F*). Copper is enriched only in the
outer margin of the grain, forming a sharp rim that shows no correlation with Co content (Fig. 10G). Arsenic
is homogenously distributed (Fig. 10H). A Co-rich core region is visible in grain 65R1-B (Fig. 101). The
interior of the Co-rich core is characterized by elevated As and Cu contents (Fig. 10J and K). Cobalt in
sample 65R1-C occurs as oscillatory zonations again defining a pronounced grain core (Fig. 10L). Arsenic
shows some internal variation but is relatively enriched in the matrix surrounding the pyrite grain (Fig.
10M). Copper forms several discrete chalcopyrite grains (Fig. 10N), whilst Se and Sb appear homogenously

distributed (Fig. 100 and P).

Discussion

Controls on the distribution of trace metals in pyrite

Variations in fluid composition occur in response to fluid mixing, phase separation, the reaction of
ascending fluid with host rocks and/or the addition of magmatic volatiles during degassing (de Ronde et
al., 2011; Keith et al., 2016; Metz and Trefry, 2000). The heterogeneous and, in some cases, zoned
distribution of Co, Cu, As and Sb in pyrite at Brothers indicate that the source of metals, or composition of
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the hydrothermal fluid changed as the pyrite grains grew. Here, we evaluate different processes related to
the evolution of the Brothers magmatic-hydrothermal system and how, or indeed if, these processes are

preserved as variations in trace metal content across individual pyrite grains.

Fluid mixing

The stability of metal complexes imposes a strong control on the solubility and precipitation of metals
(Pokrovski et al. 2013). At temperatures >250°C and NaCl concentrations of >0.6 M, comparable to
hydrothermal fluids sampled at Brothers (Kleint et al. 2019), Co is transported as a CoCls> complex (Liu
et al. 2011). Arsenic is principally transported as As(OH)s in acidic hydrothermal fluids at high-
temperatures (>300°C; Heinrich and Eadington 1986; Breuer and Pichler 2013). At temperatures of up to
~350°C and a pH of <10, Sh is transported as Sb(OH)s° (Zotov et al. 2003). Copper is primarily transported
as a CuCly complex in hydrothermal fluids, whereas CuCI®, may be important in hypersaline brines (Liu
and McPhail 2005; Reed and Palandri, 2006; Akinfiev and Zotov 2010; cf. hypersaline brines are found in
some Brothers fluid inclusions; de Ronde et al. 2019a). Establishing the dominant metal complexes at
Brothers is important as this controls the solubility and precipitation of metals in the hydrothermal fluid

and thus can affect the distribution of metals within the hydrothermal system.

Based on the distribution of alteration mineral assemblages below the seafloor, three different sub-surface
fluid mixing scenarios are possible at Brothers: i) the mixing of low-pH magmatic fluids with ambient
(~4°C) seawater, ii) the mixing of high-temperature seawater-derived hydrothermal fluids (>300°C) with
ambient seawater, and iii) the mixing of high-temperature (~300°C) seawater-derived hydrothermal fluids
with high-temperature, low-pH magmatic fluid. The mixing of magmatic fluid/vapor with infiltrating
ambient seawater (i) has only been documented at the Upper Cone where seawater infiltrates through the
cone walls (Caratori-Tontini et al. 2012) causing magmatic vapors to condense. This is consistent with vent
fluid pH values to 1.8 and the predominance of native sulfur at this site (de Ronde et al. 2011; Kleint et al.
2019; Stucker et al. 2022). At the NW Caldera site, mixing between a hot seawater-derived hydrothermal
fluid and magmatic fluid (ii) occurs in deep zones (>189 mbsf) and the mixing of seawater-derived
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hydrothermal fluids with ambient seawater (iii) seems to be limited to within ~30 m of the seafloor (de

Ronde et al. 2019a).

In sample 23R1 from the Upper Cone, oscillatory zonations in Cu and Sb occur (Fig. 8). This likely results
from the localized interaction of magmatic volatile-rich fluid and vapor with infiltrating seawater, as a
magmatic volatile source for Cu and Sb has previously been suggested (see magmatic volatile influx;
Wohlgemuth-Ueberwasser et al. 2015; Keith et al. 2018; Brandl et al., 2023). However, the general lack of
zonation in etched pyrite at the Upper Cone is a consequence of the limited capacity of low-salinity
magmatic vapors and fluids to transport metals (Gruen et al. 2014), hence also explaining the absence of

massive sulfide mineralization at the seafloor at the Upper Cone (de Ronde et al., 2005).

In near seafloor samples from the NW Caldera site, core section 1R1 (0.1 mbsf) and 5R1 (25.9 mbsf),
zonations in As, Sb and to a lesser extent Cu are present (Fig. 9). These zonations formed in response to
pronounced and transient fluctuations in fluid temperature and pH that occur during mixing between
shallow infiltrating seawater and seawater-derived hydrothermal fluid (~300°C). This is in good agreement
with previous studies that showed pyrite in this area contains elevated As and Sb contents (median: 2844
and 25 ppm, respectively, n=14; Martin et al. 2022a), and a variable Cu content, ranging from 78 ppm to
630 ppm (Martin et al., 2022a). However, previous studies did not identify discrete zonations in As and Sh
content such as those visible in samplelR1 and 5R1 (Fig. 9A and F), that indicate temporal variations in
enrichment processes. At the seafloor to a depth of ~30 mbsf, seawater is expected to be near ambient
temperature (i.e., a few °C) with a slightly higher pH (~7-8). Hence, sharp zonations in metals that are
mobile in intermediate temperature fluids (<300°C), such as As and Sb (Trefry et al. 1994; Metz and Trefry

2000), occur in response to seawater mixing that decrease fluid temperature and increase pH.

In pyrite from deeper pyrophyllite-rich samples (>189 mbsf), specifically core section 65R1, located at a
depth of 314 mbsf, zonations in Co content are a common feature (e.g., Fig. 10F, 1 and L). The Co

enrichment pattern is distinct, occurring in the core of the pyrite grains as well-defined oscillatory zonations
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(65R1; Fig. 10F, I and L). In seafloor hydrothermal deposits, Co is typically enriched in high-temperature
zones (e.g., stockwork; Keith et al. 2016; Monecke et al. 2016; Grant et al. 2018). Experimental studies
show that Co is precipitated by a decrease in temperature; a decrease from 300 to 200°C will decrease the

solubility of Co by two-orders-of-magnitude (Migdisov et al. 2011).

Unlike samples located in close proximity to the seafloor, at deep crustal levels (i.e., >189 mbsf), sharp and
transient changes in the temperature and pH of the hydrothermal fluid are unlikely to occur. Seawater
recharge will become progressively heated and acidic due to conductive heating, mixing with ascending
magmatic fluid and during chemical exchange with wall rocks, forming a high-temperature (>300°C)
seawater-derived hydrothermal fluid (de Ronde et al. 2019a). Therefore, changes in fluid temperature and
pH during mixing between magmatic fluids and seawater-derived hydrothermal fluid is unlikely to facilitate

Co precipitation at this depth and other processes need to be invoked.

Fluid inclusions analyzed at a depth of 309 mbsf (core section 64R1) at the NW Caldera site are hypersaline
(i.e., up to ~43.7 wt.% NaCl equivalent; de Ronde et al. 2019a, b), which indicate the direct exsolution of
a volatile-rich brine from the underlying magma. These brines may have contained considerable amounts
of Co, as CoCl,* complexes are stable in high-salinity fluids (Liu et al. 2011). The dilution of such brines
during mixing with seawater-derived hydrothermal fluids (~3.5 wt.% NaCl) may have led to the
precipitation of Co-enriched pyrite in core section 65R1 at a depth of 314 mbsf. The fact that similar Co-
rich cores are absent in pyrite from core section 55R1 (Fig. 10A), located at 266 mbsf, indicates that brine
dilution occurred over a spatially restricted depth interval at around 314 mbsf. The enrichment of Co in
early pyrite cores is consistent with the transient nature of brines at the NW Caldera site, with Co becoming
progressively depleted toward the margin of the grain due to continued dilution and metal mobilization

toward the seafloor (de Ronde et al. 2019a; Gruen et al. 2012).
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Magmatic volatile influx

Temporal variations in temperature, salinity, H,S, SO,, and CO- content of vent fluid have been observed
in hydrothermal systems that are thought to occur in response to the intrusion of magma at depth in oceanic
crust (Butterfield and Massoth 1994; Von Damm et al. 1995; Butterfield et al. 2011; Von Damm, 2013).
This is prominent on the vent site scale with pyrite from the Upper Cone and pyrophyllite-rich alteration at
the NW Caldera being enriched in Te, Se, Cu, Bi, Sb and As (Martin et al. 2022a). However, the nature in
which magmatic volatiles and associated metals were introduced in to the hydrothermal system(s) remains

poorly characterized.

Magmatic volatile degassing is ongoing at the Upper Cone site and to a lesser extent at the older NW
Caldera site (de Ronde et al. 2011). Most pyrite grains at the Upper Cone show no internal variation when
etched with NaOCl, indicating that fluid conditions (e.g., pH and temperature) did not fluctuate significantly
during pyrite growth, further supporting the presence of vapor-rich, low-salinity fluids that had a limited

capacity to transport metals at the immature Cone Site (Gruen et al. 2014; de Ronde et al. 2019a).

In sample 23R1, rare oscillatory zonations in Cu and Sb occur (Fig. 8A and B). Keith et al. (2018) and
Gruen et al. (2014) suggest that Cu is contributed to the Brothers hydrothermal system through an aqueous
S- and Cl-rich magmatic volatile phase that is extracted from a silicate melt. Consequently, the zonation of
Cu in pyrite at the Upper Cone could represent the contribution of magmatic volatiles that occurred in
temporally discrete, pulsed events (Stucker et al. 2022; Berkenbosch et al. 2019). Similar processes may be
responsible for the enrichment of Sh, as a magmatic volatile source has previously been suggested
(Wohlgemuth-Ueberwasser et al. 2015). Thus, the coupled relationship between Cu and Sh is best explained

by the pulsed addition of magmatic volatiles at the Upper Cone.

The influence of magmatic volatile degassing is expected to be less-pronounced at the NW Caldera site,
especially in pyrite from chlorite-rich alteration that overprints older magmatic-volatile alteration (de

Ronde et al. 2019a, c). In pyrophyllite-illite samples, only Co consistently exhibits clear oscillatory
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zonations, however, there is no evidence to suggest a link between Co-enrichment and magmatic volatile

degassing here (Keith et al. 2016; Berkenbosch et al. 2019).

Temporal variations in the source of sulfur at Brothers volcano

Upon mixing and cooling with hydrothermal fluid below ~400°C, SO, that is degassed from the magma
undergoes disproportionation, producing both SO.,> and H.S (Giggenbach 1987). During
disproportionation, SO4* becomes enriched whilst H,S is depleted in %S relative to the starting SO, isotopic
composition. The amount of fractionation between sulfur species is dependent on temperature and the
relative amount of reduced and oxidized sulfur species produced (Kusakabe et al. 2000; McDermott et al.
2015). The disproportionation of SO; results in the formation of sulfide minerals with low §*S values (often
<0%o), for example Hine Hina on the Valu Fa Ridge, Lau back-arc basin (Herzig et al. 1998). Sub-seafloor
pyrite at Brothers volcano have similarly low %S values that range from -13.2 to 4.6%o (Martin et al.
2022a). Chalcopyrite, sphalerite and pyrite in sulfide chimneys at the NW Caldera have a narrower range
in 84S values, ranging from -5.7 to -0.6%o, indicating that all sulfide minerals precipitated under similar
physical and chemical conditions (de Ronde et al. 2011). The §**S composition of vent fluid HS™ at the NW
Caldera is-1.1 + 0.7%o (1o, n=6) and -3.6 + 2.1%. (1o, n=4) at the Upper Cone (de Ronde et al. 2003).
Here, we examine changes in the source of sulfur recorded as variations in %S values across individual

mineral grains.

Magmatic sulfur signature

The average 5**S value of magmatic sulfides at Brothers is 0.9+2.4%o (n=15, 1c). This average
value is close to the &S range of sulfide in mantle rocks (1.3+3.8%o), mid-ocean ridge (-
0.3+2.3%0) and ocean island basalts (1.2+5.6%0) as well as the whole-rock composition of
primitive arc rocks (1.0+3.2%o; Marini et al. 2011). The large range of §%S values (-3.0 to 6.7%o)
is also typical. Higher 6%S values are typically observed in arc andesitic (2.6+2.3 %o), dacitic (2.6

to 12.2 %o) and rhyodacitic (6.3 to 17.8 %o) whole rocks (Rye et al. 1984; Mandeville et al. 1998;
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Luhr & Logan 2002). These heavier S isotope compositions are resulting from open-system or
multi-stage degassing of SO» from the oxidized magmas (e.g., Mandeville et al. 1998). The light
534S composition of magmatic sulfides in the dacites at Brothers volcano can thus be interpreted
as further evidence for the formation of these sulfides (immiscible sulfide segregation) in an
undegassed magma reservoir at depth (Brandl et al. 2023). These data provide an important
constraint on the isotopic composition of sulfur that is leached form magmatic host rocks and their
contained magmatic sulfide minerals during hydrothermal alteration and subsequent formation of

hydrothermal sulfide mineralization.

Thermochemical sulfate reduction (TSR) and leaching of sulfur from host rocks

The two-component mixing of seawater sulfate (~21%o; Rees et al. 1978) that undergoes TSR and sulfur
leached from arc-related oceanic crust (4.4 + 2.1%o; Ueda and Sakai 1984) produce sulfide minerals with
positive 5%S values, typically between 0 and 5%o (e.g., Hannington et al. 2005). The average 5**S value of
sulfide minerals in host rocks at Brothers of 0.9 + 2.4%. (n=15, 10) lies within error of values for arc rocks
obtained by Ueda and Sakai (1984). Only samples from the NW Caldera site contain &3S values that are
comparable to arc-related magmatic host rocks (6%*S >0%) and therefore could have formed via TSR and
leaching of sulfur from host rocks (Fig. 11). In all samples, regardless of depth below the seafloor, the high
84S values occur spatially associated with low values that are <0%o indicating that the source of sulfur,

fluid temperature or oxidation state of the fluid changed during pyrite growth.

Previous studies suggest that 5**S values in sulfide minerals that are >0%o formed via TSR during seawater
entrainment just below the seafloor, or within the chimney structure itself (Janecky and Shanks, 1988).
Samples from core section 1R1 and 5R1 contain chlorite, indicating formation temperatures in excess of
~250°C and thus above the lower temperature limit for TSR (160°C; Machel et al. 1995). Therefore, near-
seafloor samples with high 84S values >0%o are consistent with sulfur that is contributed by TSR of

seawater and the leaching of igneous host rocks, as previously suggested by de Ronde et al. (2005). The

21



498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

occurrence of low %S values (down to -4.6%o) in the same samples (Fig. 6A-1) indicate periods where a
relatively larger proportion of sulfur was sourced from SO, disproportionation. These periods are discrete,
and interspersed with periods where further sulfur was contributed from TSR and the leaching of host rocks,

causing excursions from relatively low to high §*S values across the pyrite grains.

In pyrite from deeper pyrophyllite + illite samples from the NW Caldera site (e.g., 65R1, 314 mbsf), there
is limited evidence of interactions between seawater-derived hydrothermal fluids and volcanic host rocks
as chlorite is absent here (Martin et al. 2022b). Yet pyrite grains analyzed from sample 65R1 still contain
high 3*S values (>0%o) that are comparable to those located near the seafloor. High 63S values in deeper
samples that are within the range of volcanic host rocks at Brothers (up to 6.7%o; Table 1) and could be
explained by the addition of S from the leaching of the volcanic host rocks. The fractionation between
H.S and pyrite at temperatures of between 300-400°C is <0.4%o (Ueda and Sakai, 1984); therefore, it is
plausible that leaching of sulfur from the host rocks could explain high 5*S values of <4%.. However, to
produce these high values, a closed system where sulfur is only contributed from the leaching of host rocks
is needed, and given the abundance of chlorite in samples from below the seafloor at the NW Caldera,
indicating the presence of seawater-derived hydrothermal fluids, we suggests that the system was open with
respect to seawater influx, as shown in other seafloor hydrothermal systems (e.g., Ono et al. 2007), making

a close system scenario unlikely.

SO, Disproportionation

In this study, all §**S analyses of samples from from the Upper Cone and NW Caldera sites plot below, or
within error (max 4.6%o), Of the suggested sulfur isotopic composition of Brothers lavas (average 0.9+2.4,
n=15, 16, max 6.7%o). In concert with previous studies, we attribute 5*S values of <4%o to sulfur that is
contributed from the disproportionation of degassing SO, in addition to local TSR and leaching of host
rocks. However, unlike previous studies that focused on mineral separates, we show that notable variations
in 3*S values occur across individual pyrite grains, ranging from -4.2 to -8.1 at the Upper Cone site (core

section 49R2) and from -1.0 to -8.9 (core section 55R1) from the NW Caldera site. These ranges could

22



523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

relate to either changes in the temperature or redox conditions of the fluid during SO, disproportionation
(McDermott et al. 2015), or changes in the relative amounts of sulfur sourced from TSR, leaching of
volcanic host rocks, and/or SO, disproportionation. Further, multiple sulfur isotopes are needed to

discriminate between these processes.

Phase separation

Phase separation can lead to the fractionation of sulfur isotopes due to changes in the oxidation state of the
fluid caused by the loss of aqueous H»S and H, to the vapor phase (Drummond and Ohmoto 1985; Palin
and Xu, 2000; Hutchison et al. 2020). Evidence from the study of subaerial epithermal and mesothermal
Au deposits indicate that oxidation of the hydrothermal fluid during boiling will lead to the preferential
partitioning of 34S into SO, or SO4* producing *S depleted pyrite (Ohmoto and Lasaga 1982; McKibben
and Eldridge 1990; Peterson and Mavrogenes 2014). The NaCl content of vent fluids at Brothers varies
from 0.1% to 9.8% NaCl indicating that phase separation of the hydrothermal fluid is occurring (Diehl et
al. 2020; Lee et al. 2022). This is supported by fluid inclusion analysis from sub-seafloor drill core samples
that have a variable salinity from 2.8% to 43.7 wt.% NaCl (Gruen et al. 2012, 2014; de Ronde et al. 2019a,

b, c; Diehl et al. 2020; Lee et al. 2022).

At the Upper Cone, §**S values of <4%o occur in core section 23R1 and 49R2 (Fig. 11). The measured §*'S
of vent fluid HS" at the Upper Cone is -3.6 + 2.1%o (de Ronde et al. 2011). Therefore, pyrite precipitated
during boiling that formed from the condensation of an H,S-rich vapor should contain 534S values less than
approximately -3.6%.. However, fluid boiling is not the only process that can fractionate sulfur isotopes, as
SO, disproportionation, which is known to occur widely at Brothers also produces comparably low %S

values.

In addition to containing low 3*S values, pyrite that formed during phase separation is texturally distinct
compared to pyrite formed from non-boiling fluids, due to rapid crystallization that forms colloform,
inclusion-rich or highly porous pyrite with poorly formed crystal faces (Roman et al. 2019). Colloform
pyrite occurs in black smoker chimneys at the NW Caldera (de Ronde et al. 2003; 2005; Berkenbosch et al.
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2019), but is absent below the seafloor. In pyrite from core section 49R2, an inclusion-rich zone near the
core of the grain shows lower §*S values (down to -8.1%o compared to the median for the grain of -5.9%o;
Fig. 5B-1). However, variations in fluid temperature during SO disproportionation could also produce
these signatures. Thus, it is not possible to distinguish between pyrite that formed during phase separation

and pyrite produced during SO- disproportionation with the available data.

Temporal variation in the source of metals and sulfur in Brothers volcano

Variations in trace metal content and sulfur isotope ratios across pyrite grains at Brothers volcano are
considered to be produced by; i) source variation (e.g., magmatic volatile influx) and for sulfur isotopes,
sulfur contributed from TSR and leaching of igneous rocks or, ii) variations in temperature, pH, salinity or
redox of the hydrothermal fluid. These variables are linked, as the intrusion of new magma at depth in
oceanic crust can change the chemical composition of the hydrothermal fluid, increase fluid temperature
and provide a renewed source of some metals to the hydrothermal system (e.g., Butterfield and Massoth
1994). The intrusion of magma occurs as pulsed events (Fox et al. 1995; Johnson et al. 2000; Lilley et al.
2003; Von Damm 2013). Thus, renewed magmatism will directly affect fluid chemistry and key ligand
contents (H2S and CI) that in turn effect the solubility of metals and the source of sulfur that are preserved

as variations in trace metal content and sulfur isotope ratios across individual pyrite grains.

At the Upper Cone site, pyrite rarely shows any internal zonation when etched with NaOCI when compared
to pyrite grains analyzed at the NW Caldera site. The lack of internal variation in sample 49R2 suggests
that the physical and chemical conditions during pyrite formation did not vary significantly, and that low
salinity vapors do not carry significant amounts of metal. The lack of internal variation is supported by an
absence of 6*S values >4%. that might suggest TSR of seawater, indicating magmatic degassing and SO-
disproportionation is the major source of sulfur and that sulfur derived from TSR of seawater is a minor
component in the sample analyzed. In sample 23R1, a pyrite grain that does show rare internal zonation,
the coupled enrichment of Cu and Sb along crystal growth zones is interpreted to represent a new pulse of

magmatic volatile-rich fluid (Fig. 12).
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Near the seafloor at the NW Caldera site (core sections 1R1 and 5R1), pyrite grains show zones of high As
content that correlate with §S values that are >0%o (up to 3.4%o; Fig. 6 B and C). This confirms that As
incorporation into pyrite is related to increased amounts of seawater mixing, and is not associated with
either phase separation, or the influx of magmatic volatiles at the NW Caldera site, as these processes would
produce pyrite with low &S values. The coupled relationship between As and Sh, directly below the
seafloor in core section 1R1 and high 84S values are produced during TSR in the shallow subsurface (Fig.
12). Precipitation of As and Sh-rich pyrite occurs in response to decreasing fluid temperature and increasing
fluid pH and fO, generated by periods of increased seawater influx, most likely relating to permeability

increases during faulting events (de Ronde et al. 2005; Caratori Tontini et al. 2012; 2019).

In pyrite samples collected deeper down the borehole at the NW Caldera site (83R1; 400.3 mbsf), but still
associated with chlorite-rich alteration, high §**S values and oscillatory growth zonations are absent, or less
clearly defined relative to the shallow samples (<31 mbsf). The lack of zonation supports previous studies
that indicate pyrite has been overprinted by late-stage fluids and undergone recrystallization (Martin et al.
2022a). The absence of high (>4%.) 5**S values in deeper sourced pyrite (e.g., core section 83R1; 400.3
mbsf) from chlorite-rich alteration indicates; 1) increasing amounts of sulfur obtained from SO;
disproportionation, 2) the leaching of host rocks, and/or 3) lesser amounts of TSR, when compared with
shallow sourced pyrite samples (Fig. 12). At a depth of ~400 mbsf, seawater recharge will have become
heated to high-temperatures (>300°C) and have a low-pH relative to its initial composition at, or near the
seafloor. Thus, the absence of sharp changes in temperature and pH of the hydrothermal fluid that occur
near the seafloor is in stark contrast to conditions deeper down, explaining the lack of internal zonation in

trace metals and sulfur isotope ratios in pyrite from deeper chlorite-rich samples (Fig. 6 A vs. D).

Pyrite from pyrophyllite + illite alteration contains %S values that range from -6.9 to 4.6%o, a notably
larger range than for other samples analyzed in this study. The enrichment of Co correlates with sharp
excursions from relatively low (<0%o) to high 5*S (>0%o.) values in all grains analyzed (Fig. 7, 10F* and

11). This relationship is best preserved in the core of grain 65R1-A and corresponds to an increase in §3S
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values from -2.1 to 4.1%. (Fig. 7C-3). We discount the contribution of Co from magmatic volatile degassing
that is commonly also associated with the disproportionation of SO, as high Co concentrations do not
correlate with decreasing %S values. Instead, we interpret Co-rich zones as representing a period of brine
dilution where seawater-derived hydrothermal fluids interacted with magmatic brines that were exsolved
directly from volatile-saturated magmas at Brothers (Fig. 12) (Gruen et al. 2014; de Ronde et al. 2011,
2019). The interaction of brines with seawater-derived hydrothermal fluid decreased fluid salinity causing
the destabilization of CoCls> complexes and introduced **S enriched sulfur derived from TSR of seawater
in an environment otherwise dominated by sulfur sourced from SO, disproportionation. Studies show a
decrease in NaCl content from 5 to 0.1 M at 300°C will cause a decrease in fluid Co concentration from
142 to 0.6 ppm, precipitating Co-rich pyrite (Liu et al. 2011). A decrease in Co solubility could also occur
by decreasing temperature. However, sample 65R1 is located at a depth of ~314 mbsf and at this depth a
significant decrease in fluid temperature (<100°C) or pH is unlikely to occur. The sulfur isotopic variation
across pyrite grains in sample 65R1 (Hole U1530A; NW Caldera) support the ingress of sulfur from
seawater-derived hydrothermal fluid where TSR produces 5**S values >0%o and up to 4.6%o (Fig. 12). This
dilution event could conceivably relate to the initial ingress of seawater deep below the seafloor at Brothers
during the initial development of ring fault systems during caldera formation, preserving the transition from

a magmatic volatile-dominated to seawater-influenced hydrothermal system (de Ronde et al. 2019a).

The distribution of Cu in pyrite from sample 65R1 does not correlate with Co (Fig. 10F and G). The lack
of correlation between Co and Cu is unexpected, as both elements are transported as Cl- complexes and can
occur at high-concentrations in saline brines, and would both be deposited during fluid mixing between
brine and seawater-derived hydrothermal fluids (Liu et al. 2011; Liu and McPhail, 2005). The absence of
any correlation between Co in Cu is attributed to the mineral-scale partitioning of Cu at Brothers. That is,
Cu is preferentially enriched in chalcopyrite (Fig. 10N), depleting co-precipitated pyrite in Cu. By contrast,
Co is readily incorporated into pyrite and does not commonly form its own mineral phase (e.g., Co-

pentlandite; Marques et al. 2007) and hence is unaffected by the formation of chalcopyrite.
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Implications for understanding ore deposit formation

The significance of brines and magmatic volatile influx as a source of metals in ore forming systems, such
as porphyry Cu deposits, has long been recognized (Blundy et al. 2021; Reich et al. 2013; Ulrich et al.
1999). Understanding the spatial and temporal distribution of brines is important as they are often enriched
in metals that are considered critical for a transition to a low carbon economy, such as Cu and Co (Blundy
et al. 2021; Heijlen et al. 2021). In contrast, magmatic volatile influx may be important in the enrichment
of metals such as Te, Se, As or Sb (Patten et al. 2020; Keith et al. 2016). Understanding when the addition
of brines or magmatic volatile influx occurs is imperative, as this can influence the distribution of metals at
the deposit-scale (e.g., Keith et al., 2022). The challenge in many ore forming systems, including SMS
deposits, is that early mineralizing events, or events that are temporally discrete, can be overprinted and
erased over time by subsequent fluid flow events. This makes linking changes in the source of metals (e.g.,

brines) to the geochemical signature preserved in sulfide minerals difficult to establish.

At Brothers, we show that temporal variations in brine dilution and magmatic volatile influx can be
preserved across individual pyrite grains over their protracted growth histories. Brines, if present occurred
early in magmatic-hydrothermal evolution and were later overprinted by seawater-derived hydrothermal
fluids. Our data supports the occurrence of magmatic brines below the seafloor and shows that brines acted
as a sink for Co. In contrast, magmatic volatile elements such as Se, As and Sb move through the system
and are less affected by brine formation. Therefore, targeting early pyrite generations may be beneficial for
Co and Cu extraction. Ultimately, the sequestration of brines below the seafloor may be widespread in other
SMS deposits and can affect the trace metal signature of sulfide mineralization at the seafloor. Hence, in
addition to near surface (~20 m) or seafloor processes such as fluid mixing between seawater and
hydrothermal fluid, deeper processes of brine formation (i.e., 315 mbsf) are important in controlling the

metal endowment of SMS/VMS deposits.
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Summary and conclusions

Data collected in this study highlight the importance of applying mineral-scale geochemical and isotopic
(8%S) data to understand temporal variations in the cycling of sulfur and trace metals in seafloor
hydrothermal systems. More variation in the 3%S composition of pyrite is observed across a single ~1 mm
grain, where values range from -5.3%o to 4.6%o, than was previously reported for all bulk pyrite analyses,
allowing temporal variations in the source(s) of sulfur at Brothers to be investigated. At the Upper Cone
(Site U1528), pyrite rarely shows internal growth zones and contains uniformly low %S values (<0%o)
indicating relatively homogenous fluid conditions during its formation, i.e., from fluids that were metal-
poor, low-salinity, and vapor-rich with a low potential to transport significant quantities of metals. Where
internal zonations do exist, a coupled relationship between Cu and Sb is observed with corresponding low

5**S values, which we attribute to pulsed magmatic volatile degassing and SO disproportionation.

At the NW Caldera (Site U1530), near seafloor pyrite sampled from chlorite-rich alteration (<31 mbsf)
shows multiple generations of overgrowths with obvious internal zonations. Arsenic, which is commonly
enriched in low-temperature sulfide mineral assemblages (Grant et al. 2018), is enriched in pyrite due to
mixing between seawater and hydrothermal fluids that fluctuated in response to permeability changes in
the shallow subsurface. In pyrite recovered from deeper (~400 mbsf) chlorite-rich samples, relatively high
5**S values are not recorded, indicating increasing amounts of sulfur from SO, disproportionation with

depth below the seafloor.

Pyrite grains from pyrophyllite-rich alteration at the NW Caldera site have the most variable §*S values
ranging from -6.9%o. to 4.6%o.. Pyrite grains are anhedral and highly resorbed with Co enrichment in relict
grain cores. Zones of high Co content correspond to shifts in §*S values from >0%o to <0%o. We attribute
this relationship to the ingress of a seawater-derived hydrothermal fluid deep below the seafloor, perhaps
related to the initial phase of caldera collapse and seawater ingress that caused the dilution of the magmatic
brines at Brothers, which reduced the salinity of the brine resulting in the precipitation of Co-rich pyrite.

Our data further highlights the critical role of seawater-derived hydrothermal fluids in metal remobilization
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(cf. de Ronde et al. 2019a) and provides evidence of brine dilution deep below the seafloor at the NW

Caldera.

When coupled with sulfur isotope analysis, the distribution of trace metals in pyrite can be used to
distinguish temporal variations in metal sources and chemical changes in the hydrothermal fluid
composition at Brothers that varies both with depth below the seafloor, and spatially between the Upper
Cone and NW Caldera sites. We provide evidence supporting the transient nature of brines in seafloor
hydrothermal systems, and show that brine formation can sequester Co below the seafloor affecting the
chemical composition of sulfide mineralization at higher levels in the magmatic-hydrothermal system and

ultimately the seafloor.
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Figure Captions

Figure 1: Location of the Brothers volcano. a Bathymetric map showing the location of Brothers volcano
and surrounding tectonic features associated with the Tonga-Kermadec intra-oceanic arc. b Bathymetric
map of Brothers caldera showing the location of the NW Caldera site (Site U1530, Hole U1530A) and the
Upper Cone site (Site U1528, Hole U1528D). ¢ 3D bathymetry showing the location of the NW Caldera

and Upper Cone sites (Data: GNS Science) (2 x vertical exaggeration).

Figure 2: Drill core from the Upper Cone site (Site U1528, Hole U1528D). a Half core sections showing
the location of samples analyzed in this study. b Core section 23R1 (162.5 mbsf) has a brecciated texture
with clasts appearing dark in color and less altered than the surrounding matrix. The sample contains
natroalunite + pyrophyllite + anhydrite + pyrite + quartz and native sulfur. b1 Photomicrograph in reflected
light of fine-grained euhedral pyrite from core section 23R1 that occurs associated with natroalunite and
pyrophyllite in the matrix. ¢ Core section 49R2 (253.7 mbsf) has a massive texture and contains natroalunite
+ smectite + anhydrite + pyrite + quartz + cristobalite + native sulfur. c1 Subhedral coarse-grained pyrite
within a vug from sample 49R2. Location of pyrite grains within the drill core samples are shown by the

red boxes.

Figure 3: Drill core samples from the NW Caldera site (Site U1530, Hole U1530A). a Half core sections
showing the location of samples analyzed in this study. b Core section 1R1 (0.1 mbsf). Clasts are chlorite
+ illite-rich with a brecciated texture in a matrix of pyrite + anhydrite + barite with sphalerite. bl
Photomicrograph in reflected light of pyrite with minor marcasite (Mrc) forming discrete veins in sample
1R1. ¢ Core section 5R1 (25.9 mbsf). Chlorite + illite-rich clasts in a matrix of pyrite and anhydrite. c1
Aggregates of coarse-grained euhedral pyrite associated with anhydrite and quartz from sample 5R1
forming discrete veins. d Core section 55R1 (265.9 mbsf). Pyrophyllite + illite + diaspore + rutile +
anhydrite + pyrite with a prominent, mottled, equigranular texture. The sample is cut by an anhydrite vein
that has a rim of pyrite. d1 Subhedral to anhedral coarse-grained pyrite from sample 55R1. Pyrite analyzed

occurs in the matrix intergrown with pyrophyllite, quartz and anhydrite. e Core section 65R1 (313.9 mbsf)
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containing pyrophyllite + illite + anhydrite + pyrite with a massive-to-equigranular texture. el Coarse-
grained anhedral pyrite from sample 65R1. f Core section 83R1 (400.3 mbsf) has a massive texture
containing chlorite + quartz + illite + anhydrite with disseminated pyrite. f1 Aggregate of euhedral pyrite
from sample 83R1 associated with chlorite and quartz. The location of pyrite grains within the drill core

samples are shown by the red boxes.

Figure 4: Representative pyrite from the Upper Cone (a-c) and NW Caldera (d-f) that has been etched for
90 s using NaOCI. a Subhedral pyrite with no internal zonation. b Aggregate of fine-grained pyrite with
boundaries between different sub-grains visible. ¢ Pyrite showing oscillatory zonation with a late
overgrowth of fine-grained pyrite. d Pyrite with oscillatory zonation that is parallel to the grain margin. e
Pyrite with oscillatory zonation that is sub-parallel to the grain margin. f Subhedral pyrite with random

zonation toward the core (inset image: close-up of zonation).

Figure 5: Pyrite grains from the Upper Cone site (Site U1528). 1: Photomicrograph under reflected light.
2: The same grain etched for 90s using NaOCI. 3: Analytical transects of SIMS points shown in image 2
(red, blue and green dots). The shaded green area represents +1c and the green line is the median. al Core
section 23R1. A euhedral pyrite grain with a late, fine-grained pyrite overgrowth. a2 Pyrite showing
oscillatory zonation that is parallel to the grain margin with an overgrowth of fine-grained pyrite that
appears blue-green in color. a3 All §*S values plot within error of, or below, 0%o with the core of the grain
slightly enriched in S compared to the margin. b1 Core section 49R2. Pyrite is subhedral with a porous
region containing anhydrite inclusions. b2 The grain does not show any internal zonation when etched. b3

All 8*4S values are below 0%o with the area that is inclusion-rich containing the lowest S values.

Figure 6: Pyrite from chlorite-rich alteration at the NW Caldera site. 1: Photomicrograph under reflected
light. 2: The same grain etched for 90s using NaOCI. 3: Analytical transects of SIMS points shown in image
2 (red, blue and green dots). The shaded green area represents =16 and the green line is the median. al Core
section 1R1. Pyrite shows a resorbed inner core overgrown by multiple generations of pyrite forming an
inner porous zone and an outer massive zone. a2 The etched grain shows multiple growth zones, mostly
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within the outer zone. a3 The grain core contains the lowest %S values compared to the inner zone that
contains higher values. b1 Core section 5R1A. Euhedral pyrite overgrown at its margins by a late generation
pyrite. b2 The contact between early pyrite and late pyrite is delineated by a blue-yellow color with multiple
zonation seen in the late pyrite. b3 The core of the euhedral grain contains higher %S values compared to
g margin. The zone that appears blue-yellow in B2 contains the highest 5*S values that decrease toward
the grain margin. c1 Core section 5R1B. Euhedral pyrite grain. c2 The core of the grain appears yellow-
blue, with oscillatory zonation present. c3 The core of the grain contains high %S values relative to the
margin. d1 Core section 83R1. Subhedral pyrite grain. d2 Weak oscillatory zonations in the center of the
grain and a sub-grain of pyrite that appears yellow-orange in color. d3 %S values decrease across the grain

with only a single point greater than 0%o.

Figure 7: Pyrite grains from pyrophyllite + illite alteration at the NW Caldera. 1: Photomicrograph under
reflected light. 2: The same grain etched for 90s using NaOCI (RC = relict core). 3: Analytical transects of
SIMS points shown in image 2 (red, blue and green dots). The shaded green area represents +1c and the
green line is the median. al Core section 55R1. Anhedral pyrite. a2 No clear oscillatory zonation is visible
- irregular bright zones occur in the core of the grain. a3 All 5*S values plot at <0%o, with the region of
bright zonations having higher %S values compared to the grain margin. b1 Core section 65R1, grain A.
The pyrite grain has an anhedral morphology and contains an inclusion of Fe-oxide (FeOx). b2 Complex
internal zonation delineated by orange zones, especially in the grain core. A sub-grain occurs in the upper
part of the grain. b3 A highly heterogeneous sulfur isotope composition with no clear trend with respect to
the core, or margin of the grain. c1 Close-up of the grain core shown in b2. The center of the core has
undergone dissolution leaving a void. c2 The core appears brighter in color with distinctive oscillatory
changes in color. Towards the margin of the grain, the brighter zones become highly irregular. ¢3 The
“bright band” in image c2 coincides with a large excursion in §**S values from positive to negative. d1 Core
section 65R1, grain B. Subhedral coarse-grained pyrite. d2 A relict core is delineated by oscillatory orange

zonation. Irregular bright yellow-orange zonations are visible at the margin of the grain. d3 The center of
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the pyrite grain is enriched in 3S relative to the margin. el Core section 65R1, grain C. Anhedral pyrite
grain. e2 Etching shows oscillatory orange zones that delineate a relict core. €3 The §*S composition is
highly variable across the grain with a high %S values in the core mantled by a zone of low §*S values

that progressively increase toward the margin of the grain. RC = relict core.

Figure 8: Element distribution maps of pyrite from core section 23R1 of the Upper Cone site. a Cu, b Sb,

c Se, d As, e Co. The highest relative Sb and Cu contents occur along oscillatory growth zones.

Figure 9: Element distribution maps of pyrite from core section 1R1 (a-c) and 5R1 grain A and B (d-f) from
near-seafloor, chlorite-rich alteration (<30 mbsf) at the NW Caldera site. a As, b Sh, ¢ Cu. Arsenic, Sb and
Cu content is highest along boundaries between different pyrite generations. Copper occurs as mineral
inclusions (Cp- chalcopyrite). d As, e Sb, f Cu. Arsenic content is high at the interface between the euhedral
pyrite and later overgrowths. Antimony does not exhibit any visible zonation. Copper is slightly higher in

pyrite overgrowths.

Figure 10: Element distribution maps of pyrite from core section 55R1 and 65R1 from a pyrophyllite-rich
alteration zone at the NW Caldera site. a-e Core section 55R1. a Co, b As, ¢ Cu, d Se, e Sh. Randomly
oriented zones of high Co content occur in the core of the grain. No detectable zonation occurs for Cu, As,
Se or Sh. f-h Core section 65R1, grain A. f Co, f* Co map of the grain core, g Cu, h As. The core of the
grain has the highest Co content. Bright zones identified by etching are Co-rich. Copper does not correlate
with Co content and is higher at the edge of the grain. i-k Core section 65R1; grain B. i Co, j As, k Cu. The
core of the grain has high As and Cu contents and is mantled by a zone of high Co content. Cobalt is also
enriched in zones that contain bright orange zonation when etched. I-p Core section 65R1, grain C. | Co, m
As, nCu, 0 Se, p Sh. The core of the grain is enriched in Co with Co-rich oscillatory zonation that correlates
with bright orange bands in the etched image. Arsenic, Se and Sb do not show any internal variation. Cu

occurs as mineral inclusions (Cp= chalcopyrite).
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Figure 11: Summary of pyrite sulfur isotope data for Brothers volcano. The variation in §**S values across
individual pyrite grains is greater than the total amount of variation from all bulk rock analyses. Pyrite from
pyrophyllite + illite samples shows the most inter-grain variation (Bulk Py: de Ronde et al. 2003, 2005,
2011; SIMS Py: Martin et al. 2022a). Boxes = upper and lower guartile, black line = median, X = average,

circles = data points, whiskers = minimum and maximum.

Figure 12: Schematic summary of key processes that influence the distribution of trace metals and sulfur
isotope composition of pyrite at Brothers volcano. NW Caldera: a Exsolution of a magmatic brine (~40
wt.% NaCl equivalent; de Ronde et al. 2019a) directly from a volatile-saturated magma. b Dilution of
magmatic brine by seawater-derived hydrothermal fluids and precipitation of pyrite with Co-enriched cores
with 8%S values >0%o. Pyrite grains undergo dissolution leading to an anhedral morphology.
Disproportionation of degassing SO is ongoing. ¢ Pyrite from chlorite-rich alteration does not show
pronounced internal zonations due to fluid overprinting and metal remobilization; sulfur is sourced from
TSR, leaching of host rocks and SO- disproportionation. d Near seafloor pyrite (<30 mbsf) contains As
(Sb)-rich zones with %S values >0%o produced during shallow subseafloor mixing of seawater with
hydrothermal fluid. Upper Cone: e Formation of pyrite with no visible zonation with §*S values that are
<0%o, indicating sulfur is sourced primarily from magmatic volatile degassing where SO, undergoes
disproportionation. Magmatic fluids are low-salinity and have a low potential to transport metals. f Some
pyrite grains exhibit oscillatory zonation with a coupled relationship between Cu and Sb that is linked to
magmatic volatile influx. Sulfur isotope ratios are <0%o but have higher values than samples located deeper

in the system, reflecting the addition of some sulfur from TSR and leaching of wall rocks.

Table Captions

Table 1: Summary of the sulfur isotopic composition of pyrite grains analyzed in this study. *denotes all

analyses for the mineral grain — see Figure 7. Nalu + Prl = natroalunite + pyrophyllite, Chl + Qtz = chlorite
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1085  + quartz, Prl + Il = pyrophyllite + illite. For an example of magmatic pyrrhotite grains analyzed, see ESM

1086 3. Full data in ESM, Table Al.
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Table_1

Sample/Location n Median (%o) Average (%o) c Max (%o) Min (%o)
Upper Cone — Nalu + Prl

23R1 11 -1.4 -1.5 1.1 0.2 -3.4
49R2 15 -5.9 -6.1 1.3 -4.2 -8.1
NW Caldera — Chl + Qtz

1R1 12 -1.1 -1.1 2.1 1.7 -4.5
5R1 (A) 9 -0.5 0.0 2.1 34 -2.6
5R1 (A) 5 0.2 0.5 1.2 1.8 -1.6
83R1 14 -4.0 -3.9 2.4 0.7 -7.5
NW Caldera — Prl + 1l

55R1 14 -3.2 -3.9 2.2 -1.0 -8.9
65R1-A 8 -2.9 -2.9 3.0 1.2 -6.9
All analyses (65R1-A) (14%) (-2.9) (-2.4) (3.0) (2.8) (-6.9)
65R1-A-Core 9 1.3 1.3 1.9 4.1 -2.1
65R1-B 9 3.3 1.3 3.0 4.0 -5.9
All analyses (65R1-B) (14%) (3.3) 0.7) (4.0 (4.0) (-5.9)
65R1-C 17 -0.1 -0.6 2.8 4.6 -5.3
Magmatic sulfide blebs

Unaltered samples 15 0.2 0.9 2.4 6.7 -3.1
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