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Abstract

Sampling of paired black smoker chimney linings and seafloor hydrothermal vent fluids supports the development of trace
element proxies for sulfide mineral deposition environments by facilitating analyses of trace element partitioning between min-
eral and fluid phases under well-constrained physiochemical conditions. Here, concentrations of Co, Ni, Ga, Ag, and In in
chalcopyrite lining 22 black smoker chimneys (29 for Co, Ag, and In) are measured using secondary ion mass spectrometry
(SIMS) calibrated against inductively coupled plasma mass spectrometry (ICP-MS) and NIST-traceable reference solutions.
To provide additional data on the trace element concentrations of vent fluid pairs for 19 of the 29 black smoker chimney lin-
ings investigated, this paper also presents new ICP-MS data for 33 hydrothermal vent fluids collected from the Tahi Moana-1,
ABE, Tu’i Malila, and Mariner vent fields on the Eastern Lau Spreading Center and Valu Fa Ridge.

The chalcopyrite black smoker chimney linings investigated represent a variety of temperature (269–395 �C), chemical
(e.g., pH (at 25 �C) = 2.3–4.4), and geologic conditions. Electron microprobe results indicate that mineral stoichiometry
ranges from stoichiometric chalcopyrite to mol Cu : mol Fe = 0.65. Trace element concentrations obtained by SIMS are:
Co (<2 ng/g–760 lg/g), Ni (<17 ng/g–454 lg/g), Ga (<0.9 ng/g–48 lg/g), Ag (60 lg/g–3800 lg/g), In (<0.5 ng/g–270 lg/g).
Concentrations of Ag in chalcopyrite strongly correlate with the free ion activity ratio of {Ag+}:{Cu+} in paired vent fluids,
with high Ag concentrations in chalcopyrite indicating formation from near neutral vent fluids containing low Cu concentra-
tions or low-pH vent fluids with high Ag concentrations attributable to subsurface Ag remobilization. Chalcopyrite with low
Ag precipitates from low-pH Cu-rich fluids unaffected by extensive Ag remobilization. Concentrations of Ga and In in chal-
copyrite exhibit a negative trend with vent fluid pH, possibly reflecting the strength of Ga and In OH� complexes. Thus, Ga
and In concentrations differentiate Ag-rich chalcopyrite formed from near-neutral Cu-poor vent fluids or that formed from
Ag-rich low-pH vent fluids. In contrast, Co and Ni exhibit no trend with fluid data, but correlate with mineral Cu:Fe ratios,
possibly reflecting the greater availability of Fe(II) lattice sites or paired substitution of 2+ ions.

Overall, this study demonstrates the potential of paired vent fluid and black smoker chimney samples to provide insight
into the partitioning of trace elements in sulfide mineral deposition environments and related proxies of important fluid
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parameters such as pH and metal concentrations. This study also demonstrates the utility of SIMS to precisely analyze trace
elements in chalcopyrite at high spatial resolutions and low detection limits.
� 2019 Published by Elsevier Ltd.
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Fig. 1. (A) Schematic representation of a black smoker chimney
showing massive sulfide chimney lining in contact with hydrother-
mal vent fluids (J. Doucette, WHOI Graphic Services, after
Haymon, 1983). (B) Photomicrograph of sample J2-216-16-R1
(Fenway, F3) showing scale of SIMS spots. Photomicrograph was
taken following SIMS measurements and removal of gold coating.
The fluid conduit adjascent to the chimney lining has been filled
with epoxy.
1. INTRODUCTION

Deep-sea hydrothermal vents are unique locations where
actively forming seafloor massive sulfide (SMS) deposits
and venting hydrothermal fluids can be directly accessed
and sampled. However, SMS deposits and hydrothermal
vent fluids are often sampled, analyzed, and reported in
separate studies causing information about the correspon-
dence between SMS deposit chemistry and corresponding
hydrothermal vent fluids to be lost or overlooked. System-
atic collection and analyses of paired SMS deposit and
hydrothermal fluid samples provide detailed constraints
on the formation conditions of SMS deposits. For example,
previous studies have quantitatively investigated the frac-
tionation of stable sulfur and metal isotopes and the parti-
tioning of trace elements between hydrothermal fluids and
sulfide minerals (e.g., Ono et al., 2007; Rouxel et al.,
2008; John et al., 2008; McDermott et al., 2015).

To further investigate trace element partitioning
between hydrothermal vent fluids and sulfide mineral
deposits, this study focuses on precise trace element analy-
ses of the innermost linings of black smoker chimneys.
Because these linings formed in direct contact with venting
hydrothermal fluids, their chemistry can be expected to
reflect the physiochemical conditions imposed by the fluids.
Previous analyses of several of the black smoker chimney
linings investigated here have shown that these linings are
in close sulfur-isotopic equilibrium with corresponding
hydrothermal vent fluids (McDermott et al., 2015).

Models for the formation of black smoker chimney
deposits typically differentiate between two major stages
of deposit formation (Haymon, 1983; Goldfarb et al.,
1983). First, heating of seawater by venting hydrothermal
fluids leads to the precipitation of an initial chimney wall
dominantly composed of anhydrite (CaSO4), with metal
sulfide minerals occurring as interstitial grains. Following
physical and chemical separation of venting hydrothermal
fluids from surrounding seawater by the initial chimney
wall, a second stage of black smoker chimney formation
is characterized by precipitation of a massive sulfide lining
along the interior surface of the chimney wall and concen-
tric zonation within the wall as minerals continue to dis-
solve and precipitate according to steep temperature and
chemical gradients (Fig. 1A). Above �250 �C, second-
stage massive sulfide linings typically contain chalcopyrite
(CuFeS2) or a Cu-Fe-S intermediate solid solution with a
chemical composition between that of chalcopyrite and
isocubanite (CuFe2S3) (Haymon, 1983; Goldfarb et al.,
1983). Zinc-iron sulfides ((Zn, Fe)S) such as wurtzite and
sphalerite are also common, especially at lower tempera-
tures. Iron-sulfides, pyrite/marcasite (FeS2) and pyrrhotite
(Fe(1�x)Sx), are likewise common within chimney walls,
but are rarely found along the interior surfaces of black
smoker chimneys in direct contact with hydrothermal vent
fluids.

Previous studies have noted a close correspondence
between the mineralogy of second-stage black smoker
chimney linings and vent fluid characteristics including tem-
perature, sulfur fugacity, and pH (e.g., Tivey, 1995; Tivey
et al., 1999; Kawasumi and Chiba, 2017; Evans et al.,
2017). However, these mineralogical indicators can only
distinguish between broad categories of temperature and
chemical composition. Analyses of trace elements in black
smoker chimney linings provide an additional and poten-
tially more precise indicator of vent fluid temperatures
and chemistry. For example, the Fe content of sphalerite
and wurtzite has been demonstrated to closely reflect vent
fluid temperature and sulfur fugacity, which is subsequently
indicative of vent fluid H2 concentrations (e.g., Hannington
et al., 1995; Keith et al., 2014; Kawasumi and Chiba, 2017).
Similarly, the trace element contents of pyrite in SMS
deposits have been related to the physiochemical parame-
ters of hydrothermal fluids, which are in turn related to geo-
logic processes including fluid-sediment reactions, phase
separation, subsurface mixing with seawater, and magmatic
volatile inputs (Keith et al., 2016). Such successes motivate
the search for additional trace element proxies concerning
fundamental vent fluid characteristics such as temperature,
pH, and elemental concentrations.

The concentrations of many trace elements in chalcopy-
rite (and Cu-Fe-S intermediate solid solutions) along the
innermost linings of black smoker chimneys are at or below
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the �100 s molar parts per million detection limits of elec-
tron microprobe (e.g., Tivey et al., 1995; Tivey et al., 1999;
Craddock, 2009; Evans et al., 2017). Techniques that offer
lower detection limits, such as laser ablation-inductively
coupled plasma-mass spectrometry (LA-ICP-MS), proton
microprobe (PIXE), and secondary ion mass spectrometry
(SIMS), have also been used to investigate the composition
of black smoker chimney linings (e.g., Butler and Nesbitt,
1999; Ryan, 2001; Layne et al., 2005). However, these stud-
ies have been hampered by a lack of suitable matrix-
matched reference materials meaning that results must be
reported in relative rather than absolute concentrations
(e.g., Butler and Nesbitt, 1999; Layne et al., 2005). More
recently, some LA-ICP-MS measurements of trace elements
in sulfide minerals have been calibrated using pressed sul-
fide powder precipitates, doped Li-borate glasses, or syn-
thetic sintered doped sulfides (Maslennikov et al., 2009,
Danyushevsky et al., 2011; Wohlgemuth-Ueberwasser
et al., 2015). While these methods offer more reliable results
reported as absolute concentrations, understandings of the
relationship between concentrations of trace elements in
hydrothermally precipitated sulfide minerals and corre-
sponding hydrothermal fluids remain imprecise.

This study investigates relationships between the trace
element contents of copper-iron sulfide minerals (primarily
chalcopyrite) in black smoker chimney linings and paired
hydrothermal vent fluids from a selection of seafloor
hydrothermal vent fields exhibiting a variety of temperature
and chemical characteristics. Trace element concentrations
in black smoker chimney linings were measured using
SIMS, which offers sufficiently high spatial resolution (spot
diameter = 40 lm) and low detection limits (�1 ng/g) to
analyze generally fine-grained and trace-element poor sam-
ples (Fig. 1B). To calibrate SIMS measurements against
matrix-matched references materials, chalcopyrite grains
were carefully picked from a subset of the black smoker
chimney linings and analyzed by solution inductively cou-
pled plasma mass spectrometry (ICP-MS) calibrated
against NIST-traceable reference solutions. To normalize
SIMS secondary ion ratios against major element concen-
trations and to investigate possible effects of mineral stoi-
chiometry on trace element concentrations, selected
samples were additionally analyzed by electron microprobe.
The resulting data and comparisons between the trace ele-
ment contents of black smoker chimney linings and the
physiochemical parameters of paired hydrothermal vent
fluids makes it possible to search for and identify trace ele-
ment proxies of vent fluid parameters recorded in the chem-
istry of black smoker chimney linings.

2. SAMPLE DESCRIPTION

2.1. Black smoker chimney linings

Black smoker chimney linings were obtained from sam-
ples stored at the Woods Hole Oceanographic Institution
(WHOI). These samples were originally collected from
active seafloor vent fields including those along the south-
ern East Pacific Rise between 17�340S and 17�370S (AT-
03, Leg 28), the Main Endeavour Field on the Juan de Fuca
Ridge (AII-118, Leg 22; AT-03, Leg 30), the Lucky Strike
vent field on the Mid-Atlantic Ridge (DIVA1), the Beebe/
Piccard vent field on the Mid-Cayman Rise (AT18-16),
the Vienna Woods, Fenway, Satanic Mills, Roman Ruins,
Roger’s Ruins, Suzette, and North Su vent fields in the
Manus Basin (MGLN06MV), and the Tahi Moana-1,
ABE, Tu’i Malila, and Mariner vent fields in the Lau Basin
(TN236; RR1507). Together, these samples represent a
variety of geologic settings including fast-spreading (south-
ern East Pacific Rise), intermediate-spreading (Endeavour
Segment of the Juan de Fuca Ridge), slow-spreading
(Lucky Strike), and ultraslow-spreading (Mid-Cayman
Rise) mid-ocean ridges, and back-arc basins (Lau Basin
and Manus Basin), covering a range of vent fluid tempera-
tures (274–395 �C), pH (pH25�C = 2.3–4.4), and metal con-
centrations (Table 1 and references therein). Black smoker
chimney samples from the Main Endeavour Field include
those collected prior to the seismic swarm and inferred tec-
tonic/volcanic event that occurred in 1999 (Alv1931) and
immediately following (Alv3474-3-1 and Alv3480-4;
Johnson et al., 2000). This event led to changes in the tem-
perature and composition (pH, chlorinity, dissolved H2) of
hydrothermal fluids venting at the Main Endeavour Field
including a temporary increase in temperature and
decreases in chlorinity and pH (Seewald et al., 2003;
Seyfried et al., 2003; Lilley et al., 2003).

2.2. Hydrothermal vent fluids

This study additionally presents new data on the concen-
trations of trace elements in hydrothermal vent fluids from
the Tahi Moana-1, ABE, Tu’i Malila, and Mariner vent
fields sampled during cruises TN236 (2009, R/V Thomp-
son) and RR1507 (2015, R/V Roger Revelle). These vent
fields are located along the Eastern Lau Spreading Center
(ELSC) and Valu Fa Ridge (VFR) back-arc spreading cen-
ters in the Lau Basin of the southwestern Pacific Ocean
(Ferrini et al., 2008; Evans et al., 2017). Published data
for fluids paired with black smoker chimney samples from
the southern East Pacific Rise include temperature, pH,
and major element concentrations, but do not include con-
centrations of Co, Ni, Ga, Ag, or In (O’Grady, 2001). More
comprehensive trace element data are available for vent flu-
ids collected from the Main Endeavour Field in 1999 (Co,
Ni, and Ag; Seyfried et al., 2003), the Manus Basin in
2005 (Co and Ag; Craddock, 2009), and the Beebe/Piccard
vent field in 2012 (Co; McDermott et al., 2018).

3. METHODS

3.1. Hydrothermal vent fluids

3.1.1. Sample collection and shipboard analyses

Hydrothermal vent fluids from the actively venting Tahi
Moana-1, ABE, Tu’i Malila and Mariner vent fields were
collected using the remotely operated vehicle, Jason II.
One to three fluid samples from each vent were collected
in 150 mL isobaric gas-tight (IGT) samplers (Seewald
et al., 2002). Vent fluid temperatures were measured using
a thermocouple mounted on the inlet snorkel of the IGT



Table 1
Vent Fluid and Black Smoker Chimney Sample Information. Samples in bold were used to generate callibration curves for secondary ion mass spectrometry (SIMS). References for lithology are:
(a) Krasnov et al. (1997); (b) Karsten et al. (1990); (c) Langmuir et al. (1997); (d) Elthon et al. (1995); (e) Sinton et al. (2003); (f) Binns and Scott (1993); Kamenetsky et al. (2001); Sinton et al.
(2003); (g) Jenner et al. (1987); Frenzel et al. (1990); Vallier et al. (1991); Fouquet et al. (1993); Martinez and Taylor (2002); Langmuir et al. (2006); Bézos et al. (2009); Escrig et al. (2009).
References for fluid chemistry are: (h) O’Grady (2001); (i) Seyfried et al. (2003); (j) McDermott et al. (2018); (k) Reeves et al. (2011); (l) Mottl et al. (2011); (m) Seewald (2017); (n) This Paper. E-
MORB = enriched mid-ocean ridge basalt; cp = chalcopyrite; cb = cubanite; cp/wz = intergrown chalcopyrite and wurtzite; cp/py = intergrown chalcopyrite and pyrite; mm = mmol/kg vent
fluid; lm = lmol/kg vent fluid; nm = nmol/kg vent fluid.

Region, Lithology Chimney Lining Vent Data Temp. pH Cl H2S Fe Cu Co Ni Ga Ag In
Vent Field Year Sample Mineral Fluid Source (�C) (25�C) mm mm lm lm nm nm nm nm nm

Southern East Pacific Rise, basalta

17�34’S 1998 Alv3299-6-1 cp Hobbes

17�37’S 1998 Alv3288-5-1a cp Simon 337 3.4 751 3.5 5300 51
17�37’S 1998 Alv3296-2-2a cp Maggie
17�37’S 1998 Alv3296-3 cp Wally

17�37’S 1998 Alv3296-5-1a cp Homer

Juan de Fuca Ridge, basaltb

MEF 1987 Alv1931 cp none

MEF 1999 Alv3474-3-1 cp Sully99 h 379 3.6 39 20 400 12 100 2000 4

MEF 1999 Alv3480-4 cp none

Mid-Atlantic Ridge, E-MORBc

Lucky Strike 1994 DV1-5B cp none

Mid-Cayman Rise, basaltd

Beebe / Piccard 2013 J2-613-16-R1 cb BB5 i 395 3 351 0.01 6500 172 1000

Manus Spreading Center, basalte

Vienna Woods 2006 J2-207-1-R1 cp/wz VW1 j 282 4.4 691 1.4 159 4 45 38

Eastern Manus Basin (PACMANUS), felsicf

Fenway 2006 J2-210-7-R2 cp none
Fenway 2006 J2-216-16-R1 cp F3 j 358 2.7 562 18.8 12950 138 517 290
Satanic Mills 2006 J2-214-3-R1 cp SM3 j 288 2.5 503 10.2 1298 140 10 75
Roman Ruins 2006 J2-208-1-R1 cp RMR1 j 314 2.3 632 7.5 6731 165 234 720
Roger’s Ruins 2006 J2-213-6-R1 cp RGR1 j 320 2.7 648 3.6 4610 213 29 223

Eastern Manus Basin (Susu Knolls), felsicf

Suzette 2006 J2-217-2-R1 cp SZ1 j 303 3.8 626 1.8 720 53 230 35
Suzette 2006 J2-217-10-R1 cp SZ2 j 274 3.6 684 1.8 880 27 101 60
Suzette 2006 J2-219-2-R1 cp none
North Su 2006 J2-223-1-R1 cp NS3 j 300 3.4 673 3.4 2390 108 1003 52
North Su 2006 J2-227-10-R1 cp none

Eastern Lau Spreading Center, felsicg

Tahi Moana-1 2009 J2-450-3-R1 cp/wz TMo5 k,m,n 310 3.7 555 3.3 278 6 115 361 2 26
ABE 2009 J2-449-6-R1 cp/py A10 k,m,n 317 3.9 543 3.9 168 10 80 108 10 14
ABE 2009 J2-449-5-R1 cp/wz A11 k,m,n 306 4.0 552 2.7 139 9 73 178 6 6
ABE 2015 J2-815-5-R1 cp/wz A16 l,m,n 300 4.0 546 3.7 67 4 98 200 62 0 40
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sampler. Following shipboard recovery, fluid samples were
analyzed for pH at room temperature using a Ag/AgCl
combination reference electrode that was calibrated daily.
Aliquots for major element and trace metal analyses were
transferred to acid-washed high-density polyethylene
(HDPE) NalgeneTM bottles and aliquots for trace metal
analysis were acidified with analytical-grade OptimaTM

HCl prior to storage. In many fluid samples a precipitate
‘‘dregs” fraction formed upon initial collection and cooling
of the sample. This was recovered from the inside of the
IGT sampling bottle by rinsing with Milli-Q filtered water
and high-purity acetone; precipitates were collected on
0.22 lm pore-size, 44 mm diameter Nylon filters.

3.1.2. Digestion of dregs and filter fractions

Aliquots of hydrothermal fluid samples for minor and
trace element analysis by ICP-MS were filtered into HDPE
NalgeneTM bottles through 0.22 lm pore-size, 22 mm diam-
eter Nuclepore� nylon filters to remove additional precipi-
tates (a.k.a. the ‘‘filter” fraction) that might have formed
during storage. Syringes, filters, filter units, and fluid han-
dling equipment were all acid-cleaned with 0.8 M HNO3

prepared from analytical grade Optima� HNO3 (Thermo
Fisher Scientific, Agawam, MA) and Milli-Q filtered water.
Visible particles sticking to the sides of laboratory vessels
were transferred with the aid of Milli-Q filtered water and
high-purity ethanol. Precipitate filter and dregs fractions
were then digested in reverse aqua regia (three parts 16 M
analytical grade Optima� HNO3 to 1 part 12 M analytical
grade Optima� HCl by volume) in SavillexTM digestion vials
and left at 70 �C until dry. Samples were then brought up in
5 mL of 0.8 M HNO3 and left to dry a second time to
remove any remaining HCl. Finally, these samples were
brought up in 30 mL 0.8 M HNO3 and stored in HDPE
Nalgene� bottles prior to analysis.

3.1.3. Major and trace element analysis

Analyses of major elements (Na, K, Li, Ca, Mg) were
conducted on diluted samples of dissolved aliquots of
hydrothermal fluids by ion chromatography at WHOI.
Analyses of minor elements (Fe, Mn) and trace elements
(Cr, Co, Ni, Cu, Zn, Ga, Rb, Mo, Ag, Cd, In, Sn, Cs,
Au, and Pb) were carried out on diluted samples of ‘‘dis-
solved” fractions and digested ‘‘filter” and ‘‘dregs” fractions
using the Element 2 inductively coupled plasma mass spec-
trometer at the Plasma Mass Spectrometry Facility at
WHOI.

To calculate the metal concentrations of the initial
hydrothermal fluid venting at the seafloor, the separate
contributions of the dregs-, filter-, and dissolved fractions
were summed. Data were then extrapolated from the com-
position of local seawater to an endmember hydrothermal
composition containing zero-Mg (Von Damm et al., 1985;
Trefry et al., 1994; Metz and Trefry, 2000). While this
method is generally effective, significant uncertainties arise
when mineral deposit particles are inadvertently entrained
during vent fluid sampling. Furthermore, recovery of
dregs and filter fractions can be incomplete. If multiple
fluid samples have been taken from the same vent, then
the quality of fluid sampling can be confirmed if multiple
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Fig. 2. Mass vs. secondary ion intensity for the relevant mass intervals containing 59Co+, 60Ni+, 69Ga+, 63Cu16O+, 109Ag+, and 115In+. Peaks
appear as measured in chalcopyrite from the innermost lining of black smoker chimney sample Alv3299-6-1 from the 17�340S vent field on the
southern East Pacific Rise. Mass resolving power is �10,000. Actual masses of target ions and those of potential interferences are labeled as
calculated from tables in Berglund and Wieser (2011).
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samples extrapolate to similar zero-Mg endmember con-
centrations. Alternatively, likely sampling artifacts can
be identified if multiple samples extrapolate to extremely
different endmember compositions. In some cases, the
likely quality of fluid sampling can also be inferred by
comparison with replicate samples from the same vent
field that exhibit similar temperature, pH, chlorinity, etc.
However, if only one fluid sample has been taken from
a given vent, the quality of fluid sampling cannot be
definitively determined.
3.2. Black smoker chimney linings

3.2.1. Sample collection and preparation

Black smoker chimney samples were collected from
active seafloor vent fields using the manipulator grab arms
of the remotely operated vehicle, Jason II, or the human
occupied vehicles Alvin or Nautile. SMS deposit samples
were photographed and air-dried following shipboard
recovery and transferred to climate-controlled storage upon
arrival at WHOI.



Table 2
Machine settings, typical secondary ion intensities, and associated errors for secondary ion mass spectrometry (SIMS) analyses of Co, Ni, Ga,
Ag, and In in chalcopyrite. cps = counts per second.

Source Duoplasmatron O2
�

Primary Beam Current 10nA
Secondary Accelerating Voltage 10 kV
Energy Offset None
Field Aperture 22 � 22 lm
Raster Area 20 � 20 lm
Spot Diameter 40 lm
Mass Resolving Power �10,000
Number of Cycles 10
Pre-sputter time 300 s
Integration Time, Trace elements and background 10 s
Integration Time (63Cu16O+, 54Fe16O+, 64Zn16O+) 5 s
Secondary Ion Intensity on 63Cu16O+ (1000 cps) 5–10
Relative Standard Deviation of Ion Intensity on 63Cu16O+ 10%
Counting Errors on 63Cu16O+ (%) 0.50%
Secondary Ion Intensity on background mass 54.7 (cps) <0.1
Detection Limit (background + 3 � standard deviation) 0.25 cps (5 � 10�5 cps/63Cu16O+ cps)
Determination Limit (background + 10 � standard deviation) 0.6 cps (1.2 � 10�4 cps/63Cu16O+ cps)
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3.2.2. Electron microprobe analysis

Electron microprobe analyses of black smoker chimney
linings were conducted using the JEOL JXA-8200 at the
Massachusetts Institute of Technology Electron Micro-
probe Facility. Analyzed spots were located along the
innermost edges of black smoker chimneys adjacent to fluid
conduits in areas free of visible inclusions and preferably
next to the circular pits left by SIMS analyses. Concentra-
tions of Cu, Fe, and S were calibrated against an in-house
chalcopyrite (CuFeS2) reference material. Count times were
40 s for each element. As evaluated by multiple measure-
ments on the same sample, measurement precision is
�0.5 wt%. Mass totals of accepted analyses are between
99 wt% and 101 wt%. Analyses of Co, Ni, and Ag were also
attempted. However, concentrations of these elements are
generally below detection limits and do not offer quantita-
tive analyses.

3.2.3. Secondary Ion Mass Spectrometry (SIMS)

In preparation for SIMS analysis, black smoker chim-
ney samples were cut, mounted in epoxy, polished to
1 lm grit with diamond and/or alumina abrasives, and gold
coated. Trace element analyses were obtained using the
Cameca IMS 1280 ion microprobe at the Northeast
National Ion Microprobe Facility at WHOI. Secondary
ion intensities were measured for 59Co+, 60Ni+, 69Ga+,
109Ag+, 113In+, and 115In+. Secondary ion intensities of
trace elements are reported as a ratio against the secondary
ion intensity of 63Cu16O+, which was found to be more
stable than that of 54Fe16O+. Measurements of 75As+ and
74Ge+ were also attempted. However, 75As+ was found to
be heterogeneous in chalcopyrite and ion intensities for
74Ge+ were below detection limits in all black smoker chim-
ney samples investigated.

Spot sizes of �40 lm enabled analyses of the innermost
linings of black smoker chimneys, including samples with
finely intergrown chalcopyrite and wurtzite or chalcopyrite
and pyrite. A typical mass resolving power of �10,000
enabled adequate peak separation (Fig. 2). Detection limits
were set at three standard deviations above the mean ion
intensity measured on background mass 54.7. This was
evaluated to be 0.25 counts per second (cps) or 5 � 10�5

cps/cps 63Cu16O+. Quantitative determination limits were
set at ten standard deviations above the mean secondary
ion intensity measured on the background mass 54.7. This
was evaluated to be 0.6 cps or 1.2 � 10�4 cps/cps
63Cu16O+. Machine settings, typical secondary ion intensi-
ties and associated errors for 63Cu16O+, detection limits,
and determination limits are listed in Table 2.

To monitor for possible wurtzite/sphalerite and/or pyr-
ite inclusions, intensities on masses corresponding to
54Fe16O+ and 64Zn16O+ were also measured. Likely sputter-
ing of mineral inclusions was particularly notable in black
smoker chimney linings composed of intergrown chalcopy-
rite and wurtzite. Accordingly, spots with anomalously high
64Zn16O+ intensities and correspondingly low 63Cu16O+

intensities were removed from the dataset prior to statistical
analysis. For each black smoker chimney sample, sample
means and standard errors were calculated over the total
number of measurements on that sample in each analytical
session. Reported trace element ratios obtained during dif-
ferent sessions were then reconciled by reference to com-
mon samples analyzed during multiple sessions. During
each session, black smoker chimney samples shown to be
homogeneous with respect to several of the trace elements
of interest were used as provisional reference materials to
monitor machine stability using the sample-standard brack-
eting method (typically five sample spots bracketed by two
standard spots). The standard error of secondary ion ratios
measured on these provisional reference materials was typ-
ically <15% of the mean secondary ion ratio.

Additional statistical modeling of SIMS results in the
construction of calibration curves and subsequent compar-
isons with fluid or mineral parameters were carried with
Microsoft Excel software using the LINEST and other
appropriate functions. The number of samples (n) was



Table 3
Inputs (vent fluid temperature, pH (at 25 �C), and major element concentrations) and outputs (in situ pH, fO2, and fS2) of EQ3/6 thermodynamic modeling for vent fluid pairs of black smoker
chimney linings analyzed by SIMS. Data for vent fluids from the Eastern Lau Spreading Center and Valu Fa Ridge are from Seewald (2017), Evans et al. (2017), and this paper. Data for vent fluids
in the Manus Basin are from Craddock (2009) and Reeves et al. (2011), data for fluid Sully99 from the Main Endeavour Field are from Seyfried et al. (2003), and data for fluid BB5 from the Beebe/
Piccard vent field are from McDermott (2015). lM= lmol/L vent fluid; mm = mmol/kg vent fluid; lm = lmol/kg vent fluid.

Vent Vent Temp. pH Cl Na Ca K Mn Fe H2S H2 pH log fO2 log fS2
Field Fluid (�C) (at 25 �C) mm mm mm mm lm lm mm lM in situ (calculated)

Eastern Lau Spreading Center

Tahi Moana-1 TMo5 310 3.7 555 405 64.4 19.2 400 280 3.3 114 4.6 �31.7 �10.0
ABE A10 317 3.9 543 437 40.3 24.6 440 170 3.9 63 4.6 �31.6 �9.5
ABE A11 306 4.0 552 446 40.2 24.9 380 140 2.7 114 5.2 �32.1 �10.3
ABE A16 300 4.0 552 449 38.4 25.6 260 67 3.0 114 5.2 �32.7 �10.4

Valu Fa Ridge

Tu’i Malila TM11 315 3.8 652 510 48.7 43.0 380 180 2.8 418 4.5 �32.4 �11.1
Mariner MA9 338 2.4 470 313 43.4 28.3 5200 12,500 8.9 414 3.2 �30.2 �9.3
Mariner MA15 354 2.7 521 370 41.7 30.1 4400 12,500 10.0 78 3.8 �27.4 �7.3

Manus Spreading Center

Vienna Woods VW1 282 4.4 691 509 80.1 21.2 350 150 1.4 43 5.1 �33.7 �10.9

Eastern Manus Basin (PACMANUS)

Roger’s Ruins RGR1 320 2.7 648 489 27.1 81.1 3000 6900 3.6 20 4.0 �30.5 �9.4
Roman Ruins RMR1 314 2.3 632 482 19.8 81.7 4000 5600 7.5 76 2.8 �29.9 �8.3
Satanic Mills SM3 288 2.7 503 398 13.7 68.0 2300 1200 10.2 8 3.0 �31.7 �7.5
Fenway F3 358 2.7 562 407 22.3 76.1 3800 11,800 18.8 407 3.9 �28.5 �8.1

Eastern Manus Basin (SuSu Knolls)

North Su NS3 300 3.4 673 541 30.6 65.0 430 2300 3.4 82 3.9 �32.5 �10.0
Suzette SZ1 303 3.8 626 508 33.8 48.0 270 750 1.8 12 4.1 �35.7 �10.6
Suzette SZ2 274 3.6 684 533 49.4 49.2 370 780 1.8 7 4.0 �33.0 �9.4

Juan de Fuca Ridge

Main Endeavour Field Sully99 379 3.6 39 32 1.9 2.0 90 400 20.0 960 4.3 �28.0 �8.7

Mid-Cayman Rise

Beebe/Piccard BB5 395 3.0 352 313 6.1 11.5 560 6500 12.3 19,200 5.0 �28.7 �10.7
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taken to be the total number of SIMS spot analyses. The
number of distinct sample averages (c) was taken to be
the total number of black smoker chimney linings included
in each comparison.

3.2.4. Digestion and ICP-MS analysis of picked chalcopyrite

grains

To generate SIMS calibration curves, chalcopyrite from
a subset of the black smoker chimney linings analyzed by
SIMS was picked for total acid digestion and analysis by
ICP-MS against NIST-traceable reference solutions. Picked
grains were obtained from the innermost linings of black
smoker chimneys within 1 mm of the main fluid conduit
by coarse crushing with an agate motor and pestle followed
by careful picking with non-metal tools. Sample grains were
then individually examined under a Leica Stereo Zoom 6
Photo microscope and transferred to a separate container
in order to ensure minimally tarnished samples of purest
possible chalcopyrite. Additionally, polished sections of
the same samples were examined under a reflected light pet-
rographic microscope to ensure that samples in this subset
did not contain visible inclusions of other minerals along
the chimney lining.

Samples of picked chalcopyrite grains were weighed to a
precision of �0.05 mg before being digested in reverse aqua
regia (1 part 12 M HCl: 3 parts 16 M HNO3, by volume) in
acid-cleaned Savilllex digestion vials and diluted in 30 mL
of 0.8 M HNO3 before being transferred to Teflon-coated
bottles. Sample solutions were then prepared for measure-
ment by ICP-MS by further diluting aliquots of the
30 mL sample dilutions with 0.8 M HNO3 containing
1 ng/g Sc and 1 ng/g Y as internal spikes to a target
strength of 2 lg/g Cu for trace element analyses and a tar-
get strength of 50 ng/g Cu for major element analyses.

Major and trace element analyses of digested chalcopy-
rite (and cubanite) picks were obtained using the Element 2
(Thermo Fisher Scientific, Waltham, USA) at the Plasma
Mass Spectrometry Facility at WHOI. ICP-MS analyses
were calibrated against serial dilutions of Specpure� plasma
solutions with 0.8 M HNO3 containing 1 ng/g Sc and 1 ng/
g Y as internal spikes. Relative errors of the analysis were
estimated by repeat measurements of the same sample solu-
tion and are generally on the order of 10%.

3.3. Thermodynamic modelling of aqueous complexing

To compare the measured trace element chemistry of
black smoker chimney linings with the hydrothermal fluid
chemistry at in situ temperatures and pressures present at
the seafloor, the activities of aqueous complexes and free
ions were calculated using the EQ3/6 software package
(Wolery, 1992) and thermodynamic data compiled in the
SUPCRT92 database (Johnson et al., 1992) modified as
described by Tivey et al. (1999) and Tivey (2004), which
include the Fe-Cl complex data of Ding and Seyfried
(1992). Thermodynamic data for Co, Ni, and In chloride
complexes and Ga and In hydroxide complexes were
obtained from the SLOP07 database available at
http://geopig3.la.asu.edu:8080/GEOPIGpigopt1.html
(Shock et al., 1997; Sverjensky et al., 1997). Model inputs
are presented in Table 3. The dissociation reaction con-
stants for selected complexes at various temperatures are
listed in Supplementary Table S1.

Of particular interest for the comparison between black
smoker chimney linings and hydrothermal vent fluids is the
calculation of in situ pH, which may be several pH units
above shipboard measurements conducted at 25 �C. In con-
trast, calculations of in situ pH have been shown to be
within 0.1–0.4 units of in situ measurements of vent fluid
pH conducted at the seafloor, suggesting that these thermo-
dynamic calculations lead to a close approximation of
actual in situ pH (Ding et al., 2005).

4. RESULTS

4.1. Trace elements concentrations in black smoker chimney

linings

A total of 29 black smoker chimney samples were ana-
lyzed for Co, Ag, and In using SIMS of which 22 were addi-
tionally analyzed for Ni and Ga. To generate calibration
curves and quantify SIMS measurements picked chalcopy-
rite grains from five of these samples were analyzed by
ICP-MS. The stoichiometry of 14 of these samples was
determined using electron microprobe analysis. Trace ele-
ment analyses obtained by SIMS are reported as secondary
ion ratios (Table 4) and absolute concentrations (Table 5)
based on calibration curves obtained by comparing SIMS
and ICP-MS results (Fig. 3).

4.1.1. Evaluation of SIMS calibration curves

Trace element calibration curves were constructed based
on analyses of selected black smoker chimney samples by
SIMS and solution ICP-MS calibrated against NIST-
traceable solution standards (Fig. 3). These samples are
characterized by monomineralic linings, reproducible SIMS
measurements, and untarnished (or mildly tarnished) grains
of picked chalcopyrite. Total sample recovery based on
ICP-MS analyses of major elements in grains of chalcopy-
rite picked from the innermost linings of black smoker
chimneys range from 86 ± 6 wt% to 108 ± 5 wt% with the
exception of one sample with 63 ± 3 wt% total recovery
(Table 5). Concentrations of Zn, Ca, Ba, and Si account
for less than 0.3 wt% of this sample, suggesting that the
gap in total recovery cannot be explained by contamination
with other common SMS deposit minerals (e.g., sphalerite/
wurtzite, anhydrite, barite, amorphous silica; Table 6). Fol-
lowing the assumption that differences in mass balance are
primarily caused by the inefficient or unrecorded transfer of
small sample grains between different laboratory contain-
ers, reported major and trace element mass fractions have
been normalized to 100% recovery.

In general, concentrations of trace elements are consis-
tent between different picks of the same sample and differ-
ent digestions of the same pick (Table 6). In contrast,
concentrations of trace elements vary widely between sam-
ples of different black smoker chimneys, both within a given
vent field and between different vent fields. Ranges of trace
element concentrations in picked grains of chalcopyrite
analyzed by solution ICP-MS are (Table 7): Co (0.3–

http://geopig3.la.asu.edu%3a8080/GEOPIGpigopt1.html


Table 4
Results of SIMS analyses. n = number of spots on each sample; NM = not measured; bdl = below detection limit; none = no vent fluid pair.

Region 59Co/63Cu16O 60Ni/63Cu16O 69 Ga/63Cu16O 109Ag/63Cu16O 115In/63Cu16O

Vent Field, Chimney Sample, Vent Fluid n Average ± 1r n Average ± 1r n Average ± 1r n Average ± 1r n Average ± 1r

Detection Limit = 5E�05
Quantitative Determination Limit = 1.2E�04

Southern East Pacific Rise

17�340S Alv3299-6-1 Hobbes 31 3.3E+00 ± 4.1E�01 31 3.0E�01 ± 2.0E�02 31 3.2E�02 ± 5.0E�03 31 2.3E�02 ± 3.2E�03 31 8.1E�01 ± 2.1E�01
17�370S Alv3288-5-1a Simon 7 1.1E+00 ± 1.3E�01 7 3.1E�02 ± 1.3E�03 7 2.4E�02 ± 9.4E�03 7 5.4E�03 ± 6.4E�04 7 3.1E�01 ± 9.5E�02
17�370S Alv3296-2-2a Maggie 14 1.9E+00 ± 2.9E�01 14 1.1E�01 ± 1.6E�02 14 1.4E�02 ± 3.1E�03 14 4.5E�03 ± 1.0E�03 14 1.4E�01 ± 4.9E�02
17�370S Alv3296-3 Wally 12 7.4E�01 ± 6.8E�02 12 8.4E�02 ± 3.3E�03 12 7.4E�02 ± 3.1E�02 12 6.6E�02 ± 1.3E�02 12 1.5E+00 ± 4.9E�01
17�370S Alv3296-5-1a Homer 8 2.0E+00 ± 6.7E�02 8 1.2E�01 ± 4.7E�03 8 1.2E�02 ± 1.2E�03 8 4.4E�03 ± 2.3E�04 8 1.5E�01 ± 7.8E�03

Juan de Fuca Ridge

MEF Alv1931 None 12 6.2E�05 ± 1.4E�05 12 1.9E�04 ± 3.4E�05 12 5.0E�02 ± 1.0E�02 12 5.9E�03 ± 3.2E�04 12 1.4E+00 ± 8.7E�02
MEF Alv3474-3-1 Sully99 27 8.2E�01 ± 1.2E�01 8 2.3E�02 ± 1.2E�02 8 1.3E�02 ± 7.9E�03 27 3.1E�03 ± 5.6E�04 27 3.2E�01 ± 9.1E�02
MEF Alv3480-4 None 6 8.0E�01 ± 8.9E�02 NM NM 6 2.7E�03 ± 4.6E�04 6 3.5E�01 ± 3.4E�02

Mid-Atlantic Ridge

Lucky Strike DV1-5B None 5 6.1E�01 ± 7.4E�02 NM NM 5 4.8E�02 ± 2.1E�02 5 1.7E+00 ± 2.4E�01

Mid-Cayman Rise

Beebe/Piccard J2-613-16-R1 BB5 19 1.7E+01 ± 5.8E+00 3 1.3E+00 ± 6.6E�02 3 4.1E�02 ± 1.9E�03 19 3.6E�03 ± 2.2E�03 19 2.2E+00 ± 8.6E�01

Manus Spreading Center

Vienna Woods J2-207-1-R1 VW1 88 1.2E�02 ± 6.1E�03 21 5.6E�05 ± 2.0E�05 21 2.3E�02 ± 1.5E�02 88 9.6E�02 ± 1.6E�02 88 1.3E�02 ± 3.7E�02

Eastern Manus Basin (PACMANUS)

Fenway J2-210-7-R2 None 7 7.1E�05 ± 4.2E�05 NM NM 7 4.3E�03 ± 1.4E�03 7 2.6E+00 ± 9.3E�01
Fenway J2-216-16-R1 F3 13 3.4E�02 ± 1.3E�02 3 7.1E�04 ± 2.2E�04 3 7.7E�01 ± 8.0E�02 13 8.1E�03 ± 6.3E�03 8 1.4E+00 ± 5.2E�01
Satanic Mills J2-214-3-R1 SM3 27 bdl 8 1.7E�04 ± 6.0E�05 8 1.1E+00 ± 3.3E�01 27 1.5E�03 ± 7.4E�03 27 2.8E+00 ± 2.4E+00
Roman Ruins J2-208-1-R1 RMR1 24 7.3E�04 ± 9.1E�04 6 1.2E�04 ± 2.3E�05 6 2.6E+00 ± 9.9E�01 24 3.3E�02 ± 1.6E�02 11 2.5E+01 ± 9.0E+00
Roger’s Ruins J2-213-6-R1 RGR1 13 bdl 6 bdl 6 2.4E�01 ± 1.6E�01 13 6.6E�03 ± 7.6E�04 13 4.9E+00 ± 1.1E+00

Eastern Manus Basin (SuSu Knolls)

Suzette J2-217-2-R1 SZ1 13 1.6E�01 ± 2.3E�02 3 5.6E�03 ± 2.3E�04 3 5.1E�02 ± 1.1E�02 13 6.4E�03 ± 1.1E�03 8 7.7E�01 ± 1.1E�01
Suzette J2-217-10-R1 SZ2 20 2.2E�02 ± 1.0E�02 3 1.1E�03 ± 1.5E�04 3 3.1E�01 ± 5.3E�02 20 1.3E�02 ± 5.0E�03 9 3.6E�01 ± 1.7E�01
Suzette J2-219-2-R1 none 5 2.1E�04 ± 1.2E�04 NM NM 5 9.2E�03 ± 3.8E�03 5 1.0E+00 ± 5.3E�01
North Su J2-223-1-R1 NS3 21 3.3E�01 ± 1.0E�01 7 1.8E�02 ± 3.9E�03 7 3.6E�01 ± 1.2E�01 21 7.7E�03 ± 2.6E�03 17 9.8E�01 ± 4.5E�01
North Su J2-227-10-R1 none 10 8.8E�03 ± 1.5E�03 NM NM 10 5.4E�03 ± 8.6E�04 10 1.0E+00 ± 4.5E�01

Eastern Lau Spreading Center

Tahi Moana-1 J2-450-3-R1 TMo5 18 6.4E�05 ± 4.0E�05 3 1.2E�04 ± 9.2E�06 3 6.9E�02 ± 2.6E�02 18 6.6E�02 ± 1.6E�02 18 5.3E+00 ± 1.5E+00
ABE J2-449-5-R1 A10 20 2.6E�04 ± 4.7E�04 8 bdl 8 1.0E�01 ± 3.1E�02 20 2.3E�02 ± 4.1E�03 20 1.0E�01 ± 2.5E�02
ABE J2-449-6-R1 A11 22 1.2E�02 ± 1.1E�02 6 bdl 6 5.8E�02 ± 1.6E�02 22 1.2E�02 ± 5.3E�03 22 1.4E+00 ± 1.0E+00
ABE J2-815-5-R1 A16 9 8.8E�04 ± 1.1E�03 3 bdl 3 1.9E�01 ± 1.5E�02 9 1.4E�02 ± 1.9E�03 9 1.2E+00 ± 5.7E�01
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150 lg/g), Ni (30–1120 lg/g), Ga (0.3–40.4 lg/g), Ag (100–
2900 lg/g), In (5.9–77 lg/g). High background counts of
400–670 cps for Ni60 in ICP-MS analyses, possibly an arti-
fact of Ni cones used in the Element 2, mean that only two
samples, Alv3299-6-1 and Alv3296-3, can be accurately
analyzed for Ni by ICP-MS. However, these two samples
are sufficient to construct adequate calibration curves.
Moreover, SIMS analyses are not affected and high-
quality measurements of Ni in black smoker chimney lin-
ings can be achieved with low detection limits.

Based on the combined ICP-MS and SIMS analyses,
suitable calibration curves for Co, Ni, and Ag can be drawn
for the full range of concentrations exhibited by the black
smoker chimney linings investigated in this study (Fig. 3).
Calibration curves can also be drawn for Ga and In, albeit
within a limited concentration range (Fig. 3). Uncertainties
in the slopes of the calibration curves based on calculated
95% confidence intervals are: Co (6.5%), Ni (10.9%), Ga
(5.4%), Ag (9.9%), and In (22.0%).

For Ga and In, reasonably precise calibration curves are
achieved between the concentrations of 0–10 lg/g for Ga
and 0–40 lg/g for In. A main factor that may affect the
quality of SIMS calibration curves is the extent of trace ele-
ment homogeneity at mm- to cm-scales. Small amounts of
zinc sulfide contamination in aliquots of picked chalcopy-
rite grains could explain the uncertainty of the Ga and In
calibration curves at higher concentrations. However, argu-
ments against this explaniation include a lack of significant
correlations between Zn and any of these elements in ICP-
MS analyses of picked grains and an absense of intergrown
wurtzite or sphalerite observed under the petrographic
microscope. Alternatively, Ga and In could be less homoge-
neously distributed in chalcopyrite chimney linings than
Co, Ni, and Ag. This explanation is supported by SIMS
analyses where the relative standard errors over multiple
spots are typically greater for Ga and In than for Co, Ni,
and Ag.

4.1.2. SIMS analyses of trace elements concentrations in

black smoker chimney linings

The concentrations of trace elements in black smoker
chimney linings based on SIMS measurements and calibra-
tion curves cover the following ranges: Co (<2 ng/g–760 lg/
g), Ni (<17 ng/g–454 lg/g), Ga (<0.9 ng/g–48 lg/g), Ag
(60 lg/g–3800 lg/g), In (<0.5 ng/g–270 lg/g) (Table 5).
For the purposes of this paper, the abundance and homo-
geneity of trace elements in each black smoker chimney lin-
ing is approximated by the mean and standard errors (1r)
of all SIMS measurements obtained on that sample.
Reported uncertainties of trace element concentrations
reflect only the uncertainties derived from multiple SIMS
analysis and do not reflect the additional uncertainties asso-
ciated with the slopes of the calibration curves. The reason-
ing behind this presentation is to maintain focus on the
extent of natural variability of trace element concentrations
within each sample rather than propagating the uncertain-
ties of the calibration curves discussed in Section 4.1.1.

In general, the variability of trace element concentra-
tions between samples of black smoker chimney linings is
larger than the variability within a single sample. Arranged



Table 5
Calculated concentrations of trace elements in chalcopyrite lining black smoker chimneys based on SIMS measurements and calibration curves. bdl = below detection limit; NM = not measured;
none = no fluid pair.

Region Chimney Vent Co Ni Ga Ag In
Vent Field Sample Fluid lg/g lg/g lg/g lg/g lg/g

Detection Limit = 2 ng/g 17 ng/g 0.9 ng/g 2 lg/g 0.5 ng/g
Determination Limit = 5 ng/g 40 ng/g 2 ng/g 5 lg/g 1.2 ng/g

Southern East Pacific Rise

17�34’S Alv3299-6-1 Hobbes 147 ± 18 99 ± 7 bdl 890 ± 120 8.8 ± 2.3

17�37’S Alv3288-5-1a Simon 47 ± 6 10 ± 0.4 bdl 211 ± 25 3.4 ± 1.0
17�37’S Alv3296-2-2a Maggie 81 ± 13 37 ± 5 bdl 180 ± 40 1.5 ± 0.5
17�37’S Alv3296-3 Wally 32 ± 3 28 ± 1 1.4 ± 0.6 2600 ± 500 16 ± 5

17�37’S Alv3296-5-1a Homer 86 ± 3 39 ± 2 bdl 174 ± 9 1.57 ± 0.08

Juan de Fuca Ridge

MEF Alv1931 None 2.7 ng/g ± 0.6 ng/g 66 ng/g ± 12 ng/g 0.9 ± 0.2 232 ± 12 15.6 ± 0.9

MEF Alv3474-3-1 Sully99 36 ± 5 7.6 ± 4.2 bdl 121 ± 22 3.4 ± 1.0

MEF Alv3480-4 None 35 ± 4 NM NM 106 ± 18 3.7 ± 0.4

Mid-Atlantic Ridge

Lucky Strike DV1-5B None 27 ± 3 NM NM 1900 ± 800 18 ± 3
Mid-Cayman Rise
Beebe/Piccard J2-613-16-R1 BB5 760 ± 250 454 ± 22 bdl 140 ± 90 23 ± 9

Manus Spreading Center

Vienna Woods J2-207-1-R1 VW1 0.53 ± 0.27 19 ng/g ± 7 ng/g bdl 3800 ± 700 bdl
Eastern Manus Basin (PACMANUS)

Fenway J2-210-7-R2 None 3.1 ng/g ± 3.1 ng/g NM NM 170 ± 60 28 ± 10
Fenway J2-216-16-R1 F3 1.5 ± 0.6 0.24 ± 0.07 NM 320 ± 250 15 ± 6
Satanic Mills J2-214-3-R1 SM3 bdl 56 ng/g ± 20 ng/g 20 ± 6 60 ± 60 31 ± 26
Roman Ruins J2-208-1-R1 RMR1 32 ng/g ± 40 ng/g 42 ng/g ± 8 ng/g 48 ± 18 1300 ± 600 270 ± 100
Roger’s Ruins J2-213-6-R1 RGR1 bdl bdl 4.4 ± 2.9 260 ± 30 53 ± 12

Eastern Manus Basin (SuSu Knolls)

Suzette J2-217-2-R1 SZ1 6.9 ± 1.0 1.9 ± 0.1 bdl 250 ± 40 8.3 ± 1.2
Suzette J2-217-10-R1 SZ2 1.0 ± 0.5 0.36 ± 0.05 5.8 ± 1.0 530 ± 200 3.9 ± 1.8
Suzette J2-219-2-R1 None 9 ng/g ± 5 ng/g NM NM 360 ± 150 11 ± 6
North Su J2-223-1-R1 NS3 15 ± 4 6.2 ± 1.3 6.5 ± 2.2 300 ± 100 11 ± 5
North Su J2-227-10-R1 None 0.38 ± 0.07 NM NM 210 ± 30 11 ± 5

Eastern Lau Spreading Center

Tahi Moana-1 J2-450-3-R1 TMo5 2.8 ng/g ± 1.7 ng/g 40 ng/g ± 3 ng/g 1.3 ± 0.5 2600 ± 600 57 ± 17
ABE J2-449-5-R1 A10 12 ng/g ± 20 ng/g bdl 1.8 ± 0.6 920 ± 160 1.1 ± 0.3
ABE J2-449-6-R1 A11 0.5 ± 0.5 bdl 1.1 ± 0.3 470 ± 210 16 ± 11
ABE J2-815-5-R1 A16 39 ng/g ± 47 ng/g bdl 3.5 ± 0.3 570 ± 70 13 ± 6

Valu Fa Ridge

Tu’i Malila J2-442-4-R2 TM11 0.2 ± 0.2 bdl bdl 540 ± 80 6 ± 5
Tu’i Malila J2-819-4-R2 TM15 8 ng/g ± 4 ng/g NM NM 2110 ± 250 bdl
Mariner J2-437-3-R2 MA9 5 ng/g ± 11 ng/g 33 ng/g ± 52 ng/g 6.4 ± 1.9 120 ± 80 44 ± 19

Mariner J2-817-4-R2 MA15 39 ng/g ± 17 ng/g NM NM 100 ± 20 11.2 ± 1.3

Bold denotes samples/data used to construct SIMS calibration curves.
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Fig. 3. SIMS calibration curves obtained by plotting trace element concentrations of picked chalcopyrite grains measured by inductively
coupled plasma mass spectrometry (ICP-MS) vs. secondary ion ratios measured by secondary ion mass spectrometry (SIMS) of the same
samples. Samples used in forming SIMS calibration curves marked in black. Additional measured samples not used in forming SIMS
calibration curves marked in white. Also shown are linear regression lines used in calculations (solid) and 95% confidence intervals (stippled).
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in descending order, concentrations of Co and Ni are: Mid-
Cayman Rise > southern East Pacific Rise �Main Endeav-
our Field (post-event) > SuSu Knolls > PACMA-
NUS � Eastern Manus Basin �Main Endeavour Field
(pre-event) � Valu Fa Ridge � Eastern Lau Spreading
Center. Concentrations of Co and Ni are typically higher
in black smoker chimney samples from basalt-hosted vent
fields than in those from felsic-hosted back-arc vent fields
in the Lau and Manus Basins with the exception of samples
from SuSu Knolls, which exhibit intermediate Co and Ni
concentrations (Fig. 4). Additionally, the log concentra-
tions of Co and Ni covary (log10(Co) vs. log10(Ni):
R2 = 0.85; p < 0.0001) in basalt-hosted and SuSu Knolls
samples, with the highest concentrations of both Co and
Ni present in sample J2-613-16-R1 from the Beebe/Piccard
vent field on the Mid-Cayman Rise (Fig. 4). Concentrations
of Co and Ni in samples from felsic-hosted systems other
than SuSu Knolls are low and do not covary. Concentra-
tions of Ga are higher in black smoker chimney linings
from felsic-hosted vent systems, while Ag and In exhibit
no obvious association with the lithology of host rocks or
geologic settings. The log concentrations of Ga and In



Table 6
Concentrations of major elements and recovered mass in picks of chalcopyrite black smoker chimney linings obtained by inductively coupled plasma mass spectrometry (ICP-MS). Samples
marked in bold were used to construct SIMS calibration curves. bdl = below detection limit. MEF =Main Endeavour Field.

Chimney Vent Tarnish Mass Total Recovery Cu Fe Zn S Ca Ba Si
Sample Field Condition mg wt% wt% wt% wt% wt% wt% lg/g wt%

Alv3296-3 pick A1 17�370S Minor 11.88 ± 0.05 86 ± 6 32 ± 3 40 ± 5 0.17 ± 0.05 28 ± 3 1.5 ± 0.6 bdl 0.2 ± 0.1
Alv3296-3 pick A2 Minor 8.81 ± 0.02 96 ± 5 28 ± 2 35 ± 4 0.13 ± 0.04 37 ± 3 0.2 ± 0.6 bdl 0.2 ± 0.1
Alv3296-3 pick B1 Minor 14.63 ± 0.03 89 ± 5 30 ± 2 36 ± 5 0.13 ± 0.05 34 ± 3 0.2 ± 0.6 bdl 0.2 ± 0.1
Alv3296-3 pick B2 Minor 13.04 ± 0.03 95 ± 6 35 ± 3 35 ± 5 0.12 ± 0.04 30 ± 3 0.2 ± 0.6 bdl 0.2 ± 0.1

Alv3299-6-1 pick A 17�340S None 20.01 ± 0.03 90 ± 5 31 ± 2 38 ± 4 0.44 ± 0.05 31 ± 3 0.2 ± 0.6 bdl 0.1 ± 0.1
Alv3299-6-1 pick B1 None 7.75 ± 0.08 95 ± 6 30 ± 2 37 ± 5 0.37 ± 0.22 33 ± 3 0.1 ± 0.6 bdl 0.2 ± 0.1
Alv3299-6-1 pick B2 None 10.07 ± 0.03 93 ± 5 27 ± 2 35 ± 5 0.07 ± 0.04 38 ± 3 0.1 ± 0.6 bdl 0.1 ± 0.1
Alv3299-6-1 pick C None 4.60 ± 0.04 99 ± 6 30 ± 2 37 ± 5 0.7 ± 0.3 32 ± 3 0.1 ± 0.7 bdl 0.1 ± 0.2

Alv1931 pick A1 MEF None 3.68 ± 0.05 106 ± 7 31 ± 2 36 ± 5 0.3 ± 0.3 33 ± 3 0.2 ± 0.7 bdl 0.1 ± 0.2
Alv1931 pick A2 None 5.10 ± 0.10 95 ± 6 29 ± 2 34 ± 5 0.09 ± 0.03 37 ± 3 0.2 ± 0.6 bdl 0.2 ± 0.1
Alv1931 pick A3 None 16.02 ± 0.03 63 ± 3 31 ± 2 36 ± 3 0.07 ± 0.03 34 ± 2 0.1 ± 0.3 13 ± 39 0.1 ± 0.1

Alv3474-3-1 pick A1 MEF None 10.5 ± 0.4 99 ± 5 28 ± 2 42 ± 4 bdl 30 ± 3 0.1 ± 0.6 bdl 0.2 ± 0.1
Alv3474-3-1 pick A2 None 15.25 ± 0.04 91 ± 5 30 ± 2 36 ± 5 bdl 35 ± 3 0.1 ± 0.6 bdl 0.2 ± 0.1
Alv3474-3-1 pick A3 None 11.17 ± 0.04 108 ± 5 25 ± 2 48 ± 4 bdl 27 ± 2 0.1 ± 0.6 bdl 0.2 ± 0.1

J2-213-6-R1 pick A Roger’s Ruins Minor 18.54 ± 0.06 90 ± 5 30 ± 2 36 ± 5 bdl 33 ± 3 0.2 ± 0.6 bdl 0.2 ± 0.1

J2-214-3-R1 pick A Satanic Mills Tarnish 6.76 ± 0.04 90 ± 5 30 ± 2 36 ± 5 bdl 34 ± 3 0.1 ± 0.6 bdl 0.2 ± 0.1
J2-214-3-R1 pick C Tarnish 4.78 ± 0.10 97 ± 5 31 ± 2 35 ± 4 1.0 ± 0.3 34 ± 3 0.1 ± 0.6 24 ± 91 0.1 ± 0.1

J2-437-3-R2 pick A Mariner Minor 2.0 ± 0.20 90 ± 5 29 ± 2 40 ± 5 0.04 ± 0.01 31 ± 3 0.1 ± 0.6 172 ± 89 0.2 ± 0.1
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Table 7
Concentrations of trace elements in picks of chalcopyrite black smoker chimney linings obtained by inductively coupled plasma mass
spectrometry (ICP-MS). Samples marked in bold were used to construct SIMS calibration curves. bdl = below detection limit. MEF =Main
Endeavour Field.

Chimney Vent Co Ni Ga Ag In
Sample Field lg/g lg/g lg/g lg/g lg/g

Alv3296-3 pick A1 17�370S 41 ± 4 50 ± 23 1.43 ± 0.03 2700 ± 170 20.7 ± 2.3
Alv3296-3 pick A2 35 ± 3 40 ± 21 1.24 ± 0.02 2500 ± 160 16.3 ± 1.9
Alv3296-3 pick B1 38 ± 3 40 ± 22 1.38 ± 0.02 2900 ± 180 17.2 ± 2.0
Alv3296-3 pick B2 30 ± 3 40 ± 21 1.07 ± 0.04 2300 ± 140 15.9 ± 1.9

Alv3299-6-1 pick A 17�340S 150 ± 13 110 ± 26 0.67 ± 0.08 490 ± 30 6.7 ± 1.3
Alv3299-6-1 pick B1 140 ± 12 110 ± 25 0.56 ± 0.08 880 ± 60 6.4 ± 1.2
Alv3299-6-1 pick B2 130 ± 11 120 ± 24 0.53 ± 0.07 850 ± 60 9.1 ± 1.4
Alv3299-6-1 pick C 150 ± 13 110 ± 26 0.56 ± 0.08 660 ± 40 6.8 ± 1.3

Alv1931 pick A1 MEF bdl 40 ± 22 1.07 ± 0.05 270 ± 20 10.5 ± 1.5
Alv1931 pick A2 0.73 ± 0.24 bdl 0.93 ± 0.05 270 ± 14 20.0 ± 1.5
Alv1931 pick A3 0.80 ± 0.23 bdl 1.19 ± 0.01 290 ± 20 17.5 ± 1.8

Alv3474-3-1 pick A1 MEF 46 ± 4 bdl 0.34 ± 0.08 130 ± 11 6.2 ± 1.1
Alv3474-3-1 pick A2 48 ± 4 bdl 0.49 ± 0.08 150 ± 12 6.6 ± 1.2
Alv3474-3-1 pick A3 42 ± 4 bdl 0.37 ± 0.07 130 ± 10 5.9 ± 1.1

J2-213-6-R1 pick A Roger’s Ruins 0.7 ± 0.3 30 ± 21 3.3 ± 0.10 330 ± 23 37 ± 4

J2-214-3-R1 pick A Satanic Mills 0.5 ± 0.3 bdl 40.4 ± 2.5 140 ± 11 77 ± 6
J2-214-3-R1 pick C 0.32 ± 0.28 bdl 23.7 ± 1.4 100 ± 9 45 ± 4

J2-437-3-R2 pick A Mariner 0.54 ± 0.10 bdl 6.40 ± 0.09 137 ± 4 36.4 ± 1.2

Fig. 4. SIMS measurements of Co and Ni on a log vs. log scale. Selected samples are labeled with molar Cu:Fe ratios obtained by electron
microprobe analyses. Uncertainties in SIMS count ratios reflect standard errors (1r) of multiple SIMS spots on the same sample.
ELSC = Eastern Lau Spreading Center; VFR = Valu Fa Ridge; EMB = Eastern Manus Basin; EPR = East Pacific Rise; JdF = Juan de Fuca
Ridge; MCR = Mid-Cayman Rise.
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Fig. 5. Cu:Fe molar ratio in black smoker chimney linings measured by electron microprobe (EMPA) vs. concentrations of Co and Ni in the
same samples measured by SIMS. Also shown are regression lines calculated with (solid) and without (stippled) inclusion of MCR sample J2-
613–16-R1. Right-hand plots are blowups of left-hand plots. EPR = East Pacific Rise; JdF = Juan de Fuca Ridge; MCR =Mid-Cayman
Rise. Uncertainties in SIMS measurements reflect standard errors (1r) of multiple SIMS spots on the same sample.
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weakly covary (log10(Ga) vs. log10(In): R2 = 0.37,
p = 0.0056).

The homogeneity of trace elements in black smoker
chimney linings was evaluated by calculating the stan-
dard error of the SIMS count ratios, reported as a per-
centage of the mean secondary ion ratio. The extent of
trace element homogeneity varies widely between sam-
ples. However, relative standard errors (1r) for the
majority of samples lie between 5% and 25% for Co,
Ni, and Ag and between 5% and 50% for Ga and In.
The median relative standard errors for all black smoker
chimney samples examined in this study are: Co (40%),
Ni (14%), Ga (29%), Ag (24%), and In (35%). For
Co, relative standard errors negatively correlate with
Co concentration. If only the 12 samples containing
>1 lg/g Co are considered, the median relative standard
error for Co is reduced to 13%. The relative standard
errors of other trace elements do not correlate with
concentration.
4.1.3. Stoichiometry of black smoker chimney linings

The stoichiometry of 14 of the black smoker chimney
linings analyzed by SIMS was analyzed by electron micro-
probe. The molar ratios of Cu:Fe for all but two of these
samples are equivalent to chalcopyrite within error (i.e.,
0.95 < Cu:Fe < 1.01). Exceptions include sample Alv3299-
6-1 from the southern East Pacific Rise with a Cu:Fe molar
ratio of 0.93 and sample J2-613-16-R1 from the Beebe/Pic-
card vent field on the Mid-Cayman Rise with a Cu:Fe
molar ratio of 0.65.

The Cu:Fe molar ratios of samples evaluated by electron
microprobe correlate with concentrations of Co and Ni
(R2 = 0.97 for Cu:Fe vs. Co; R2 = 0.98 for Cu:Fe vs. Ni,
Fig. 5). While regression lines and correlation coefficients
are strongly controlled by sample J2-613-16-R1, correlation
coefficients calculated without including this sample remain
statistically significant (Cu:Fe vs. Co: R2 = 0.55,
p = 0.0035; Cu:Fe vs. Ni: R2 = 0.73, p = 0.0004) and
lack-of-fit calculations indicate that linear regression mod-



Table 8
Endmember metal concentrations of hydrothermal vent fluids from the Eastern Lau Spreading Center and Valu Fa Ridge.

Fluid n = min. Mg max. T min. pH Cr Mn Fe Co Ni Cu Zn Ga
mm �C (25 �C) nm lm lm nm nm lm lm nm

TMo1 2 2.4 306 3.3 1100 ± NM 580 ± 2 370 ± 30 146 ± 6 700 ± 140 8 ± NM 220 ± 27 15 ± 4
TMo2 2 1.0 298 3.9 1180 ± 50 293 ± 1 248 ± 3 160 ± 28 200 ± 140 8 ± 1 120 ± 50 10 ± 8
TMo5 2 1.4 310 3.7 630 ± 24 396 ± 5 278 ± 7 110 ± 8 400 ± 300 6 ± 0 83 ± 0 2 ± 0
A10 1 2.1 317 4.4 4400 ± NM 440 ± NM 170 ± NM 80 ± NM 110 ± NM 10 ± NM 100 ± NM 10 ± NM
A11 2 2.1 312 3.9 740 ± NM 400 ± 90 140 ± 30 73 ± 1 180 ± 50 9 ± 3 80 ± 0 6 ± 2
A13 2 2.3 283 4.3 1400 ± NM 450 ± 28 200 ± NM 115 ± 6 570 ± NM 5 ± NM 110 ± NM 110 ± NM
A14 2 1.9 300 4.0 1500 ± NM 400 ± 24 340 ± NM 180 ± 18 400 ± NM 75 ± NM 430 ± NM 83 ± NM
A15 2 1.9 290 4.4 1400 ± 260 240 ± 27 120 ± 4 130 ± 30 500 ± 90 9 ± 0 80 ± 20 73 ± 6
A16 2 1.7 263 4.5 700 ± 240 258 ± 3 67 ± 3 100 ± 40 200 ± 60 4 ± 1 37 ± 1 62 ± 3
TM11 2 1.1 315 3.8 3000 ± 1700 376 ± 1 180 ± 8 100 ± 15 700 ± 200 20 ± NM 110 ± 16 6 ± 4
TM12 2 3.0 284 4.2 7900 ± 400 350 ± 4 280 ± 22 117 ± 1 210 ± 22 25 ± 1 200 ± 110 50 ± 40
TM13 2 3.6 262 3.9 309 ± 7 296 ± 1 102 ± 3 167 ± 6 110 ± 50 9 ± 0 85 ± 4 66 ± 7
TM14 2 1.5 290 3.9 360 ± 40 300 ± 80 150 ± 30 200 ± 50 77 ± 5 7 ± 0.03 91 ± 1 80 ± 22
TM15 1 22.0 269 5.0 1500 ± NM 370 ± NM cont. ± NM cont ± NM 890 ± NM cont ± NM cont ± NM cont ± NM
TM16 2 5.5 251 3.9 370 ± 50 410 ± 19 500 ± 140 180 ± 8 76 ± 3 12 ± 6 960 ± NM 80 ± 11
TM17 2 3.1 258 3.9 500 ± 190 280 ± 8 400 ± 120 140 ± 50 200 ± 80 17 ± 6 700 ± 110 90 ± 15
TM18 2 10.4 296 4.6 670 ± NM 310 ± 18 200 ± 130 440 ± NM 140 ± NM 15 ± 3 400 ± 160 91 ± NM
TM19 1 3.0 232 4.2 580 ± NM 260 ± NM 200 ± NM 240 ± NM 150 ± NM 7 ± NM 130 ± NM 79 ± NM
TM20 1 33.4 138 5.3 600 ± NM 290 ± NM 290 ± NM cont ± NM 99 ± NM cont ± NM 380 ± NM 130 ± NM
MA8 2 3.8 359 2.4 NM ± NM 3820 ± 28 11000 ± 900 500 ± 160 120 ± 50 1100 ± 800 390 ± 13 NM ± NM
MA9 2 3.2 338 2.3 2300 ± NM 4900 ± 500 14000 ± 3000 200 ± 26 400 ± 15 300 ± 16 400 ± 80 120 ± NM
MA10 1 48.1 109 5.2 NM ± NM 22 ± NM cont. ± NM cont ± NM cont ± NM cont ± NM cont ± NM NM ±NM
MA11 1 3.7 328 2.2 3100 ± NM 4400 ± NM 11900 ± NM 290 ± NM 210 ± NM 340 ± NM 650 ± NM 220 ± NM
MA12 2 2.9 350 2.3 2900 ± NM 4500 ± NM 12300 ± NM 310 ± NM 620 ± NM 300 ± NM 650 ± NM 170 ± NM
MA13 2 18.1 140 2.6 600 ± 260 6090 ± 50 2340 ± 50 200 ± 20 900 ± 500 17 ± 11 1500 ± NM 90 ± 13
MA14 2 2.6 319 2.3 900 ± 230 5600 ± 80 6730 ± 70 220 ± 12 500 ± 270 109 ± 1 1800 ± 100 280 ± 20
MA15 2 1.4 354 2.7 1600 ± 300 4400 ± 110 12500 ± 500 260 ± 60 320 ± 21 240 ± 13 390 ± 27 180 ± 15
MA16 2 2.1 364 2.7 2600 ± 400 4610 ± 18 14000 ± 300 250 ± 17 1100 ± 600 210 ± 7 500 ± 120 140 ± 11
MA17 2 8.0 362 2.8 1300 ± 600 3700 ± 120 13000 ± 2500 500 ± 130 560 ± 21 500 ± NM 700 ± 110 200 ± 9
MA18 2 12.8 300 2.7 1200 ± NM 4500 ± 110 11190 ± 27 260 ± NM 640 ± NM 160 ± 70 300 ± 300 130 ± 70
MA19 2 9.4 308 2.9 1600 ± 160 4500 ± 90 10980 ± 40 320 ± 50 840 ± NM 600 ± 160 534 ± 4 200 ± 22
MA20 2 2.7 344 2.6 1200 ± 20 5080 ± 60 11800 ± 300 200 ± 10 440 ± 50 170 ± 40 400 ± 110 150 ± 16
MA21 2 2.8 345 2.7 1100 ± 300 4360 ± 3 12200 ± 40 250 ± 11 340 ± 11 260 ± 50 400 ± 80 150 ± 40

Fluid n = min. Mg mm max. min. pH Mo Ag Cd In Sn Sb Au Pb
nm T�C (25�C) nm nm nm nm nm nm nm nm

TMo1 2 2.4 306 3.3 100 ± 40 40 ± 12 210 ± 20 NM ± NM 6 ± NM 40 ± 15 0 ± NM 530 ± NM
TMo2 2 1.0 298 3.9 90 ± 19 45 ± 4 120 ± 60 NM ± NM 6 ± NM 40 ± 10 0 ± NM 300 ± 200
TMo5 2 1.4 310 3.7 43 ± 6 26 ± 1 96 ± 1 NM ± NM 1 ± NM 28 ± 6 0 ± NM 58 ± 0.9
A10 1 2.1 317 4.4 41 ± NM 14 ± NM 31 ± NM NM±NM 3 ± NM 51 ± NM 0 ± NM 370 ± NM
A11 2 2.1 312 3.9 68 ± 4 6 ± 3 39 ± 7 NM ± NM 2 ± 0 19 ± 5 0 ± 0.03 200 ± 100
A13 2 2.3 283 4.3 1500 ± 170 50 ± 21 160 ± NM 50 ± 12 50 ± 40 59 ± NM 1600 ± 400 480 ± NM
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A14 2 1.9 300 4.0 1400 ± NM 40 ± 40 600 ± NM 57 ± 3 90 ± 13 170 ± NM 820 ± NM 550 ± NM
A15 2 1.9 290 4.4 400 ± 400 51 ± NM 110 ± 21 30 ± 15 50 ± 13 100 ± NM 240 ± NM 900 ± 270
A16 2 1.7 263 4.5 900 ± 90 bdl ± NM 54 ± 4 40 ± 4 90 ± 50 44 ± 6 700 ± 400 600 ± 140
TM11 2 1.1 315 3.8 200 ± 110 20 ± 8 76 ± 7 NM ± NM 50 ± 40 36 ± 7 0 ± NM 900 ± 400
TM12 2 3.0 284 4.2 115 ± 4 33 ± 2 300 ± 220 NM ± NM NM±NM 40 ± 13 1 ± NM 2000 ± 900
TM13 2 3.6 262 3.9 1100 ± 200 14 ± 3 160 ± 24 45 ± NM 40 ± 4 49 ± 1 2100 ± 210 400 ± 300
TM14 2 1.5 290 3.9 1200 ± 250 16 ± 4 160 ± 11 50 ± 15 68 ± 3 60 ± 16 3000 ± 2985 1000 ± 210
TM15 1 22.0 269 5.0 cont ± NM cont ± NM cont ± NM cont ± NM cont ± NM cont ± NM cont ± NM cont ± NM
TM16 2 5.5 251 3.9 2200 ± 140 120 ± NM 1600 ± 700 46 ± 2 60 ± 16 110 ± 50 2500 ± 600 2000 ± 1400
TM17 2 3.1 258 3.9 1260 ± 50 100 ± 30 1200 ± 120 44 ± 4 41 ± 5 120 ± 50 2700 ± 300 3300 ± 140
TM18 2 10.4 296 4.6 1400 ± NM 2 ± 1 1400 ± 600 56 ± NM 56 ± NM 80 ± 50 5000 ± 1000 1300 ± 230
TM19 1 3.0 232 4.2 1200 ± NM 520 ± NM 130 ± NM 50 ± NM 48 ± NM 460 ± NM 8700 ± NM 11500 ± NM
TM20 1 33.4 138 5.3 cont ± NM 20 ± NM 800 ± NM cont ± NM cont ± NM 130 ± NM 7600 ± NM 2200 ± NM
MA8 2 3.8 359 2.4 300 ± 80 50 ± 18 287 ± 0 NM ± NM NM±NM 1790 ± 14 1 ± NM 1100 ± 300
MA9 2 3.2 338 2.3 230 ± NM 66 ± NM 450 ± NM NM± NM NM±NM 1900 ± 900 1 ± NM 1200 ± NM
MA10 1 48.1 109 5.2 cont ± NM cont ± NM cont ± NM NM± NM NM±NM 280 ± NM cont ± NM cont ± NM
MA11 1 3.7 328 2.2 220 ± NM 59 ± NM 310 ± NM NM± NM NM±NM 1800 ± NM 1 ± NM 2500 ± NM
MA12 2 2.9 350 2.3 160 ± NM 96 ± NM 490 ± NM NM± NM NM±NM 98 ± NM 2 ± NM 5400 ± NM
MA13 2 18.1 140 2.6 1500 ± 300 51 ± NM 180 ± NM 61 ± 7 63 ± NM 100 ± 40 1800 ± 500 cont ± NM
MA14 2 2.6 319 2.3 700 ± 400 40 ± 28 1560 ± 40 160 ± 18 88 ± 28 140 ± 16 3000 ± 900 2000 ± 1000
MA15 2 1.4 354 2.7 1470 ± 70 60 ± 15 350 ± 15 90 ± 8 78 ± 2 110 ± 22 2000 ± 900 1400 ± 150
MA16 2 2.1 364 2.7 900 ± 270 50 ± 29 400 ± 150 84 ± 3 100 ± 40 170 ± NM 2400 ± 200 2200 ± 600
MA17 2 8.0 362 2.8 1300 ± 400 100 ± 14 400 ± 100 150 ± 28 90 ± 40 130 ± 70 28000 ± 2000 540 ± NM
MA18 2 12.8 300 2.7 1200 ± NM 100 ± NM 230 ± NM 110 ± 50 60 ± NM 140 ± NM 1500 ± NM 700 ± 300
MA19 2 9.4 308 2.9 1400 ± NM 90 ± 11 480 ± 28 240 ± 50 110 ± 3 360 ± 10 2200 ± NM 1200 ± NM
MA20 2 2.7 344 2.6 1200 ± 15 80 ± 40 400 ± 80 90 ± 14 55 ± 4 130 ± 30 2100 ± 600 1500 ± 500
MA21 2 2.8 345 2.7 1300 ± 260 50 ± 15 400 ± 90 100 ± 25 93 ± 23 160 ± 40 1100 ± 600 900 ± 150

Endmember compositions of hydrothermal vent fluids based on extrapolation to Mg = 0 (Von Damm et al., 1985; Trefry et al., 1994; Metz and Trefry, 2000). Uncertainties reflect the range of
endmember concentrations based on different replicate samples.
TMo = Taho Moana-1; A = ABE; TM = Tu’i Malila; MA =Mariner
n = number of vent fluid sample replicates; mm = mmol/kg; lm = lmol/kg; nm = nmol/kg
NM = not measured; cont = contaminated.
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Fig. 6. Vent fluid temperatures, pH, and metal concentrations of seafloor hydrothermal vent fluids obtained from scientific literature and
results of this paper. Vent fluids that are samples with black smoker chimney linings analyzed by SIMS in this paper are identified with red
dots. References for: Lau Basin: Mottl et al. (2011), Seewald (2017) and Evans et al., (2017); Manus Basin: Craddock (2009) and Reeves et al.
(2011); East Pacific Rise: Von Damm et al. (1985); Juan de Fuca Ridge: Trefry et al. (1994) and Seyfried et al. (2003); Mid-Atlantic Ridge:
Metz and Trefry (2000), Douville et al. (2002) and Schmidt et al. (2007, 2011); Mid-Cayman Rise (MCR): McDermott et al. (2018).
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els can appropriately fit the data.4.2 Hydrothermal Vent
Fluids

4.2. Hydrothermal Vent Fluids

A total of 60 hydrothermal vent fluid samples were col-
lected from 33 active vents (12 in 2009 and 21 in 2015) at
theTahiMoana-1,ABE,Tu’iMalila, andMariner vent fields.
Of these samples, 45 contained <10 mmol/kg Mg, indicative
of low extents of seawater entrainment prior toor during sam-
pling (<20% seawater bymass). Reported ranges of endmem-
ber fluid concentrations are based on reproducible duplicate
samples obtained from 27 of the 33 vents. A full report of cal-
culated zero-Mg endmember compositions of low-Mg vent
fluids is presented in Table 8. Additionally, Supplementary
Tables S2–S5 contain the separate contributions of the
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dissolved-, filter-, and dregs fractions and the total concentra-
tions of analyzed elements in these fluids prior to calculation
of the zero-Mg endmember values.

The temperature, pH25�C, and zero-Mg endmember con-
centrations of major ions (Na, Li, K, Ca) of vent fluids
examined in this study have been reported in Seewald
(2017). Concentrations of Mn, Fe, Cu, Zn, Co, Ni, Ga,
and Ag are available for ELSC/VFR vent fluids collected
in 2009 and 2015, while concentrations of In are only avail-
able for vent fluids from the ABE, Tu’i Malila, and Mariner
Fig. 7. Trace metal concentrations of seafloor hydrothermal vent fluids ob
that are samples with black smoker chimney linings analyzed by SIMS in
Evans et al. (2017); Manus Basin: Craddock (2009); East Pacific Rise: V
Seyfried et al. (2003); Mid-Atlantic Ridge: Metz and Trefry (2000); Dou
Cayman Rise (MCR): McDermott et al. (2018).
vent fields collected in 2015. No significant difference in
vent fluid concentrations is observed between samples col-
lected in 2009 and those collected in 2015.

4.2.1. Mn, Fe, Cu, Zn, and Cd

Ranges in endmember fluid concentrations for Mn, Fe,
Cu, Zn and Cd are: Mn (240 ± 27 lmol/kg to 6090
± 50 lmol/kg), Fe (48 ± 3 lmol/kg to 14,000 ± 300 lmol/
kg), Cu (4 ± 1 lmol/kg to 300 ± 16 lmol/kg), Zn (37
± 1 lmol/kg to 1800 ± 100 lmol/kg), Cd (54 ± 4 nmol/kg
tained from scientific literature and results of this paper. Vent fluids
this paper are identified with red dots. References for: Lau Basin:
on Damm et al. (1985); Juan de Fuca Ridge: Trefry et al. (1994);
ville et al. (2002); Schmidt et al. (2007); Schmidt et al. (2011); Mid-
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to 15,600 ± 40 nmol/kg). Metal concentrations are typically
greater in the higher-temperature (308–364 �C), lower-pH
(pH25�C = 2.2–2.7) fluids collected from the Mariner vent
field than in the lower-temperature (232–317 �C), higher-
pH (pH25�C = 3.7–4.5) vent fluids collected from the Tahi
Moana-1, ABE, and Tu’i Malila vent fields (Fig. 6). Like-
wise, endmember Zn and Cd concentrations show similar
levels of enrichment in the lower-pH, higher-temperature
vent fluids from the Mariner vent field relative to fluids
from higher-pH, lower-temperature vent fluids from other
ELSC/VFR vent fields (Table 8; Fig. 6). However, some
overlap occurs between Zn-rich vent fluid samples from
the Tu’i Malila vent field and Zn-poor vent fluid samples
from the Mariner vent field.

4.2.2. Co, Ni, Ga, Ag, and In

Relative to measurements of Mn, Fe, Cu, Zn, and Cd,
measurements of Co, Ni, Ga, Ag, and In in hydrothermal
vent fluids are more sparse and less precise. This can be
attributed to the lower concentrations of these elements
and the importance of the dregs fraction in determining
concentrations of these elements. Dregs fractions are less
routinely measured than dissolved fractions and are more
likely to be incompletely recovered and/or affected by con-
tamination with deposit minerals. Nevertheless, repro-
ducible measurements of trace metals, including Co, Ni,
Ga, Ag, and In were achieved (Table 8). Ranges of end-
member fluid concentrations are: Co (73 ± 1 nmol/kg to
500 ± 130 nmol/kg), Ni, (76 ± 3 nmol/kg to 1100
± 600 nmol/kg), Ga (2 ± 0 nmol/kg to 280 ± 28 nmol/kg),
Ag (2 ± 1 nmol/kg to 100 ± 14 nmol/kg), and In (40
± 4 nmol/kg to 240 ± 50 nmol/kg).

Endmember Co concentrations are 1 to 4� greater in
Mariner vent fluids than in other ELSC/VFR vent fluids
(Table 8; Fig. 7). Gallium concentrations are 1 to 5�
greater in vent fluids from the Mariner vent field than in
vent fluids from the ABE and Tu’i Malila vent field, which
Fig. 8. Ratios of free Ag+:free Cu+ in hydrothermal fluids calculated by
black smoker chimney linings. ELSC = Eastern Lau Spreading Center, VF
Fuca Ridge; MCR = Mid-Cayman Rise. Also shown is the best-fit linea
are in turn greater than Ga concentrations in vent fluids
from the Tahi Moana-1 vent field (Table 8; Fig. 7). Rela-
tively fewer reproducible measurements were obtained for
Ni and Ag, inhibiting a definitive comparison between vent
fields. However, endmember Ni concentrations are highest
in fluids from the Mariner vent field while concentrations
of Ag in Mariner vent fluids lie within the range of concen-
trations exhibited by other fluids from other vent fields
(Table 8, Fig. 7).

Because In was used as an internal spike during ICP-MS
analyses of fluids collected in 2009 and in analyses of all dis-
solved fractions, analyses of In are only available for the
dregs and filter fractions of fluids collected in 2015. Based
on these data, endmember In concentrations are approxi-
mately 2 to 4� greater in vent fluids collected from the
Mariner vent field than in vent fluids from the ABE and
Tu’i Malila vent fields (Table 8; Fig. 7). In was not analyzed
in Tahi Moana-1 vent fluids, which were collected in 2009.

5. DISCUSSION

5.1. Incorporation of trace elements into black smoker

chimney linings

Results of optical microscopy and electron microprobe
analyses indicate that the black smoker chimney linings
investigated in this study are composed of chalcopyrite
(CuFeS2) or Cu-Fe-S intermediate solid solutions that are
chemically intermediate between chalcopyrite and cubanite
(CuFe2S3). Based on analyses of X-ray synchrotron and
Mössbauer spectral data, Pearce et al. (2006) conclude that
the crystal chemistry of chalcopyrite is best modelled as Cu
(I)Fe(III)S(-II)2. Similarly, analysis of Mössbauer spectra
by Greenwood and Whitfield (1968) and subsequent analy-
sis of X-ray synchrotron data by Goh et al. (2006) lead
these authors to conclude that the crystal chemistry of
cubanite is best modelled as Cu(I)Fe(II)Fe(III)S(-II)3.
EQ3/6 thermodynamic modeling vs. Ag concentrations in paired
R = Valu Fa Ridge; EMB = Eastern Manus Basin; JdF = Juan de

r regression line (solid) and 95% confidence intervals (stippled).



Fig. 9. Hydrothermal fluid pH at 25 �C and at in situ temperatures (modeled using EQ3/6) vs. Ga, Ag, and In concentrations in paired black
smoker chimney linings. ELSC = Eastern Lau Spreading Center, VFR = Valu Fa Ridge; EMB = Eastern Manus Basin; JdF = Juan de Fuca
Ridge; MCR =Mid-Cayman Rise. References for hydrothermal fluid pH are: Eastern Lau Spreading Center and Valu Fa Ridge (Seewald,
2017); Manus Basin: Craddock (2009) and Reeves et al. (2011); Sully99 vent fluid from the Main Endeavour Field: Seyfried et al. (2003); BB5
vent fluid from the Beebe/Piccard vent field: McDermott et al. (2018). Uncertainties in SIMS count ratios reflect standard errors (1r) of
multiple SIMS spots on the same sample.
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Of the various trace elements investigated in this study,
Ag and In have been previously proposed to occur as lattice
substitutions in chalcopyrite (Ag(I) for Cu(I) and In(III) for
Fe(III); Huston et al., 1995). This determination was based
on four criteria: (1) the crystal chemistry of the host min-
eral, (2) experimental studies on the solubilities of the ele-
ments of interest in the host mineral, (3) the presence or
absence of minerals that contain major concentrations of
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the elements of interest (e.g., Lenaite (AgFeS2) and Roque-
site (CuInS2)), and (4) variations in the concentrations of
the elements of interest between and within samples
(Huston et al., 1995). Extending this logic to the SIMS anal-
yses of trace elements in black smoker chimney linings pre-
sented here, it is likely that Co, Ni, and Ga also exist as
lattice substitutions in chalcopyrite.

Based on shared valence state and the existence of gallite
(CuGaS2), Ga(III) is proposed to substitute for Fe(III) in
the chalcopyrite crystal lattice. The reproducibility of SIMS
data for Co and Ni in chalcopyrite and Cu-Fe-S solid solu-
tions lining black smoker chimneys similarly suggests that
these elements are present as lattice substitutions. However,
the low concentrations of these elements in chalcopyrite
and correlation between Co and Ni concentrations and
the Cu:Fe molar ratio of Cu-Fe-S solid solutions suggest
that these elements preferentially substitute for the Fe(II)
site present in more Fe-rich intermediate solid solutions
(Fig. 5). Previous studies have likewise reported the pres-
ence of high Co concentrations in Fe-rich intermediate solid
solutions (e.g., CuFe2S3, CuFe3S4, Rouxel et al., 2004).
5.2. Effects of hydrothermal fluid chemistry on mineral trace

element concentrations

This study focuses on the chemistry of black smoker
chimney linings formed in direct contact with venting
hydrothermal fluids under well-constrained physiochemical
conditions. Thus, concentrations of Co, Ni, Ga, Ag, and In
measured by SIMS may be directly compared with the tem-
perature and chemistry of venting hydrothermal fluids, pre-
sented here or in previous studies (Seyfried et al., 2003;
Craddock, 2009; Reeves et al., 2011; Mottl et al., 2011;
Seewald, 2017; Evans et al., 2017; McDermott et al., 2018).

This study does not address the chemistry of minerals
formed within the chimney wall, for which the relevant
physiochemical parameters are less certain (e.g., Tivey,
1995). Moreover, this study centers attention on black smo-
ker chimney linings that exhibit spatial homogeneity with
respect to Co, Ni, Ga, Ag, and In and are thus most likely
to reflect the physiochemical parameters of sampled vent
fluids. Detailed investigation of trace element distributions
in samples exhibiting spatial heterogeneity (e.g., Ag in J2-
213-6-R1) and possible connections with spatio-temporal
varability in venting hydrothermal fluids remain topics for
future study.

5.2.1. Trace element partitioning of Ag

The incorporation of Ag(I) derived from the fluid as a
trace element substituting for Cu(I) in chalcopyrite lining
a black smoker chimney may be represented by the follow-
ing ion exchange reaction:

Agþ þ CuFeS2ðsÞ $ Cuþ þAgFeS2ðsÞ ð1Þ
where AgFeS2ðsÞ and CuFeS2ðsÞ represent endmember com-

ponents in a Ag-containing chalcopyrite solid solution.
Based on the above chemical reaction, the following mass
action expression may be written:
Keq ¼
fCuþgfAgFeS2 sð Þg
fAgþgfCuFeS2 sð Þg

ð2Þ

where Keq is the equilibrium constant for reaction (1).
Because trace levels of AgFeS2 are present in the chal-
copyrite solid solutions examined during this study, the
mole fraction and activity of CuFeS2(s) can be assumed
to be unity. The activities of Ag+ and Cu+ in the corre-
sponding hydrothermal fluids may be calculated from the
temperature, major element chemistry, and measured con-
centrations of Ag and Cu using EQ3/6 and the vent fluid
compositions listed in Table 3. The ability to calculate
thermodynamic activities at in situ temperatures and pres-
sures is necessary because the activity of Ag+ and Cu+ in
hydrothermal fluids is largely controlled by the formation
of Cl�, and HS� complexes, a phenomenon that becomes
more important at higher temperatures.

To more directly consider the measured concentrations
of Ag in black smoker chimney linings rather than the
unmeasured thermodynamic activities, the equilibrium
reaction equation may be rewritten:

Keq ¼ XAgFeS2cR
fAgþg=fCuþg ð3Þ

where XAgFeS2 is the mole fraction of AgFeS2 in the solid
and cR is an unknown Raoult’s activity coefficient that
relates the mole fraction of AgFeS2 in chalcopyrite to its
thermodynamic activity.

Based on measured data, the molar concentration
ratio of Ag:Cu in chalcopyrite lining black smoker chim-
neys is significantly correlated with the molar concentra-
tion ratio of Ag:Cu in the corresponding hydrothermal
vent fluids (R2 = 0.89, p < 0.0001), and with the free
ion activity ratio of {Ag+}:{Cu+} (R2 = 0.91,
p < 0.0001; Fig. 8). Following the equations outlined
above, the slope of the best-fit line represents the value
Keq

cR
, which is equal to 0.67 ± 0.12. Overall, these correla-

tions suggest that the concentration of Ag in chalcopyrite
lining black smoker chimneys records the activity ratios
of {Ag+}:{Cu+} that, because aqueous complexing of
Ag+ and Cu+ are similar, record the ratios of Ag:Cu in
the corresponding hydrothermal fluids.

A potentially more practical, but less precise method of
describing the distribution of trace elements between two
different phases assumed to be in thermodynamic equilib-
rium is the partition coefficient, defined by the following
equation (McIntire, 1963):

D ¼ Tr
Cr

� �
s

=
Tr
Cr

� �
L

ð4Þ

where D is the partition coefficient, Tr
Cr

� �
S
is the ratio of the

concentration of the trace element to that of the major or

‘‘carrier” element in the solid and Tr
Cr

� �
L
is the ratio of the

concentration of the trace element to that of the major ele-
ment in the liquid or aqueous phase (McIntire, 1963). The
partition coefficient, D, for the trace element substitution
of Ag into chalcopyrite can be calculated with the following
equation:
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D ¼ Cuþ½ �XAgFeS2ðsÞ
Agþ
� �

XCuFeS2ðsÞ
ð5Þ

Eq. (5) is analogous to Eq. (2), but differs by the use of
concentrations rather than thermodynamic activities.

Unlike the value
Keq

cR
, the partition coefficient does not take

into account the effects of aqueous complexing, which are
related to the chemistry and composition of the hydrother-
mal fluid. However, the calculated partition coefficient
based on concentrations alone is 0.67 ± 0.14, which is the

same value as Keq

cR
, within error.

That the Ag concentrations of chalcopyrite in black
smoker chimney linings primarily reflect the Ag:Cu concen-
tration ratios of corresponding hydrothermal vent fluids
supports recent work indicating that the stoichiometry
and stability of Cl� and HS� complexes with Ag+ are sim-
ilar to those of Cu+ over a wide range of physiochemical
conditions relevant to black smoker chimneys (Akinfiev
and Zotov, 2001; Pokrovski et al., 2013). Unfortunately,
the SLOP07 database does not include data on Cu bisulfide
complexes, which are potentially important in controlling
the activity of {Cu+} in sulfur-rich hydrothermal fluids.
Follow-up investigations that include more explicit model-
ing of the Cl� and HS� complexes of both Ag+ and Cu+ in
the fluids presented here would be valuable in providing a
clearer understanding of the potential role of these com-
plexes in controlling Ag and Cu concentrations in
hydrothermal vent fluids.

With the exception of a few samples collected from the
PACMANUS vent fields of the Manus Basin, the log con-
centrations of Ag in black smoker chimney linings also cor-
relate with hydrothermal fluid pH (Fig. 9), either measured
shipboard (pH25�C vs. log10(Ag): R2 = 0.53, p = 0.003), or
as calculated for in situ conditions (pHin situ vs. log10(Ag):
R2 = 0.34, p = 0.027). This pattern can be explained by
partitioning of Ag into chalcopyrite as a function of the
{Ag+}:{Cu+} activity ratio in hydrothermal fluids and the
effects of vent fluid pH on this ratio. Lower pH vent fluids,
Fig. 10. Thermodynamic stability diagrams from Wood and Samson (20
contributing to the solubility of GaOOH at 300 �C at vapor saturated pr
pH vs. the log concentration of aqueous In complexes contributing to the
thermodynamic data from Tunaboylu and Schwarzenbach (1970). Red
In3+, as a function of pH.
which result from higher reaction zone temperatures and/or
the influence of acidic magmatic volatiles, contain higher
Cu concentrations than less acidic vent fluids (Fig. S1).
Because vent fluid Ag concentrations are observed to exhi-
bit less sensitivity to differences in hydrothermal fluid pH
relative to Cu, lower pH vent fluids have lower {Ag+}:
{Cu+} ratios than higher pH vent fluids (Fig. S1). Accord-
ingly, chalcopyrite formed from lower pH vent fluids will
tend to contain lower concentrations of Ag, reflecting the
typically lower {Ag+}:{Cu+} ratio. However, some low
pH vent fluids contain very high concentrations of Ag,
which has been attributed to remobilization of previously
deposited Ag-rich metal sulfides in the subsurface
(Craddock, 2009). In such cases, Ag concentrations in chal-
copyrite lining black smoker chimneys are high, reflecting
elevated {Ag+}:{Cu+} ratios in the corresponding
hydrothermal fluids (e.g., Fig. 8, sample J2-208-1-R1, pair
with Fig. 9, sample RMR1). Thus, Ag-rich chalcopyrite
in black smoker chimneys linings can either precipitate
from higher-pH, Cu-poor vent fluids, or from Ag-rich
low-pH vent fluids.

To differentiate between Ag-rich chalcopyrite formed
from higher-pH, Cu-poor vent fluids, and that formed from
Ag-rich low-pH vent fluids, additional mineralogical or
geochemical evidence may be necessary. For example, pre-
vious studies have shown that zonation of copper-iron- and
zinc- sulfides and strong correlations between concentra-
tions of Ag and Zn in bulk samples are indicative of forma-
tion from low-pH fluids (Tivey et al., 1999; Kristall et al.,
2011; Evans et al., 2017).

5.2.2. Concentrations of Ga and In: Indicators of vent fluid

pH

On the basis of shared valence state, similar ionic radius,
and the existence of the minerals gallite (CuGaS2) and
lenaite (CuInS2), Ga(III) and In(III) most likely substitute
for Fe(III) in the chalcopyrite crystal lattice. However,
Ga and In concentrations in chalcopyrite lining black smo-
06) showing pH vs. the log concentration of aqueous Ga complexes
essures using the thermodynamic data of Benézéth et al. (1997) and
solubility of In2S3 at 20 �C and 1 M NaClO4, total S = 0.01 M using
dashed straight lines highlight the activities of free ions, Ga3+ and
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ker chimneys do not correlate with Ga and In concentra-
tions of the corresponding vent fluids, where measured,
nor do they correlate with the calculated {Ga3+}:{Fe3+}
or {In3+}:{Fe3+} ratios of these fluids, though data on
Ga and In complexes at in situ conditions are limited
(Fig. S2).

Intriguingly, log concentrations of Ga and In in chal-
copyrite lining black smoker chimneys do correlate with
the measured pH (pH25�C vs. log10(Ga): R2 = 0.51,
p = 0.002; pH25�C vs. log10(In): R2 = 0.53, p = 0.0009)
and calculated in situ pH for corresponding vent fluids
(pHin situ vs. log10(Ga): R2 = 0.51, p = 0.002; pHin situ vs.
log10(In): R

2 = 0.35, p = 0.01). High Ga and In concentra-
tions in chalcopyrite black smoker chimney linings are asso-
ciated with low-pH vent fluids (Fig. 9). A possible
explanation for the observed correlations is complexing of
Ga and In by OH� at higher pH. Experimental investiga-
tions of Ga and In speciation as a function of pH have indi-
cated that the activities of free Ga3+ and In3+ are both
lower at higher pH, a phenomenon that has been attributed
to the formation of Ga and In OH� complexes (Wood and
Samson, 2006; Fig. 10). Thermodynamic modelling per-
formed here likewise indicates that Ga is predominantly
complexed as Ga(OH)+2 while In is primarily complexed
as InCl+2 and secondarily as In(OH)+2. In considering this
hypothesis, it should also be noted that thermodynamic
data for the Cl� and OH� complexes of Ga3+ and In3+

are highly uncertain (Wood and Samson, 2006). This uncer-
tainty and the fact that few measurements of Ga and In in
Fig. 11. Free ion activity ratios {Co2+}:{Fe2+} and {Ni2+}:{Fe2+}
concentrations in paired black smoker chimney linings.. Also shown
concentrations in paired black smoker chimney linings. X-axes cross a
VFR = Valu Fa Ridge; EMB = Eastern Manus Basin; JdF = Juan de
Eastern Lau Spreading Center (Seewald, 2017; this paper), Manus Basin (C
Cayman Rise (McDermott et al., 2018).
hydrothermal fluids are available may explain the lack of
correlation between calculated {Ga3+}:{Fe3+}or {In3+}:
{Fe3+} ratios in hydrothermal fluids and the Ga and In
concentrations of chalcopyrite in corresponding black smo-
ker chimney linings.

The observed correlations between the Ga and In con-
centrations in chalcopyrite lining black smoker chimneys
and hydrothermal fluid pH provide a useful empirical proxy
of hydrothermal fluid pH. When combined with Ag, the
addition of Ga and In as indicators of hydrothermal fluid
pH allows for differentiation between Ag-rich chalcopyrite
precipitated from near-neutral, Cu-poor vent fluids and
similarly Ag-rich chalcopyrite precipitated from lower-pH
Ag-rich vent fluids. Specifically, high Ag concentrations
accompanied by low Ga and In concentrations in chalcopy-
rite are indicative of precipitation from near-neutral, Cu-
poor hydrothermal fluids while high Ag, Ga, and In con-
centrations in chalcopyrite are indicative of precipitation
from low-pH, Ag-rich hydrothermal fluids, likely related
to subsurface remobilization of previously deposited Ag-
rich sulfide deposits.

5.2.3. Co and Ni concentrations more strongly reflect

crystallography

As with Ag, Ga, and In, concentrations of Co(II) and Ni
(II) in black smoker chimney linings likely reflect both sub-
stitution into the mineral lattice and concentrations in the
vent fluid relative to Fe(II). Concentrations of Co and Ni
in black smoker chimney linings show no clear correlations
in hydrothermal fluids as calculated by EQ3/6 vs. Co and Ni
are total Co:Fe and Ni:Fe concentration ratios vs. Co and Ni
t SIMS detection limits. ELSC = Eastern Lau Spreading Center,
Fuca Ridge; MCR =Mid-Cayman Rise. Fluid data sources are:
raddock, 2009), Main Endeavour Field (Seyfried et al., 2003), Mid-
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with total Co or Ni vent fluid concentrations, the free ion
activities of these elements, or the activity ratios of these
elements to those of Cu or Fe in corresponding vent fluids.
As noted, concentrations of Co and Ni do correlate with
the Cu:Fe ratio of the copper-iron-sulfide host mineral
(Fig. 5), which has also been noted in previous studies
(Rouxel et al., 2004). This suggests that crystallography
plays a significant role in determining the Co and Ni con-
centrations of black smoker chimney linings, and Co and
Ni concentrations in the mineral are not related to fluid
metal concentrations in as straightforward a manner as
was observed for Ag, Ga, and In. Specifically, a molar
excess of Fe over Cu increases the availability of Fe(II) lat-
tice sites for which Co(II) and Ni(II) preferentially
substitute.

Previous studies have noted that Fe-rich Cu-Fe-S solid
solutions are associated with lower sulfidation states that
are in turn associated with H2-rich fluids generated by
hydrothermal reactions involving mafic or ultramafic host
rocks (Kojima and Sugaki, 1985; Sack and Ebel, 2006;
Einaudi et al., 2003; Kawasumi and Chiba, 2017). Data pre-
sented here confirm that copper-iron sulfide black smoker
chimney linings from mafic-hosted Mid-Cayman Rise and
southern East Pacific Rise vent fields are generally more
Fe-rich and contain higher Co and Ni concentrations than
their back-arc basin counterparts (Fig. 5). However, even in
chimneys lined solely with stoichiometric chalcopyrite, no
correlations are observed between Co or Ni concentrations
of the black smoker chimney linings and hydrothermal fluid
chemistry (Fig. 11), likely reflecting a lack of availability of
Fe(II) lattice sites for which Co(II) and Ni(II) can substitute
and suggesting a possibility of paired substitutions. Thus,
the Co and Ni concentrations of black smoker chimney lin-
ings have not been shown to provide effective proxies of
hydrothermal fluid chemistry beyond existing mineralogical
indicators (e.g., Lusk and Bray, 2002).

5.3. Concentrations of trace metals in ELSC/VFR

hydrothermal fluids

Metal concentrations in hydrothermal fluids are initially
set in high-temperature hydrothermal reaction zones, where
chemically evolved seawater reacts with rocks (±magmatic
volatiles) below the seafloor (e.g., Seewald and Seyfried,
1990). As hydrothermal fluids travel upward from these
subsurface reaction zones to vents at the seafloor, metal
concentrations may be additionally modified by the precip-
itation and dissolution of SMS deposits and other minerals.
The extent to which the concentration of an element is
modified by mineral precipitation and dissolution depends
on the partitioning of that element between minerals and
hydrothermal fluids and the extent of mineral precipita-
tion/dissolution relative to the flux of hydrothermal fluid.
Elements that occur as major or trace elements in chalcopy-
rite and other sulfide minerals may be especially sensitive to
the precipitation and remobilization of previously depos-
ited sulfide minerals.

The similarity of ELSC/VFR vent fluids collected in
2015 to those collected in 2009 and 2005 with respect to
temperature, pH, and element concentrations suggests that
vent fluid temperatures and chemistry have remained rela-
tively stable during this time period. Vent fluids collected
from the Mariner vent field exhibit a bimodal range of chlo-
rinity and H2S contents that has been attributed to phase
separation at the seafloor and in the shallow subsurface
(Takai et al, 2008; Mottl et al., 2011). However, there is
no indication of systematic changes in the compositions
of high chloride or low chloride vent fluids at the Mariner
vent field between repeat visits. Metal concentrations in
the high-temperature, low-pH vent fluids collected from
the Mariner vent field are higher than those in lower-
temperature, higher-pH vent fluids collected from other
ELSC/VFR vent fields (Figs. 6, 7; Table 8). The magnitude
of this enrichment varies by element with Fe and Cu
exhibiting the greatest enrichment and Ag exhibiting the
least. Concentrations of Co, Ga, Zn, Cd, and In are also
enriched in Mariner vent fluids, but to a lesser extent than
Fe and Cu (Fig. 7).

Endmember concentrations of Mn in hydrothermal vent
fluids including those from the ELSC/VFR exhibit a nega-
tive trend with hydrothermal fluid pH with the highest Mn
values predominantly associated with fluids of pH < 3
(Fig. S3). Endmember Mn concentrations do not correlate
with vent fluid exit temperatures (Fig. S3). These patterns
are consistent with the previously proposed hypothesis that
Mn concentrations reflect the temperature, pH, and other
chemical conditions of the hydrothermal reaction zone,
but are not significantly modified by mineral precipitation
during subsequent cooling as the minerals that precipitate
do not contain significant quantities of Mn (Seewald and
Seyfried, 1990). Some relatively high-pH, high-Mn vent flu-
ids from the Mariner vent field reflect mixing with seawater,
which buffers the pH of hydrothermal fluids, but does not
significantly alter endmember Mn concentrations. Rela-
tively low Mn concentrations in low-Cl fluids collected
from the Juan du Fuca Ridge point to the additional impor-
tance of Cl-complexing in controlling Mn concentrations
(Seyfried et al., 2003).

Endmember concentrations of Fe and Cu in ELSC/VFR
and other vent fluids exhibit a negative trend with fluid pH
and a positive trend with vent fluid exit temperatures
(Fig. S3). This is consistent with the hypothesis that Cu
and Fe concentrations are controlled by the temperature-
and pH-dependent precipitation of sulfide minerals, includ-
ing chalcopyrite (Seewald and Seyfried, 1990). Measured
concentrations of Cu in hydrothermal vent fluids show a
greater degree of variability than those of Fe. This can be
accounted for by the greater sensitivity of Cu measurements
to mineral (e.g. chalcopyrite) precipitation during the col-
lection of vent fluid samples and the relatively high concen-
trations of Cu in the dregs and filter fractions that may not
have been quantitatively recovered during sample process-
ing. Ratios of Cu to Fe in hydrothermal fluids may be addi-
tionally affected by fluid redox and sulfidation states,
though these patterns may be obscured by temperature-
dependent precipitation of chalcopyrite and associated
removal of Cu (Seyfried and Ding, 1993).

Endmember concentrations of Zn exhibit a negative
trend with vent fluid pH and no trend with respect to vent
fluid exit temperatures (Fig. S3). This is consistent with
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experimental data indicating that Zn concentrations ini-
tially set in the hydrothermal reaction zone equilibrate
more slowly than Cu and Fe during subsequent cooling
(Seewald and Seyfried, 1990). An additional factor may
be the pH-dependence of sphalerite (ZnS) saturation tem-
peratures, which causes Zn to be precipitated at higher tem-
peratures under higher pH conditions (Evans et al., 2017).
Several vent fluids from the relatively high pH Tu’i Malila
vent field are enriched in Zn compared to the other vent flu-
ids (Fig. S3). Previous studies of hydrothermal vent fluids
from the Vai Lili vent field on the VFR (Fouquet et al.,
1993), the TAG hydrothermal mound on the Mid-
Atlantic Ridge (Tivey et al., 1995; Metz and Trefry,
2000), and the PACMANUS vent fields in the Manus Basin
(Craddock, 2009) have reported highly elevated (and often
correlated) concentrations of Zn, Cd, Ga, Ag, and Pb asso-
ciated with vent fluids of lower temperature and pH than
high-temperature black smoker vent fluids from the same
vent field. The higher concentrations of these metals have
been attributed to remobilization of previously deposited
sulfide minerals within the subsurface (Fouquet et al.,
1993; Tivey et al., 1995; Metz and Trefry, 2000;
Craddock, 2009). Elevated concentrations of Zn, Cd and
Ag concentrations among some Tu’i Malila vent fluids
(e.g., TM16, TM17) suggest sub-surface remobilization of
Zn-bearing massive sulfides within the Tu’i Malila vent
field.

Analyses of Ga and In in hydrothermal vent fluids are
rare. Among the data presented here, concentrations of
Ga in vent fluids from the mafic-hosted Tahi Moana-1 vent
field (Ga = 2–15 nmol/kg) are lower than those from the
basalt-andesite hosted ABE (Ga = 6–110 nmol/kg) and
Tu’i Malila vent fields (Ga = 6–130 nmol/kg) despite over-
lapping vent fluid temperatures and pH (Figs. 7, S4,
Table 8). This suggests that vent fluid Ga concentrations
may be partially controlled by host-rock lithology in addi-
tion to temperature and pH. However, the Ga concentra-
tions of ELSC and VFR vent fluids are broadly similar to
vent fluid Ga concentrations of 25–67 nmol/kg reported
for vent fluids from the north and south Cleft segments
of the southern Juan de Fuca Ridge and the black smoker
complex of the TAG hydrothermal mound (Metz and
Trefry, 2000). Vent fluid In concentrations reported here
for ELSC and VFR vent fluids (In = 30–240 nmol/kg;
Table 8) are substantially higher than the 2.8–3.5 nmol/kg
reported for vent fluids from the Rainbow vent field, one
of the few vent fields for which vent fluid In concentrations
have been analyzed (Douville et al., 2002). This comparison
is surprising given the higher temperatures (362–364 �C),
generally lower pH (pH (at 25 �C) = 2.8–3.2), and higher
Cl concentrations (745–756 mmol/kg) of Rainbow vent flu-
ids (Douville et al., 2002).

6. CONCLUSIONS

Based on the comparison of Co, Ni, Ga, Ag, and In con-
centrations in black smoker chimney linings and hydrother-
mal fluid chemistry presented in this paper, two factors
stand out as controlling trace element concentrations in
chalcopyrite lining black smoker chimneys. The first is the
free ion activity ratio of trace elements relative to that of
the major element being replaced in the crystal lattice
(e.g., Ag(I) for Cu(I), Ga(III) and In(III) for Fe(III)). In
the case of Ag replacing Cu, the free ion activity ratio of
{Ag+}:{Cu+} primarily reflects the total Ag:Cu concentra-
tion ratio, which in turn reflects the combined effects of
fluid pH and, in some cases, elevated Ag concentrations
that likely reflect remobilization of previously deposited
sulfides. In the case of Ga or In replacing Fe, the dominant
control on the free ion activity ratios of {Ga3+}:{Fe3+} and
{In3+}:{Fe3+} is not the total concentrations of Ga or In,
but rather the relative concentrations of complexing
ligands, Cl� and OH�. Among seafloor hydrothermal fluids
associated with black smoker chimneys, the variation in
Cl� concentrations is less than the variation in OH� con-
centrations associated with pH. Thus, the Ga and In con-
tents of chalcopyrite lining black smoker chimneys
provides an effective proxy of vent fluid pH.

The second important controlling factor is crystallogra-
phy, which is most evident in the preferential partitioning
of Co(II) and Ni(II) into Fe-rich Cu-Fe-S solid solutions.
The influence of crystallography on the partitioning of Co
and Ni is demonstrated by correlations between the Co
and Ni concentrations and Cu:Fe ratios of black smoker
chimney linings, as well as the comparative lack of correla-
tion between the Co and Ni concentrations of black smoker
chimney linings and hydrothermal fluid chemistry. Because
of the strong effect of crystallography on Co and Ni concen-
trations, these elements are unlikely to provide useful prox-
ies of fluid chemistry unless the effects of crystallography
can be more quantitatively understood and accounted for.

Overall, this study demonstrates the potential of using
paired samples of black smoker chimneys and hydrother-
mal vent fluids to investigate the partitioning of trace ele-
ments between hydrothermal fluids and sulfide minerals
and to develop proxies of important hydrothermal fluid
parameters such as pH. Additionally, this study demon-
strates the utility of SIMS in achieving quantitative mea-
surements of trace elements in sulfide minerals
(specifically chalcopyrite) at high spatial resolutions and
low detection limits. As such, SIMS has potential for use
in a variety of contexts where the trace element content of
fine-grained sulfide minerals is unknown. Avenues for
future work include examination of additional trace ele-
ments and/or minerals, investigation of SMS deposits
beyond the linings of black smoker chimneys, and further
analysis of the fundamental controls of trace element parti-
tioning in sulfide minerals.
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