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Abstract The Manus Basin hosts a broad range of vent fluid compositions typical for arc and back‐arc
settings, ranging from black smoker to acid‐sulfate styles of fluid venting, as well as novel intermediate
temperature and composition “hybrid” smokers. We investigated B, Li, Mg, and Sr concentrations and
isotopic compositions of these different fluid types as well as of fresh and altered rocks from the same
study area to understand what controls their compositional variability. In particular, the formation of
acid‐sulfate and hybrid smoker fluids is still poorly understood, and their high Mg concentrations are
explained either by dissolution of Mg‐bearing minerals in the basement or by mixing between unmodified
seawater and magmatic fluids. Mg isotope ratios of the acid‐sulfate fluids from the Manus Basin are
seawater‐like, which supports the idea that acid‐sulfate fluids in this study area predominantly form by
mixing between unmodified seawater and a Mg‐free magmatic fluid. Changes in the B, Li, and Sr isotope
ratios relative to seawater indicate water‐rock interaction in all acid‐sulfate fluids. Further, the combination
of δ7Li with B concentrations of the same fluids links changes in δ7Li to changes in (1) basement alteration,
(2) water‐to‐rock ratios during water‐rock interaction, and/or (3) the reaction temperature. These isotope
systems, thus, allow tracing of basement composition and acid‐sulfate‐driven alteration of the back‐arc crust
and help increase our understanding of hydrothermal fluid‐rock interactions and the behavior of
fluid‐mobile elements.

1. Introduction

Hydrothermal vent fluids in submarine arc and back‐arc environments are influenced by the complex
interplay between mantle wedge, subducting slab, seafloor morphology, and volcanic activity. In
consequence, fluids venting in these tectonic settings are characterized by a broad range of chemical and
physical variability (Araoka et al., 2016; Gamo et al., 1997; Gena et al., 2006; Reeves et al., 2011; Resing
et al., 2007; Seewald et al., 2015; Wilckens et al., 2018; Yamaoka et al., 2015). A unique type of vent fluid,
which is known from several arc and back‐arc sites in the Western Pacific, are acid‐sulfate fluids.
Acid‐sulfate fluids are characterized by low pH, high Mg and sulfate concentrations, and high gas contents
(Gamo et al., 1997; Lupton et al., 2006., 2011; Resing et al., 2007; de Ronde et al., 2011; Butterfield et al., 2011;
Seewald et al., 2015). As a result of their distinct chemical composition compared with other hydrothermal
fluids, the fluids may have a profound influence on the global hydrothermal fluxes of, for example,
aluminum or carbon dioxide (CO2) (Butterfield et al., 2011; Lupton et al., 2006).

The formation of acid‐sulfate fluids differs from that of black smoker fluids (Figure 1). Black smoker fluids
form mainly through water‐rock interaction of seawater delivered to the subsurface via hydrothermal
convection (Figure 1a). During water‐rock interaction as temperatures increase beyond 150 °C, Mg and
sulfate are depleted in the fluids due to precipitation of anhydrite (CaSO4) and incorporation of Mg into
secondary Mg‐OH silicates (Butterfield, 1999; James et al., 2003; Seyfried, 1987) (process 1 in Figure 1a).
Fluid chemistry is further modified by dissolution of minerals and leaching of metals, alkali, and alkaline
elements at high temperatures, phase separation, and addition of magmatic fluids (2 and 3 in Figure 1a).
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In contrast, the formation of acid‐sulfate fluids does not involve a significant hydrothermal circulation cell or
a primary seawater source fluid (Figure 1b). Instead, magmatic H2O‐CO2‐SO2‐HCl fluids (Figure 1b, red
arrows) discharge to the seafloor, mixing with relatively unmodified seawater during upflow (Seewald
et al., 2015). This general scenario can explain the exceptionally low pH, high Mg and SO4 concentrations,
and seawater‐like Sr isotope compositions of acid‐sulfate fluids (Seewald et al., 2015). Previous studies
examining the formation of acid‐sulfate fluids invoke water‐dominated water‐rock interaction with a
highly altered crust based on the limited enrichments of fluid mobile elements (e.g., Li, Cs, and Rb) in
acid‐sulfate fluids relative to seawater (Gamo et al., 1997; Gena et al., 2006; Seewald et al., 2015).
However, conditions during the interaction of magmatic fluid, evolved seawater, and basement rock
within magmatic hydrothermal systems in arc and back‐arc environments are poorly understood.

To improve our understanding of the formation of acid‐sulfate fluids and associated crustal alteration, we
report aqueous lithium (Li), boron (B), magnesium (Mg), and strontium (Sr) isotope ratios in a range of

Figure 1. Sketch illustrating the formation of (a) black smoker fluids and (b) acid‐sulfate fluids. The thickness of the
arrows is equal to the flux intensity. The numbers indicate the processes or sources that influence the fluid chemistry:
(1) deep subsurface convective circulation of seawater and loss of Mg, SO4 during formation of Mg‐hydroxysilicates, and
anhydrite at elevated temperatures; (2) dissolution of minerals and leaching of elements during high‐temperature water‐
rock interactions and phase separation; (3) magmatic fluid degassing; (4) entrainment of unmodified seawater in the
shallow subsurface; and (5) venting at the seafloor and precipitation of minerals.

Figure 2. Tectonic setting of the Manus Basin. Yellow stars indicate the sample locations within the EMVZ. Major
tectonic plates and the plate motions are indicated with black and gray arrows (map after Tivey et al., 2006).
MSC = Manus Spreading Center; EMVZ = Eastern Manus Volcanic Zone; TF = tsransform fault.
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acid‐sulfate and black smoker fluids from the Manus Basin, Bismarck Sea, Papua New Guinea (Fig. 2).
The Manus back‐arc basin hosts a range of hydrothermal systems (Craddock et al., 2010; Gamo et al.,
1997; Reeves et al., 2011; Seewald et al., 2015, 2019) and is well suited to assess the broad range of phy-
sical and chemical processes that regulate vent fluid composition. The compositional variability in the
vent fluids is a result of phase separation processes, the heterogeneous composition of the basement
(from basaltic andesite to rhyodacite), and variable inputs of magmatic fluids into the hydrothermal cir-
culation cell (Gamo et al., 1997; Reeves et al., 2011; Seewald et al., 2015). The high‐temperature (high‐T)
fluids venting at the Manus Spreading Center are similar to black smoker fluids at mid‐ocean ridge set-
tings, reflecting the more mid‐ocean ridge basalt (MORB)‐like composition of the oceanic crust (Reeves
et al., 2011; Seewald et al., 2019; Wilckens et al., 2018; Yamaoka et al., 2015). In contrast, vent fluids
from the Eastern Manus Volcanic Zone (EMVZ) have a compositional range from high‐temperature
(high‐T) and low‐temperature (low‐T) fluids with variable gas concentrations to acid‐sulfate fluids and
hybrid forms of acid‐sulfate and smoker‐type fluids. Particularly, North Su volcano within the EMVZ
hosts some of the most highly acidic acid‐sulfate‐type fluids discovered to date with pH <1 and SO4 con-
centrations >150 mM (Seewald et al., 2015). Mg isotope data allow us to test whether Mg in acid‐sulfate
fluids is derived from seawater or leached from the oceanic crust. The application of Li, B, and Sr iso-
topes in acid‐sulfate fluids provides a promising tool for understanding magmatic‐hydrothermal water‐
rock interaction and for tracking the progressive alteration of the oceanic crust during interaction with
acid‐sulfate fluids.

2. Study Area
2.1. Tectonic Setting

The Manus Basin is located in the northeastern Bismarck Sea, Papua New Guinea, and is bordered by the
inactive Manus Trench in the northeast, the Willaumez Rise in the northwest, and the New Britain
Trench in the south (Lee & Ruellan, 2006; Taylor et al., 1994) (Figure 2). The basin is a rapidly opening
back‐arc basin, which formed during the northward subduction of the Solomon plate along the New
Britain Trench. The acid‐sulfate fluids are located in the EMVZ, between the Djaul and Weitin transform
faults. Volcanic rock types in this area range from basaltic andesites to dacites. The chemical composition
of these rocks resembles that of island arc basalts (Kamenetsky et al., 2001; Sinton et al., 2003; Pearce &
Stern, 2006; Park et al., 2010; Beier et al., 2015). Hydrothermal activity occurs at several vent sites in the
EMVZ (Craddock et al., 2010; Gamo et al., 1997; Reeves et al., 2011; Seewald et al., 2015, 2019). However,
known areas of acid‐sulfate venting are limited to the DESMOS caldera and at North Su within the SuSu
Knolls neovolcanic edifice complex (Figure 2).

2.2. Hydrothermal Vent Sites
2.2.1. North Su
North Su is one of the volcanic edifices within SuSu Knolls, which overlie the andesitic Tumai Ridge. The
hydrothermal fluids at the North Su hydrothermal field have a broad compositional range from high‐T black
smoker over diffuse to acid‐sulfate fluids (Seewald et al., 2015, 2019). Black smoker fluids vent in the summit
area and to the west of North Su, with temperatures up to 332 °C and pH between 2.8 and 4.8 (measured at 25
°C). Expansive fields of hybrid and white smokers and, in particular, acid‐sulfate fluids vent south of the
summit area. These acid‐sulfate fluids mostly vent milky white smoke (likely elemental sulfur) with variable
exit temperatures between 48 and 241 °C and pH between 0.87 and 1.9 (Bach et al., 2011; Reeves et al., 2015;
Seewald et al., 2015).
2.2.2. DESMOS caldera
DESMOS caldera is also located in the EMVZ and describes a neovolcanic edifice north of SuSu Knolls,
which rises to about 1,810‐m depth. DESMOS has a caldera with a depression of 150 to 250 m, a width of
about 1.5 to 2 km, and negligible sediment cover. Compared to North Su, DESMOS has more limited areas
of hydrothermal activity, with white smoke venting only at a small poorly focused vent area 30 m in dia-
meter. The so‐called Onsen site venting on a ledge of the northern caldera wall emits acid‐sulfate fluids
(Gamo et al., 1997). Similar to North Su, the fluids are characterized by low exit temperatures of 69 to 117
°C and low pH from 0.95 to 1.4 (Seewald et al., 2015).
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3. Methods
3.1. Sampling and Analytical Methods

Vent fluid samples (Table 1) were collected during the July–August 2006 MAGELLAN‐06 expedition aboard
the R/V Melville and a second SO‐216 (BAMBUS) expedition aboard the R/V Sonne in June–July 2011.
During MAGELLAN‐06, vent fluids were sampled with isobaric gas‐tight (IGT) fluid samplers (Seewald
et al., 2002) and syringe‐style “major” samplers deployed from the ROV Jason II. Sampling methods and
locations from the 2006 campaign have been previously described (Craddock et al., 2010; Reeves et al.,
2011; Seewald et al., 2015, 2019). During SO‐216, vent fluid sampling was done with IGT fluid samplers as
well as the “KIPS” (Kiel Pumping System) (Garbe‐Schönberg et al., 2006) fluid pumping system deployed
from ROV MARUM‐QUEST (Bach et al., 2011). Typically, two IGT samples were taken at each orifice, but
in some instances, collection of only one fluid sample was possible. Real‐time measurements of temperature
were taken during IGT sample collection, and reported temperatures represent the maximum measured
value. Shipboard analysis of pH and processing of fluids was identical to that of the 2006 cruise (e.g.,
Reeves et al., 2011; Seewald et al., 2015). Fluid aliquots for major and trace element analyses were acidified
to pH <2 with trace metal grade nitric acid, and subsamples of these aliquots were diluted 100‐fold for mea-
surement of aqueous SiO2. For analyses of SO4 concentrations, separate fluid aliquots were purged with N2

to remove H2S prior to storage. Typical uncertainties were ±0.02 pH units (2SD; Reeves et al., 2011; Seewald
et al., 2015). The concentrations of Mg, Sr, aqueous SiO2, Cl, and SO4 in the fluids sampled in 2006 have been
published previously (Craddock et al., 2010; Reeves et al., 2011; Seewald et al., 2015, 2019).

Mg concentrations were determined by ion chromatography (at Woods Hole Oceanographic Institution,
samples of 2006) and inductively coupled plasma‐optical emission spectrometry (ICP‐OES; at University
of Bremen, samples of 2011) onshore (Reeves et al., 2015; Seewald et al., 2015). Sr and Li concentrations
in the acidified 2006 fluid samples were determined by inductively coupled plasma‐mass spectrometry
(ICP‐MS) at Woods Hole Oceanographic Institution, and SiO2 concentrations were determined by ICP‐
OES at the University of South Florida. Sr, Li, and SiO2 concentrations in the 2011 fluid samples were deter-
mined by ICP‐OES, while Cl and SO4 were determined by ion chromatography (Uni. Bremen). Analytical
uncertainties (2RSD) are ±10% for Li and Sr, ±5% for Cl and SO4, ±3% for Mg, ±2% for SiO2, and ±0.02
pH units.

Volcanic rock samples were collected during the MAGELLAN‐06 expedition from DESMOS and SuSu
Knolls using the ROV Jason II. Beier et al. (2015) described sample locations, sample preparation,
and the petrology for the fresh volcanic rocks, and Wilckens et al. (2018) discussed the altered rock
samples. Sr and Li contents for the volcanic rocks and two reference materials (basalt BM and granite
GM) were analyzed by ICP‐MS on a ThermoFinnigan Element2 at the Helmholtz‐Zentrum Potsdam
(GeoForschungsZentrum Potsdam) and at the Institute of Geosciences, University of Bremen, respec-
tively. Sr and Li concentrations of the reference materials are within analytical uncertainty (<5%,
2SD) with literature values (Beier et al., 2015). For more details, see Beier et al. (2015) and Wilckens
et al. (2018).

3.2. Sample Preparation and Isotope Ratio Measurements

The analytical procedures and measurements of Li, Sr, and Mg isotope ratios were performed in the Isotope
Geochemistry Laboratory at MARUM—Centre for Marine Environmental Sciences, University of Bremen
(Germany). Before isotope analysis, the volcanic rock samples were pulverized and digested using a mixture
of concentrated, ultrapure HNO3, HCl, and HF (hydrofluoric acid). Vent fluids were evaporated to dryness.
Mg, Li, and Sr were separated from their sample matrix using specific separation methods outlined here.

For Sr isotope analysis about 300‐ng Sr was loaded onto chromatograhic separation columns. The separation
of Sr was done with Sr spec resin (modified after Pin & Bassin, 1992), and the separated Sr fraction was
loaded together with a tantalum emitter onto rhenium filaments and measured with a ThermoFisher
Scientific TRITON Plus thermal ionization mass spectrometer in dynamic mode. Strontium isotopic ratios
are given as 87Sr/86Sr and were normalized to the stable 86Sr/88Sr of 0.1194 to correct for instrumental mass
fractionation. The instrumental accuracy for 87Sr/86Sr was obtained by repeated analysis of the standard
reference material NIST SRM 987, which gave a value of 0.710248 ± 0.000015 (2SDmean, n = 12) that is in
agreement with the published values analyzed by thermal ionization mass spectrometer (0.710250 ±
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Table 1
Measured Concentrations of Boron, Lithium, Strontium, and Magnesium, Together With Isotope Data for Acid‐Sulfate and Black Smoker Fluids From North Su and
DESMOS and Previously Reported Data for the Same Vent Fluids

Edifice Working ID Year of
sampling

IGT Ta pHa Mga Bb Li Sra Cla SO4
a SiO2

a

°C 25 °C (mmol/kg) (μmol/kg) (μmol/kg) (μmol/kg) (mmol/kg) (mmol/kg) (mmol/kg)

Acid‐sulfate (white smoker) fluids
North Su NS1 J2‐221‐IGT7 2006 48 1.8 49.6 505 35 86 520 37 3.7

NS1 J2‐221‐IGT8 2006 47 1.9 50.4 484 30 85 527 35 3.0
NS1 J2‐221‐M4 2006 1.9 49.8 464 34 87 524 — 3.3
NS2 J2‐221‐IGT6 2006 206 0.9 39.2 797 27 58 443 132 9.9
NS2 J2‐221‐IGT5 2006 215 0.9 41.1 718 34 64 456 120 8.6
NS2 J2‐221‐M2 2006 0.9 41.1 704 34 63 457 — 8.9
NS9 023‐ROV‐01 2011 95 1.4 44.7 465 37 66.0 477 61 4.4
NS9 023‐ROV‐02 2011 103 1.2 42.7 472 41 59.3 456 72 5.8

DESMOS D1 J2‐220‐IGT1 2006 113 1.0 44.9 474 24 71 492 147 8.3
D1 J2‐220‐IGT2 2006 117 1.0 45.1 471 25 72 495 139 7.9
D1 J2‐220‐M4 2006 1.3 50.0 446 29 86 n.d. 80 3.5
D2 J2‐220‐IGT3 2006 69 1.4 49.2 471 21 79 502 59 5.7
D2 J2‐220‐M2 2006 1.4 49.4 473 25 80 501 62 5.7
D2 J2‐220‐IGT4 2006 70 1.4 49.3 487 31 78 n.d. 63 5.7

Hybrid smoker fluids
North Su NS4 J2‐223‐IGT5 2006 241 1.5 23.5 1,047 419 73 562 28 16.1

NS4 J2‐223‐IGT6 2006 203 1.5 24.2 1,057 380 75 562 26 15.8
NS8 021‐ROV‐01 2011 169 2.4 43.5 626 122 95 555 27 3.1
NS11 047‐ROV‐03 2011 149 2.0 44.2 570 130 95 553 30 5.0
NS11 047‐ROV‐04 2011 129 1.9 40.8 662 164 100 553 31 6.5

Black smoker fluids
North Su NS3 J2‐223‐IGT7 2006 300 3.5 3.4 1,416 806 232 665 1.6 16.7

NS5 J2‐227‐IGT2 2006 299 3.4 7.4 1,073 562 215 550 0.9 14.9
NS5 J2‐227‐M2 2006 4.8 27.4 934 348 151 544 — —

NS6 J2‐227‐IGT3 2006 325 2.8 1.6 1,740 833 410 773 0.7 16.0
NS6 J2‐227‐M4 2006 2.9 5.1 1,555 766 367 668 ‐ —

NS7 019‐ROV‐01 2011 332 3.2 15.3 1,298 581 297 662 9.9 —

NS10 045‐ROV‐02 2011 312 4.8 18.9 1,356 500 199 662 — 14.9

Bottom SW J2‐228‐M4 2006 3 7.9 52.4 419 28 91 540 28.2 0.13

Edifice Working ID Year of
sampling

δ11Bb ± 2SD δ7Li ± 2SD 87Sr/86Sra ± 2se δ26Mg ± 2SD

(‰) (‰) (‰)

acid‐sulfate (white smoker) fluids
North Su NS1 J2‐221‐IGT7 2006 35.0 ± 0.1 23.1 ± 0.1 0.70899 ± 0.00001 ‐0.82 ± 0.02

NS1 J2‐221‐IGT8 2006 36.0 ± 0.1 24.3 ± 0.1 0.70895 ± 0.00001 ‐0.91 ± 0.03
NS1 J2‐221‐M4 2006 36.0 ± 0.1 23.8 ± 0.2 0.70902 ± 0.00001 ‐0.92 ± 0.01
NS2 J2‐221‐IGT6 2006 23.3 ± 0.1 20.6 ± 0.1 0.70870 ± 0.00001 ‐0.83 ± 0.04
NS2 J2‐221‐IGT5 2006 24.8 ± 0.2 22.0 ± 0.0 ‐ ‐0.83 ± 0.03
NS2 J2‐221‐M2 2006 24.9 ± 0.1 21.7 ± 0.1 0.70885 ± 0.00001 ‐0.86 ± 0.04
NS9 023‐ROV‐01 2011 33.0 ± 0.2 19.2 ± 0.3 0.70890 ± 0.00001 ‐0.90 ± 0.02
NS9 023‐ROV‐02 2011 31.4 ± 0.1 17.2 ± 0.2 0.70876 ± 0.00001 ‐0.86 ± 0.02

DESMOS D1 J2‐220‐IGT1 2006 35.3 ± 0.1 29.2 ± 0.1 0.70880 ± 0.00001 ‐0.85 ± 0.05
D1 J2‐220‐IGT2 2006 35.0 ± 0.1 29.3 ± 0.1 0.70896 ± 0.00001 ‐0.83 ± 0.06
D1 J2‐220‐M4 2006 38.6 ± 0.1 29.8 ± 0.1 0.70896 ± 0.00001 ‐0.90 ± 0.01
D2 J2‐220‐IGT3 2006 36.0 ± 0.1 29.7 ± 0.1 0.70888 ± 0.00001 ‐0.86 ± 0.01
D2 J2‐220‐M2 2006 35.8 ± 0.1 29.5 ± 0.1 0.70886 ± 0.00001 ‐0.90 ± 0.03
D2 J2‐220‐IGT4 2006 35.8 ± 0.1 30.1 ± 0.2 0.70886 ± 0.00001 ‐0.89 ± 0.02

hybrid smoker fluids
North Su NS4 J2‐223‐IGT5 2006 20.7 ± 0.1 6.2 ± 0.1 0.70739 ± 0.00000 ‐0.89 ± 0.03

NS4 J2‐223‐IGT6 2006 20.7 ± 0.0 6.5 ± 0.2 0.70745 ± 0.00001 ‐0.87 ± 0.02
NS8 021‐ROV‐01 2011 30.0 ± 0.2 9.5 ± 0.2 0.70813 ± 0.00001 ‐

NS11 047‐ROV‐03 2011 30.2 ± 0.1 9.8 ± 0.1 0.70792 ± 0.00001 ‐0.90 ± 0.02
NS11 047‐ROV‐04 2011 28.1 ± 0.1 8.5 ± 0.1 ‐ ‐0.93 ± 0.01
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0.000044 [2SDmean, n = 1,596]; GeoRem database; query October 2019; http://georem.mpch‐mainz.gwdg.
de). To verify the chemical separation and digestion technique used in this study, the basalt reference
material BHVO‐2 was also separated and analyzed. The results for BHVO‐2 (87Sr/86Sr = 0.70347 ±
0.00002 [2SDmean, n = 2]) are within analytical uncertainty of literature values (87Sr/86Sr = 0.70348 ±
0.00006 [2SDmean, n = 80]; GeoRem database, query July 2017; http://georem.mpch‐mainz.gwdg.de).

For Li isotope analysis at least 100‐ng Li was loaded onto the column. Li was separated from its sample
matrix using a two‐step column separation detailed in Hansen et al. (2017) and modified after Moriguti
and Nakamura (1998). Separated Li fractions were regularly checked for their purity and measured on a
ThermoFisher Scientific Neptune Plus multicollector ICP‐MS (MC‐ICP‐MS) equipped with a stable intro-
duction system and a high‐efficiency x‐cone. Li isotope ratios were measured using the standard‐sample
bracketing method in 25‐ng/g Li solutions with the reference material L‐SVEC (NIST RM 8545; Flesh
et al., 1973) as the bracketing standard. Li isotope ratios are reported in delta δ7Li (‰) notation relative to
L‐SVEC. Procedural blanks were lower than 0.01% and hence do not affect the sample composition. The
instrumental precision and internal long‐term repeatability for δ7Li was ±0.1‰ (2SDmean, n = 17), obtained
by the repeated analysis of L‐SVEC. The δ7Li value of an internal laboratory seawater standard (bottom sea-
water from SuSu Knolls) (δ7Li of 31.1‰ ± 0.2‰ [2SDmean, n = 5]) is in agreement with literature values for
IAPSO seawater (e.g., +30.9‰± 0.1‰ [2SDmean, n= 46], Huang et al., 2010; +31.2‰± 0.9‰ [2SDmean, n=
44], Pogge von Strandmann et al., 2010). The basalt reference material BHVO‐2 produced a δ7Li value of
4.3‰ ± 0.3‰ (2SD, n = 2), which is within the range of published isotope values (4.3‰ ± 0.5‰
[2SDmean, n = 7], Gao & Casey, 2011; 4.4‰ ± 0.8‰ [2SDmean, n = 11], Genske et al., 2014). The uncertainty
of the samples is reported as two standard deviation (2SD), based on preparation of replicates and on
multiple analyses.

Approximately 1.5‐μg Mg was separated from the sample matrix using a two‐step column separation based
on published distribution coefficients for the resin AG 50W X8, 200–400 mesh (after Strelow, 1960; Strelow
et al., 1965). The first separation step was performed with 1 ml of the Bio‐Rad cation exchange resin AG 50W
X8 (200–400 mesh) in Bio‐Rad Bio‐Spin® columns in 1 M HCl. For the second separation step, the same col-
umns and resin volumes were used, but the separation was done in 1 M HNO3. The reliability of each che-
mical session was routinely checked with procedural blanks and reference materials. Procedural blanks
were lower than 80 pg and thus did not affect isotope ratios of the samples (<0.1% of sample). To monitor
loss of Mg during sample preparation, the head and tail of each Mg fraction was checked for its Mg concen-
tration and the Mg fractions were checked for their purity.

Mg isotope measurements were performed on a ThermoFisher Scientific Neptune Plus MC‐ICP‐MS
equipped with a stable introduction system and a high‐efficiency x‐cone. Pure Mg solutions were adjusted

Table 1
(continued)

Edifice Working ID Year of
sampling

δ11Bb ± 2SD δ7Li ± 2SD 87Sr/86Sra ± 2se δ26Mg ± 2SD

(‰) (‰) (‰)

black smoker fluids
North Su NS3 J2‐223‐IGT7 2006 16.0 ± 0.1 5.8 ± 0.1 0.70471 ± 0.00001 ‐

NS5 J2‐227‐IGT2 2006 17.7 ± 0.1 6.0 ± 0.2 0.70475 ± 0.00001 ‐

NS5 J2‐227‐M2 2006 22.1 ± 0.1 6.8 ± 0.1 0.70582 ± 0.00001 ‐

NS6 J2‐227‐IGT3 2006 17.0 ± 0.1 5.7 ± 0.2 0.70444 ± 0.00001 ‐

NS6 J2‐227‐M4 2006 17.5 ± 0.1 5.9 ± 0.3 0.70460 ± 0.00001 ‐

NS7 019‐ROV‐01 2011 18.3 ± 0.1 5.9 ± 0.3 0.70487 ± 0.00001 ‐

NS10 045‐ROV‐02 2011 18.7 ± 0.1 6.1 ± 0.1 0.70516 ± 0.00001 ‐

bottom SW J2‐228‐M4 2006 39.6 ± 0.0 31 ± 0.13 0.70916 ± 0.00001 ‐0.87 ± 0.03

mm, mmol/kg; μm, μmol/kg; "—" not determined; SW, seawater.
aPreviously reported by: Tivey et al. (2006), Craddock et al. (2010), Reeves et al. (2011) and Seewald et al. (2015) for fluids collected in 2006. bPreviously reported
by Wilckens et al. (2018).

10.1029/2019GC008694Geochemistry, Geophysics, Geosystems

WILCKENS ET AL. 5854

http://georem.mpch-mainz.gwdg.de
http://georem.mpch-mainz.gwdg.de
http://georem.mpch-mainz.gwdg.de


to Mg concentrations of 200 ng/g. Samples were measured using the standard‐sample bracketing method
with a pure Mg ICP standard (Alfa Aesar Magnesium plasma standard solution, Specpure) as the bracketing
standard. Each sample was analyzed at least three times. To evaluate single measurement sequences and to
convert Mg isotope ratios into the DSM‐3 scale, the international referencematerials DSM‐3 and Cambridge‐
1 (Cam‐I) were analyzed in every sequence. The conversion of Mg isotope ratios into the DSM‐3 scale was
done using the following expression by Young and Galy (2004): (δ26MgDSM‐3)sample = (δ26MgMgICP)sample

+ (δ26MgDSM‐3)MgICP + 0.001(δ26MgMgICP)sample (δ
26MgDSM‐3)MgICP.

The instrumental precision and internal long‐term repeatability for δ26Mg was ±0.09‰ (2SDmean, n = 8),
obtained by the repeated analysis of the reference material Cambridge‐I (Cam‐I). δ26Mg values for an inter-
nal seawater standard (bottom water SuSu Knolls) (δ26Mg = −0.87‰ ± 0.02‰ [2SD, n = 3]) and Cam‐I
(δ26Mg = −2.56‰ ± 0.09‰ [2SDmean, n = 8]) are within analytical uncertainty in agreement with literature
values, calculated from published values by Foster et al. (2010) (−0.82 ± 0.06 [2SDmean, n = 26]) and Pogge
von Strandmann et al. (2011) (−2.62 ± 0.04 [2SDmean, n= 43]). The uncertainty of the samples is reported as
two standard deviation (2SD), based on the preparation of duplicates and multiple analyses.

4. Results
4.1. Hydrothermal Fluids

Strontium, lithium, and magnesium concentration and isotope data from hydrothermal vent fluids collected
from North Su and DESMOS are summarized in Table 1 together with previously published concentrations
for SiO2, Cl, SO4, and B, and the isotope composition of B (Craddock et al., 2010; Reeves et al., 2011; Seewald
et al., 2015; Seewald et al., 2019; Wilckens et al., 2018).
4.1.1. Hybrid Smoker Fluids
The two vent fluids sampled at DESMOS in 2006 can be termed as acid‐sulfate fluids (Seewald et al., 2015).
However, a strict classification of some of the collected vent fluids from North Su as either acid‐sulfate (low
pH, elevated SO4, typically milky white smoke visible) or black smoker fluids (enriched in alkali elements,
depleted in Mg and SO4) is not possible. While the chemical composition of acid‐sulfate fluids implies dilu-
tion of seawater with a magmatic fluid, the black smoker fluids indicate extensive chemical exchange with
fresh rocks. North Su vents NS4 sampled in 2006 and NS8 and NS11 sampled in 2011 share characteristics of
both acid‐sulfate and black smoker fluids (Seewald et al., 2019). Relative to the acid‐sulfate fluids (Mg =
39.2–45.4 mmol/kg), NS8 and NS11 samples have similarly high Mg contents (40.8–44.2 mmol/kg), while
those at NS4 are substantially lower (23.5–24.2 mmol/kg), yet none approach near zero Mg concentrations.
All three are also characterized by low pH (≤2.5). SO4 concentrations are either similar to seawater or
slightly elevated and do not extrapolate to zero Mg as in the case of nearby summit black smoker fluids,
which are trend toward a near‐zero SO4 and Mg composition (Seewald et al., 2019). Zero‐Mg extrapolated
end‐member Cl contents (579, 641, and 618 mmol/kg, respectively) and Na contents (484, 536, and 451
mmol/kg, respectively) of NS4, NS8, and NS11 samples are all elevated compared to those of seawater and
more similar to the range of summit smoker Cl and Na end‐members (550–785 and 446–605 mmol/kg,
respectively). In contrast, extrapolated (zero‐Mg) Cl and Na contents for the acid‐sulfate fluid samples are
extremely low with values <152 and <53 mmol/kg, respectively. The alkali elements are clearly enriched
in all NS4, NS8, and NS11 fluid samples (e.g., Seewald et al., 2015). These hybrid chemical characteristics
imply that these fluids likely formed as some novel variant of a three‐component mixture of magmatic fluid,
seawater, and a convective seawater‐derived hydrothermal fluid typical of the black smoker fluids. Hence, in
this study we follow Seewald et al. (2019) in referring to this third class of compositions as “hybrid” smokers
to distinguish these fluids from strictly acid‐sulfate (i.e., purely magmatic) fluids and more typical seawater‐
derived black smoker fluids venting at the North Su summit.
4.1.2. Physical and Chemical Properties of the 2011 North Su Vent Fluids
Physical and chemical properties of the DESMOS fluids and North Su fluids sampled in 2006 are published
by Seewald et al. (2015, 2019). In 2011, five additional vent sites were sampled at North Su volcano
(BAMBUS cruise, SO‐216). Similar to the 2006 fluids, fluids venting at North Su can be categorized as
acid‐sulfate (NS9), hybrid smoker (NS8 and NS11), and black smoker (NS7 and NS10) fluids. The most vig-
orously venting site sampled in 2006 (comprising vents NS1 and NS2) was buried prior to the 2011 cruise by
products of a volcanic cryptodome eruption (Thal et al., 2016). In 2011, a previously unexplored vent area,
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named Sulfur Candles, was also sampled. This area is characterized by meter‐thick flows of molten sulfur,
with white smoke and liquid CO2 bubble venting (Bach et al., 2011; Reeves et al., 2015; Thal et al., 2016).

The temperatures (312 to 332 °C), pH (3.2 to 4.8), and chemical compositions of black smoker fluids from
2011 are consistent with those of the fluids from 2006 (Seewald et al., 2019). Mg and SO4 concentrations
decrease linearly to near zero, whereas Cl, alkali, and alkaline elements become enriched with decreasing
Mg concentrations. Hybrid smoker fluids from 2011 have lower temperatures (129 to169 °C), lower pH
(1.9 to 2.4), and higher Mg concentrations compared to those of the black smoker fluids and to those of
the NS4 hybrid fluid from 2006. Cl and SO4 concentrations are similar to NS4 fluid with near seawater abun-
dances. The most striking difference of the acid‐sulfate fluids collected in 2011 is the associated venting of
liquid CO2 bubbles that were not observed at the NS1 or NS2 vents in 2006 (Reeves et al., 2015).
Maximum temperatures (103 °C), pH, and the chemical compositions in 2011 do, however, broadly resemble
those of the acid‐sulfate fluids collected in 2006 (Table 1).
4.1.3. Strontium Concentration and Isotope Ratios
The acid‐sulfate fluids are characterized by Sr concentrations of 59 to 87 μmol/kg, slightly lower than the
seawater concentration of 91 μmol/kg. The hybrid smoker fluids are both enriched and depleted in Sr rela-
tive to seawater (73 to100 μmol/kg). In contrast, all black smoker fluids are enriched in Sr with concentra-
tions of 151 to 410 μmol/kg. 87Sr/86Sr values in all fluids are lower than that in seawater (0.70916), ranging
from 0.70870 to 0.70902 for the acid‐sulfate fluids, 0.70739 to 0.70813 for the hybrid smoker fluids, and
0.70444 to 0.70582 for the black smoker fluids.
4.1.4. Lithium Concentration and Isotope Ratios
Measured Li concentrations in the acid‐sulfate fluids from DESMOS (21 to 31 μmol/kg) and North Su (27 to
41 μmol/kg) are close to or exceed the concentration in seawater (28 μmol/kg). In contrast, Li concentrations
in the hybrid and black smoker fluids exceed the seawater abundance with concentrations of 122 to 419 and
348 to 806 μmol/kg, respectively. δ7Li values in the acid‐sulfate fluids from DESMOS are close to that of sea-
water (+31.0‰) with values between +29.2‰ and +30.1‰, whereas those from North Su have slightly
lower δ7Li values between +17.2‰ and +24.3‰. The hybrid and black smoker fluids have even lower
δ7Li values of +6.2‰ to +9.8‰ and of +5.7‰ to +6.8‰, respectively.
4.1.5. Mg Concentration and Isotope Ratios
Mg concentrations in the hybrid smoker and acid‐sulfate fluids fromNorth Su are all depleted relative to sea-
water (52.4 mmol/kg). Fluid samples from the NS4 vent have the lowest Mg concentrations (23.5 to 24.2
mmol/kg), whereas the NS1 samples have the highest Mg concentrations (49.6 to 50.4 mmol/kg). Mg con-
centrations in the samples from DESMOS are similarly high, ranging from 44.9 to 50.0 mmol/kg. Mg isotope
ratios were analyzed in the hybrid smoker and acid‐sulfate fluids with elevated Mg concentrations, to con-
firm whether Mg is seawater or basement derived. δ26Mg values in the hybrid smoker and acid‐sulfate fluids
define a small range from −0.82‰ to −0.93‰. Bottom seawater, which was collected close to the sample
sites in the EMVZ, has a δ26Mg value of −0.87‰.

4.2. Volcanic Rock Samples

Lithium and strontium concentration and isotope data from eight volcanic rocks from different sites at
DESMOS and SuSu Knolls (North Su and South Su) together with previously published concentrations for
SiO2 (Beier et al., 2015; Wilckens et al., 2018) are summarized in Table 2.

We separated the rocks into three groups according to the extent and style of alteration: (1) fresh volcanic
rocks without alteration; (2) volcanic rocks characterized by (advanced) argillic alteration with mineral
assemblages of quartz, pyrophyllite, and natroalunite; and (3) volcanic rocks characterized by argillic and
sericitic alteration with variable proportions of pyrite, natroalunite, pyrophyllite, mica, talc, cristobalite,
and quartz.

Li concentrations and δ7Li values range from 2.7 to 10.1 μg/g and +4.9‰ to +5.1‰ in the rocks of group 1,
respectively. The altered volcanic rock samples (groups 2 and 3) have lower Li concentrations between 0.2
and 1.4 μg/g with δ7Li values of +3.0‰ (group 3) and between +4.9‰ and +17.8‰ (group 2). Strontium
concentrations in the fresh volcanic rocks range from 422 to 442 μg/g with 87Sr/86Sr between 0.70366 and
0.70420. The altered samples of groups 2 and 3 have a more variable Sr contents, ranging between 226
and 616 μg/g, and show 87Sr/86Sr values between 0.70470 and 0.70673.
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5. Discussion
5.1. Source of Mg in Acid‐Sulfate Fluids

The chemical compositions of acid‐sulfate fluids in the Manus Basin are primarily explainable by direct
injection of a magmatic fluid into cold seawater residing in voids of the volcanic basement, with water‐rock
interaction involving highly altered basement (advanced argillic alteration) in the absence of convective
hydrothermal seawater circulation (Seewald et al., 2015). Similar to those in seawater, K/Mg and Na/Mg
ratios (Table S1 in the supporting information) in the acid‐sulfate fluids from the EMVZ have been used
to imply limited reaction with fresh volcanic substrate and a seawater origin for these elements (Seewald
et al., 2015). Mg concentrations in acid‐sulfate fluids from DESMOS and North Su are mainly close to sea-
water Mg and are up to 30 times higher than the Mg concentrations in black smoker fluids from the same
study area (Table 1) (Reeves et al., 2011; Seewald et al., 2015). Due to the extreme acidity of acid‐sulfate
fluids, high Mg concentrations in the first acid‐sulfate fluids discovered at DESMOS were initially thought
to reflect dissolution of Mg‐bearing silicates in the discharge zone (Gamo et al., 1997). Since Mg‐bearing
minerals are scarce or absent in the highly altered basement at DESMOS and North Su (Binns et al., 2007;
Gena et al., 2001; Hrischeva et al., 2007; Lackschewitz et al., 2004; Paulick & Bach, 2006), and fluids there
display near‐seawater K/Mg and Na/Mg ratios, Seewald et al. (2015) inferred that Mg in acid‐sulfate fluids
is primarily seawater derived. The Mg‐depletion of the altered basement relative to fresh precursor rocks
implies that extensive leaching of Mg occurs during hydrothermal alteration. Thus, it is possible that Mg‐
leaching from the basement may influence the Mg isotope composition of at least some acid‐sulfate fluids
in scenarios where upflow zones are still relatively fresh or unaltered (e.g., due to incipient discharge or
opening of new fluid pathways). It is equally plausible to assume that Mg‐silicates have not been precipitated
from the acid‐sulfate‐type fluids. Considering that Mg solubility in hydrothermal systems can be represented
by the reaction 3Mg2+ + 4SiO2(aq) + 4H2O =Mg3Si4O10(OH)2 + 6H+, where talc (Mg3Si4O10(OH)2) is used
as an analog for more compositionally complex Mg phases (Seyfried, 1987), precipitation of hydrous Mg‐
silicates should be inhibited by the low pH of acid‐sulfide fluids.

Due to the large difference in the isotopic composition of Mg in seawater (δ26Mg =−0.89‰± 0.18‰ [2SD, n
= 44], Pogge von Strandmann et al., 2008) and oceanic basalts (δ26Mg = −0.26‰ ± 0.07‰ [2SD, n = 110],
Teng et al., 2010), the isotopic composition of Mg in acid‐sulfate fluids is a powerful tool for investigating
its origin. Altered oceanic crust of MORB composition has more variable δ26Mg values dependent on the
type and extent of alteration, but average δ26Mg values range between −0.25‰ and 0.00‰ (Huang et al.,
2015, 2018). Mg isotope ratios in island arc lavas may be slightly higher than those in MORB due to fluid‐
peridotite interactions in the mantle wedge and have δ26Mg values between −0.25‰ and −0.10‰ (Teng
et al., 2016). We can thus reasonably assume that all possible basement compositions are likely to have sub-
stantially higher δ26Mg values than are seawater. Hence, Mg leached from the volcanic basement in the
EMVZ can be expected to shift the isotopic composition of vent fluids toward higher δ26Mg values. The
Mg isotope ratios of the acid‐sulfate and hybrid smoker fluids are indistinguishable from that of seawater

Table 2
B, Li, and Sr Concentrations and Isotope Ratios of Fresh and Altered Rocks From the Manus Basin

Sample
Alteration

degree/group

SiO2
a Lia Sra Bb δ7Li ± 2SD 87Sr/86Sr ± 2SD δ11Bb ± 2SD

(wt%) (μg/g) (μg/g) (μg/g) (‰) (‰)

J2‐221‐16‐R2 Fresh/1 60 2.7 423 11.8 5.5 ± 0.4 0.70367 ± 0.00001 8.3 ± 0.1
J2‐224‐10‐R1 Fresh/1 63 10.1 442 23.7 4.4 ± 0.3 0.70366 ± 0.00001 8.0 ± 0.1
J2‐220‐13 R1 Slightly altered/1 58 8.5 422 12.1 4.7 ± 0.2 0.70420 ± 0.00004 8.8 ± 0.1

J2‐221‐4‐R1 Altered/2 64 1.4 226 9.4 7.8 ± 0.2 0.70470 ± 0.00004 9.0 ± 0.1
J2‐224‐2‐R1 Altered/2 80 0.2 616 1.8 17.8 ± 0.0 0.70673 ± 0.00007 20.0 ± 0.1
J2‐220‐8‐R1 Altered/2 67 3.0 541 18.9 5.8 ± 0.4 0.70514 ± 0.00007 5.3 ± 0.1
J2‐220‐9‐R1 Altered/2 68 0.4 138 1.8 12.2 ± 0.3 0.70547 ± 0.00006 9.6 ± 0.1

J2‐221‐6‐R1 Altered/3 59 0.7 356 11.6 3.0 ± 0.1 0.70501 ± 0.00018 7.0 ± 0.3

aFresh volcanic rocks from the Manus Basin were previously reported by Beier et al. (2015). bdata previously reported by Wilckens et al. (2018).
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(Fig. 3) and therefore support the hypothesis by Seewald et al. (2015) that Mg is mainly seawater derived in
the 2006 and 2011 hydrothermal fluids from North Su and DESMOS. However, due to analytical
uncertainties associated with the Mg concentrations and isotope measurements, we cannot preclude that
small amounts of Mg were leached from the basement.

The intermediate Mg concentrations in samples of the hybrid smoker fluid NS4 (23.5−24.2 mmol/kg, about
half that of the other acid‐sulfate fluids) imply partial loss of Mg from the circulating fluid. The Mg isotope
ratios of these fluids are indistinguishable from that of seawater, which implies that either (i) the fluids
either represent a subsurface mixture between a pure zero‐Mg end‐member black smoker fluid and unmo-
dified Mg‐replete seawater, consistent with other hydrothermal fluids in the Manus Basin (Reeves et al.,
2011; Seewald et al., 2019), or (ii) Mg removal from seawater during hydrothermal circulation was incom-
plete but occurred without substantial isotopic fractionation duringMg incorporation into the volcanic base-
ment. Minimal Mg isotope fractionation during hydrothermal Mg uptake by rocks would be consistent with
evidence for only very modest overall increases in Mg isotope ratios (+0.25‰) of altered oceanic crust basalt
relative to fresh MORB, as documented by Huang et al. (2015). Removal of Mg from seawater during hydro-
thermal circulation (i.e., by forming Mg‐hydroxysilicates) through back‐arc crust may also proceed with a
similarly negligible isotope effect, leaving the residual fluid δ26Mg relatively unchanged. As a consequence,
the near‐seawater δ26Mg values of all acid‐sulfate‐ and hybrid smoker‐type fluids presented here cannot
necessarily differentiate (e.g., in the case of NS4) such nonfractionating partial Mg uptake from subsurface
admixing of Mg‐replete seawater with a zero‐Mg acid‐sulfate or hybrid smoker fluid end‐member, at least at
DESMOS and North Su. In other back‐arc magmatic‐hydrothermal systems, δ26Mg may, however, still trace
Mg leaching from basement rocks even if Mg concentrations are lower than seawater.

5.2. Evidence From Sr Isotope Ratios for Subseafloor Fluid‐Rock Interaction

Sr isotope ratios (87Sr/86Sr) are a powerful tool for understanding water‐rock interaction in hydrothermal
systems (e.g., Albarède et al., 1981; Berndt et al., 1988). Similar to Mg isotope ratios, Sr isotope ratios in sea-
water and the oceanic crust are distinct (e.g., Davis et al., 2003), and Sr in vent fluids is mainly modified
through high‐temperature water‐rock interaction. Leaching of Sr from the volcanic basement is most intense
at temperatures above 250 °C (James et al., 2003), resulting in a rock‐derived isotopic signal in the fluids. In
addition, Sr in vent fluids can also be influenced by precipitation or dissolution of anhydrite minerals during
hydrothermal circulation or admixing with seawater. Precipitation of anhydrite only affects the Sr concen-
tration of the hydrothermal, fluid while the isotopic composition of the fluids remains unchanged (Berndt

Figure 3. Mg concentration against Mg isotope composition of acid‐sulfate‐ and hybrid smoker‐type fluids. Gray area
indicates the composition of the oceanic crust. Arrows indicate expected compositional changes due to mineral dissolu-
tion (light gray arrow), and formation of Mg‐silicates during water‐rock interaction or mixing with “zero‐Mg” black
smoker fluids (dark gray arrow). Despite their huge variation in their Mg concentrations, all acid‐sulfate and hybrid
smoker fluids have δ26Mg values similar to that of seawater. This implies that the high Mg concentrations of acid‐sulfate
fluids cannot be explained by dissolution of basement minerals but reflect either incomplete Mg loss during water‐rock
interaction or mixing with “zero‐Mg” fluids.
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et al., 1988, Voigt et al., 2018). In contrast, the dissolution of anhydrite and admixing with seawater can
directly influence the concentration of Sr and its isotopic composition. Both precipitation and dissolution,
can, however, make the classical application of 87Sr/86Sr versus Mg/Sr systematics problematic for
calculating w/r ratios for some mixed fluids (Reeves et al., 2011).

Figure 4 shows that the black smoker fluids at North Su have a uniform end‐member 87Sr/86Sr of about
0.7045. This indicates water‐rock interaction at high temperatures with fresh volcanic basement, which
has 87Sr/86Sr ratios of about 0.7037 (Beier et al., 2015). The hybrid smoker fluids at North Su (NS4; NS8
and NS11) have more radiogenic 87Sr/86Sr (0.70739 to 0.70813) and Sr concentrations similar to or lower
than that of seawater. Although these fluids plot near to the 87Sr/86Sr mixing line of the North Su end‐
member and seawater, they deviate from the line beyond typical analytical uncertainty (~0.00001) and yield
a broad range of apparent end‐member values at Mg/Sr = 0 (0.7038 to 0.7054). The acid‐sulfate fluids from
North Su and DESMOS have even more radiogenic 87Sr/86Sr with an average ratio of 0.7089 and Sr concen-
trations slightly lower than that in seawater. Since acid‐sulfate and hybrid fluids invariably comprise a three‐
component mix of magmatic fluid (likely depleted in Sr), seawater‐derived hydrothermal fluid, and admixed
seawater, in unclear proportions and with the possibility for anhydrite dissolution effects (Seewald et al.,
2015), extrapolation to a Mg/Sr of zero may not be reasonable. Many of the measured acid‐sulfate fluids
are depleted in Sr relative to mixing between a Sr‐free magmatic fluid and seawater, presumably reflecting
Sr loss to anhydrite.

In general, 87Sr/86Sr in hydrothermal fluids can be used to constrainw/r ratios during water‐rock interaction
(e.g., Berndt et al., 1988). Calculation of w/r ratios in the black, hybrid, and acid‐sulfate fluids from the
Manus Basinmay be a poor reflection of realistic water fluxes, however, since Sr can be influenced by several
processes. In general, near‐seawater 87Sr/86Sr ratios and low Sr contents in acid‐sulfate fluids may reflect
three distinct possibilities: (1) limited contribution of Sr leached from basement, perhaps due to high w/r
ratios or low reaction temperatures; (2) Sr‐bearing phases in the basement are completely altered, leaving
low Sr concentrations and/or Sr isotopic compositions similar to that of seawater; or (3) the Sr concentration
in the magmatic fluid end‐member is extremely low, and Sr in venting acid‐sulfate fluids is therefore domi-
nated by the isotopic composition of seawater.

It is likely that the Sr isotopic compositions of the acid‐sulfate fluids and to some extent also the hybrid fluids
from North Su and DESMOS are affected by a combination of these possibilities. (1) and (3) seem more
likely, however, given that even at high temperatures, the extent of alteration of Sr‐bearing mineral

Figure 4. Plot ofMg/Sr versus 87Sr/86Sr in the different fluids from the EMVZ. The brown areas close to the y‐axis indicate
the isotope composition of fresh (dark brown) and altered (light brown) rocks. The figure shows that the black smoker
fluids define a trend toward a rock‐derived signal. Hybrid smoker fluids have a similar end‐member (indicated by the
dotted line) but may reflect admixing with a seawater‐like fluid or lower w/r ratios and low reaction temperatures. The
high Mg/Sr ratios and seawater‐like 87Sr/86Sr of the acid‐sulfate fluids, however, imply limited contribution of Sr leached
from the basement (basement alteration and highw/r ratios) and absence of Sr in themagmatic fluid end‐member (see text
for further details).
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phases appears to be relatively minor, at least under conditions encountered by typical black smoker fluids
(Berndt et al. 1988). Nevertheless, the altered volcanic rock samples from the Manus Basin show a pro-
nounced shift toward higher Sr concentrations and higher 87Sr/86Sr compared to the fresh “group 1” volca-
nic rocks, which implies that water‐rock interaction has an effect on Sr in the basement. This shift can,
however, be explained by the formation of anhydrite and thus Sr loss from the acid‐sulfate fluids. The broad
similarity in the 87Sr/86Sr end‐members identified for the black and hybrid smoker fluids (Fig. 4) points to a
more pronounced entrainment of seawater for the hybrid fluids and some contribution of Sr leached during
water‐basement interaction. To further identify the processes and conditions that formed those fluids, addi-
tional proxies for water‐rock interaction or basement alteration are necessary.

5.3. Li isotopes as a Proxy for Basement Alteration

Li is a fluid‐mobile element, and while it is taken up from seawater into basalt at low to moderate tempera-
tures, it is leached from oceanic crust during high‐temperature water‐rock interaction (Chan et al., 1992;
Chan et al., 2002; James et al., 2003; Seyfried et al., 1984; Verney‐Carron et al., 2015). Li concentrations
and δ7Li values in hydrothermal vent fluids are mainly influenced by (1) Li concentrations and isotope ratios
of the basement (fresh versus altered basement) (Chan et al., 1992; Chan et al., 2002), (2) w/r ratios during
water‐rock interaction (Araoka et al., 2016), and/or (3) the reaction temperature (James et al., 2003; Millot
et al., 2010; Seyfried et al., 1984). Equilibrium Li isotope fractionation factors between solid and fluid range
from αrock‐fluid = 0.992 at 200 °C to 0.995 at 300 °C and 0.997 at 400 °C (Millot et al., 2010). Li may therefore
be a sensitive tracer of water‐rock interaction and basement alteration in acid‐sulfate fluids.

Low δ7Li values (5.8‰–9.8‰) and elevated Li concentrations (122–833 μmol/kg) of the hybrid and black
smoker fluids from North Su relative to seawater are in agreement with other black smoker fluids from
the Western Pacific (Araoka et al., 2016) and reflect high‐T (>250 °C) water‐rock interaction at low w/r
ratios. Although the acid‐sulfate fluids from DESMOS are also characterized by δ7Li values that are below
those of seawater, the Li concentrations are similar or below seawater values, which can be indicative for
water‐rock interaction at lower temperatures around 150 °C (James et al., 2003). Furthermore, the low Li
concentrations are also broadly in agreement with mixing between seawater and a virtually alkali‐free mag-
matic fluid end‐member (Seewald et al., 2015), consistent with low Sr contents in the same fluids. These
minor changes in concentration aside from lower δ7Li values in all acid‐sulfate fluids, however, suggest that
some Li‐exchange during water‐rock reaction occurs in the acid‐sulfate fluids at DESMOS. Lithium
exchange between basement and acid‐sulfate fluids is supported by the trend toward low Li concentration
and high δ7Li values in the argillic‐altered volcanic rocks (group 2) from the Manus Basin (Figure 6b).

The acid‐sulfate fluids at North Su, on the other hand, display Li concentrations similar to or enriched rela-
tive to seawater (NS1, NS2, and NS9; Table 1). They also have elevated concentrations of other fluid‐mobile
elements, for example, Rb and Cs (Seewald et al., 2015). Interestingly, Li isotope ratios in the acid‐sulfate
fluids from North Su are variable and are clearly distinct from those of seawater. These differences in the
Li systematics are contrasted by similar Sr isotope ratios in both acid‐sulfate vent sites (Figure 5a). Similar
venting temperatures in the measured acid‐sulfate fluids from NS1 and NS9 within North Su (49–103 °C)
and from DESMOS (70–117 °C) do not support temperature‐related differences in water‐rock reaction as a
factor in the diverging Li abundances and isotope fractionation between fluid and basement in the two sites.
Instead, water‐rock interaction with a less altered (fresher) basement (and thus higher Li concentrations) at
North Su best explains the observed offsets. This hypothesis is supported by evidence for ongoing volcanic
activity at North Su (Thal et al., 2016), which indicates the near‐seafloor emplacement of very recent (i.e.,
post‐2006) fresh rock. In contrast, there was no conspicuous evidence for recent volcanic activity in the cal-
dera wall site of DESMOS, where activity has persisted in a relatively localized area at the Onsen site from
1995 to 2006, albeit with an apparent gradual increase in SO2 emitted in acid‐sulfate fluids there (Gamo
et al., 1997; Seewald et al., 2015). Nevertheless, since there is a broad range of temperatures (48 to 215 °C)
in the acid‐sulfate fluids from North Su, we cannot exclude temperature‐related differences in δ7Li in the
acid‐sulfate fluids from North Su, but there is no correlation between venting temperatures and Li systema-
tics in the fluids. The absence of a uniform trend between venting temperature and δ7Li implies that the dif-
ferent Li isotope compositions in the acid‐sulfate fluids cannot solely originate from differences in the
reaction temperature. This supports the idea that Li instead reflects the alteration state of the oceanic crust
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and/or w/r ratios, as well as any contributions of Li from seawater admixed in the subsurface during
fluid ascent.

5.4. Modeling of Water‐Rock Interaction

To assess if Li isotope ratios in acid‐sulfate fluids trace the alteration degree of the basement, we apply the
mass balance model of Araoka et al. (2016) that is based on the models of Verney‐Carron et al. (2015) and
Magenheim et al. (1995). To calculate the Li concentrations [Li] and isotope ratios (7Li/6Li) of the acid‐
sulfate fluids (f) and altered rocks (a), we assume leaching of Li from the primary mineral phases and parti-
tioning of Li into the fluid and alteration phases considering isotopic fractionation (α) at steady state in a
closed system, using the Li concentrations and isotope ratios of the initial rock (i), the starting fluid (s),
the water/rock mass ratio (w/r) and the Li distribution coefficient (DLi) between liquid and solid phases dur-
ing water‐rock interaction.

Li½ �f ¼
Li½ �r þ w=r Li½ �s

� �
K þ w=rð Þ DLi ¼ Li½ �a
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7Li
6Li
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� �
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� �
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The volcanic rock sample J2‐224‐10 R1 was selected as initial rock composition [Li]r and (
7Li/6Li)r. This rock

sample is a fresh, vesicular lava with andesitic composition and was chosen because it shows no visible signs
of alteration. The parameters used to generate the different modeled curves in Figure 6 are summarized in
Table 3.

Using the experimentally determined Li distribution coefficients and isotope fractionation factors 0.35 and
0.994 for 260 °C, 0.32 and 0.995 for 300 °C, 0.27 and 0.996 for 350 °C, and 0.23 and 0.997 for 400 °C
(Millot et al., 2010), the compositions of the black smoker and hybrid smoker fluids are in agreement with
all modeled corves (Figure 6a). The modeled composition of the altered rock agrees as well with the mea-
sured value for the altered rock of group 3 that has mineral assemblages implying high‐temperature
water‐rock interaction (Figure 6b). However, both the acid‐sulfate fluids (Figure 6a) and the group 2 volca-
nic rocks (Figure 6b) do not match the modeled curves. Instead, we propose a two‐stage model that can
explain both the composition of the acid‐sulfate fluids (Figure 6c) and group 2 altered volcanic rocks
(Figure 6d). In a first step, unmodified seawater mixes with Li‐free magmatic fluids, which leads to lower
Li concentrations but unchanged δ7Li values. In a second step, the fluid reacts with the basement. Due to
the relatively low temperatures and depletion of Li in altered basement, the fluids leach less Li from the base-
ment compared to the black smoker fluids. The model further implies that there is no or negligible Li isotope
fractionation during leaching of Li and/or Li incorporation into secondary phases at acid‐sulfate conditions.
This is in contrast to observations that Li incorporation during formation of secondary minerals at low and

Figure 5. (a) 87Sr/86Sr and δ7Li values in acid‐sulfate, hybrid, and black smoker fluids compared to those of seawater.
Black smoker fluids reflect water‐rock interaction (low w/r) with fresh or slightly altered basement. Acid‐sulfate fluids
from DESMOS (D1 and D2) plot close to seawater, implying almost no water‐rock interaction or water‐rock interaction
with altered rock, whereas the significant decrease in δ7Li in the acid‐sulfate and the coupled decrease in δ7Li and 87Sr/
86Sr in the hybrid smoker fluids fromNorth Su indicate increasing water‐rock interaction with lowerw/r ratios and/or less
altered basement. (b) δ11B and δ7Li in the hybrid and black smoker fluids define the same curve and imply water‐rock
interaction at low w/r ratios with fresh rock. The different mixing lines for the acid‐sulfate fluids, however, may reflect
changes in water‐to‐rock ratios and/or a heterogeneously altered basement (see text for further details).
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high temperatures leads usually to an isotope fractionation of Li between fluid and solid phases (e.g., Araoka
et al., 2016; Seyfried et al., 1984). Negligible Li isotope fractionation during dissolution of primaryminerals is
also observed during low‐temperature processes, for example, weathering of silicate rocks (Pistiner &
Henderson, 2003). The apparent lack of a Li isotope fractionation between the fresh and altered volcanic
rocks in the Manus Basin might thus be related to a high net dissolution rate caused by the high acidity of
the fluids and an absence of Li incorporation into alteration phases. Both is supported by the decrease in
Li in the volcanic rocks from the Manus Basin with increasing degree of alteration (Table 2). Additionally,
most of the identified alteration phases (e.g., cristobalite, native sulfur, and pyrite) in the altered volcanic
rocks do not incorporate Li.

Figure 6. Modeled (lines) and measured (symbols) Li concentrations and isotope ratios in the (a, c) fluids and (b, d) rocks.
(a) and (b) show that the black smoker fluids and the altered volcanic rock of group 3 fit the model using Li isotope
fractionation factors and Li distribution coefficients for high‐temperature (>350 °C) water‐rock interaction. (c) and (d)
show that the acid‐sulfate fluids and (advanced) argillic altered rocks (group 2) can be explained by a two‐step model that
assumes mixing of seawater with a zero‐Li magmatic fluid and subsequent water‐rock interaction without Li isotope
fractionation and with higher solid/fluid Li distribution coefficients. (e) The relationship between w/r and δ7Li values in
the fluids. The curves were calculated using the same parameter as in (c) and (d), and the different curves reflect
different basement compositions ranging from fresh to strongly altered basement. w/r ratios for the fluids were calculated
from B concentrations of fluids and fresh volcanic rocks. The error bars show the range of w/r ratios using lower B
concentrations of the altered volcanic rocks. The combination of the modeled curves with fluid data shows that it is pos-
sible to distinguish between changingw/r ratios and the alteration degree of the basement for the different vent sites with a
combination of B concentrations and Li isotope ratios (see text and Table 3 for further details).
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Using the two‐stage model and fresh volcanic rocks as basement composition, the Li composition in the
fluids imply w/r ratios higher than 60, which would be indicative of limited water‐rock interaction.
However, using the composition of altered volcanic rocks, calculated w/r ratios decrease to ratios as low
as 1. To further test whether the different Li compositions of the acid‐sulfate fluids indicate different w/r
ratios during water‐rock interaction or a heterogeneously altered basement, we use an additional tracer
for water‐rock interactions.

5.5. Tracing Alteration With a Combination of Li and B Isotope Ratios

Boron in hydrothermal fluids is mainly controlled by B concentrations and isotope ratios of the basement
rocks but may be influenced by addition of magmatic fluids, phase separation, and, similar to Li, by the
alteration state of the oceanic crust. Although B in volcanic rocks can become depleted during advanced
argillic alteration, B isotope ratios in most of the acid‐sulfate fluids match those of the black and hybrid smo-
ker fluids, indicating a subordinate control of basement alteration on B systematics of the fluids (Wilckens
et al., 2018). Figure 5c shows the relationship between B and Li isotope ratios in different fluids from the
EMVZ and the calculatedmixing curves. In agreement with Sr and Li isotope ratios, the hybrid smoker fluids
plot on a similar mixing trend as the black smoker fluids, providing additional confirmation that they are
influenced by rock‐dominated water‐rock interaction with fresh oceanic crust. Fluids from DESMOS, from
NS2, and those from NS1 and NS9 define distinct mixing trends (Figure 5b). Wilckens et al. (2018) suggested
that the magmatic end‐member of acid‐sulfate fluids from NS9 are influenced by magmatic fluids and have
considerably less B than have other fluids, which had more B added from water‐rock interaction. However,
there is no influence of magmatic fluids on the relationship between Li and B isotope ratios, implying that
these effects might be too small to be seen in the heavily diluted seawater‐magmatic fluidmixtures. As boron
is less influenced by the alteration of the basement at acid‐sulfate conditions in comparison with Li andmag-
matic inputs that appear to be relatively minimal (Wilckens et al., 2018), we use the B concentrations in the
acid‐sulfate fluids and fresh oceanic crust to calculate w/r ratios using a simple mass balance equation
(Yamaoka et al., 2015):

w=r ¼ B½ �fDB− B½ �r
B½ �s− B½ �f

with the B concentration [B] of the acid‐sulfate fluid (f), the initial rock composition (r), and the starting
fluid (s) and the B distribution coefficient between liquid and solid (DB = 0.1; Yamaoka et al., 2012). Since
B in the volcanic rocks can get depleted during alteration (Table 2), the w/r ratios obtained from B concen-
trations are maximum w/r ratios of the fluids, and the possible range of w/r ratios considering lower B con-
centrations in the altered volcanic rock is given by error bars in Figure 6e.

Calculated w/r ratios obtained from B concentrations vary between 3 and 38, which is considerably
lower than the w/r ratios obtained from Li concentrations using fresh volcanic rocks as basement

Table 3
Parameters Used to Model Fluids and Rock Compositions

Model DLi α

[Li]s δ7Lis [Li]r δ7Lir

(μg/g) (‰) (μg/g) (‰)

High‐temperature water‐rock interaction
260 °C 0.35a 0.994a 0.20 31.0 10 4.4
300 °C 0.32a 0.995a 0.20 31.0 10 4.4
350 °C 0.27a 0.996a 0.20 31.0 10 4.4
400 °C 0.23a 0.997a 0.20 31.0 10 4.4
Acid‐sulfate water‐rock interaction
Fresh rock (J2‐224‐10‐R1) 0.9 1 0.15 31.0 10 4.4
J2‐220‐8‐R1 0.9 1 0.15 31.0 3 5.8
J2‐221‐4‐R1 0.9 1 0.15 31.0 1 7.8
J2‐220‐9‐R1 crust 0.9 1 0.15 31.0 0 12.2
J2‐224‐2‐R1 0.9 1 0.15 31.0 0 17.8

aPreviously reported by Millot et al. (2010).
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composition. The lower w/r ratios for the NS2 fluids compared to those of the other acid‐sulfate fluids
might be related to the higher reaction temperatures during water‐rock interaction. The comparison of
w/r ratios obtained from B with modeled δ7Li values for reaction with fresh and altered volcanic rocks
(Figure 6e) shows that the combination of B with Li isotope ratios in acid‐sulfate fluids appear to be a
promising tracer to assess the alteration of basement rock in back‐arc hydrothermal systems. However,
there are uncertainties in using the B distribution coefficient between solid and fluid phases of 0.1,
which was determined for high‐temperature water‐rock interaction (Yamaoka et al., 2012). In addition,
the influence of the basement alteration on the leaching behavior of B during water‐rock interaction is
also unknown. Nevertheless, despite these concerns, the data clearly show that the acid‐sulfate fluids
from NS9 react with the least altered (freshest) crust and those from DESMOS with the most intensely
altered crust, which is in agreement with the temporal observations of volcanic activity in the eastern
Manus Basin.

6. Summary and Conclusions

The formation of acid‐sulfate fluids from the Manus Basin and the controls on the fluid chemistry have been
investigated from the perspective of Li, B, Mg, and Sr isotopes and concentrations. Mg isotope ratios show
that the high Mg concentrations in the acid‐sulfate fluids from the Manus Basin cannot be explained by dis-
solution of Mg‐bearing minerals. Instead, Mg appears to be seawater derived, since the Mg isotope ratios of
all acid‐sulfate fluids resemble those of seawater, which confirms the hypotheses that acid‐sulfate fluids
form in principal through direct injection of magmatic volatiles into unmodified seawater.

Sr isotope ratios deviating from seawater do, however, suggest that all acid‐sulfate fluids are influenced by
interaction with the basement. However, due to low reaction temperatures, Sr is not efficiently extracted
from the basement, and as a consequence, the Sr isotope ratios in acid‐sulfate fluids do not accurately reflect
the extent of water‐rock interaction. Further, Sr is influenced by precipitation and dissolution of anhydrite,
making its interpretation even more challenging. Li, in contrast, is efficiently leached from the basement at
acid‐sulfate conditions, leading to a progressing depletion of Li in the volcanic rocks and an increase in δ7Li
during acid‐sulfate alteration. Li concentrations and δ7Li values of acid‐sulfate fluids, thus, do not only
record w/r ratios during water‐rock interaction, but they also appear to be a tracer for basement alteration.
Applying this to the acid‐sulfate fluids from the Manus Basin, the δ7Li values of EMVZ acid‐sulfate fluids at
DESMOS likely reflect a lack of recent volcanic activity and hence a lack of fresh near‐surface volcanic mate-
rial. In contrast, δ7Li in the acid‐sulfate fluids from North Su support a heterogeneously altered basement
and supply of fresh volcanic material, consistent with the observed cryptodome eruption (2006–2011).

Since B is less affected by the basement alteration at acid‐sulfate conditions than is Li, the combination of B
and Li isotope ratios offers the potential to trace changing w/r ratios during water‐rock interaction, base-
ment alteration extents, and compositional heterogeneities in the basement. Nevertheless, to further test
the veracity of combining B and Li concentrations and isotope ratios to trace basement alteration in these
acidic environments, additional studies on acid‐sulfate fluids from other settings with acid‐sulfate fluids
would be beneficial.
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