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Abstract

Volcanogenic massive sul�de deposits may represent a signi�cant future source of Te, which is a critical element 
important for the green energy transition. Tellurium is enriched in these settings by up to 10,000 times over its 
crustal abundance, indicating that �uids in sea-�oor hydrothermal systems may transport and precipitate Te. 
The major element composition of these hydrothermal �uids is controlled by �uid-rock interaction and is well 
documented based on experimental, modeling, and natural studies; however, controls on Te mobility are still 
unknown. To better understand Te enrichment in this deposit type, numerical simulations of the ma�c-hosted 
Vienna Woods and the felsic-hosted Fenway sea-�oor vents in the Manus basin were performed to predict 
Te mobility in modern sea-�oor hydrothermal vent �uids and Te deposition during sul�de formation. These 
simulations demonstrate that the mobility of Te in sea-�oor hydrothermal systems is primarily controlled by 
�uid redox and temperature. Tellurium mobility is low in reduced hydrothermal �uids, whereas mobility of this 
metal is high at oxidized conditions at temperatures above 250°C. Numerical simulations of the reduced vent 
�uids of the ma�c-hosted Vienna Woods site at the back-arc spreading center in the Manus basin yielded Te 
concentrations as low as 0.2 ppt. In contrast, the more oxidized model �uids of the felsic-hosted Fenway site 
located on Pual Ridge in the eastern Manus basin contain 50 ppt Te. The models suggest that Te enrichment in 
these systems re�ects rock-buffer control on oxygen fugacity, rather than an enriched source of Te. In fact, the 
ma�c volcanic rocks probably contain more Te than felsic volcanic rocks. The association of elevated Te con-
tents in the felsic-hosted Fenway system likely re�ects magmatic volatile input resulting in lower pH and higher 
Eh of the �uids. More generally, analysis of sul�de samples collected from modern sea-�oor vent sites con�rms 
that redox buffering by the host rocks is a �rst-order control on Te mobility in hydrothermal �uids. The Te con-
tent of sul�des from sea-�oor hydrothermal vents hosted by basalt-dominated host rocks is generally lower than 
those of sul�des from vents located in felsic volcanic successions. Literature review suggests that this relation-
ship also holds true for volcanogenic massive sul�des hosted in ancient volcanic successions. Results from reac-
tive transport simulations further suggest that Te deposition during sul�de formation is primarily temperature 
controlled. Modeling shows that tellurium minerals are coprecipitated with other sul�des at high temperatures 
(275°–350°C), whereas Te deposition is distinctly lower at intermediate (150°–275°C) and low temperatures 
(100°–150°C). These predictions agree with geochemical analyses of sea-�oor sul�des as Te broadly correlates 
positively with Cu and Au enrichment in felsic-hosted systems. The �ndings of this study provide an important 
baseline for future studies on the behavior of Te in hydrothermal systems and the processes controlling enrich-
ment of this critical mineral in polymetallic sul�de ores. 

Introduction

Tellurium has a low crustal abundance of 1 ppb Te (Mc-
Donough and Sun, 1995) and is considered to be a critical 
element (Schuyler Anderson, 2018; Fortier et al., 2022). It 
is primarily (>90%) recovered as a by-product from anode 
slimes collected from electrolytic re�ning of porphyry copper 
ores and used to produce photovoltaic solar cells (Goldfarb et 
al., 2017; Schuyler Anderson, 2018). Signi�cant primary en-
richment of tellurium only occurs in a few ore deposit types, 
in particular gold deposits where Te-bearing accessory miner-
als form an important gold host (Goldfarb et al., 2016; Kelley 

and Spry, 2016). One of the world’s most important primary 
tellurium producers is the Kankberg deposit (Åström, 2015), 
which is located in the Paleoproterozoic Skellefte district of 
Sweden (Allen et al., 1996). Kankberg is classi�ed as a vol-
canogenic massive sul�de (VMS deposit), although it shows 
characteristics that differ from those of other more classical 
VMS deposits in the district (Åström, 2015; Nordfeldt et al., 
2019). The deposit accounts for ~7% of the world’s tellurium 
production of 580 metric tons per year (Boliden, 2021).

Although VMS deposits may represent an important prima-
ry source of Te, currently little is known about the processes 
that control Te enrichment in the polymetallic ores. Recent 
studies document the occurrence of Te-bearing accessory 

©2024 Society of Economic Geologists, Inc.

Economic Geology, v. 119, no. 4, pp. 829–851

ISSN 0361-0128; doi:10.5382/econgeo.5067; 23 p.

Digital appendices are available in the online Supplements section. 829

†Corresponding author: e-mail, nicole.hurtig@nmt.edu

Submitted: May 4, 2023/Accepted: December 10, 2023



830 HURTIG ET AL. 

minerals in modern sea-�oor sul�des (Iizasa et al., 1992, 2019; 
Lein et al., 2003; Törmänen and Koski, 2005; Fouquet et al., 
2010; Berkenbosch et al., 2012; Monecke et al., 2016; Maslen-
nikov et al., 2017; Melekestseva et al., 2017; Firstova et al., 
2019) and in black smoker chimney fragments preserved in 
ancient deposits that have only been overprinted at low met-
amorphic grades (Novoselov et al., 2006; Vikentyev, 2006; 
Maslennikov et al., 2009, 2013), providing compelling evi-
dence that Te enrichment in VMS deposits can be syngenetic. 
However, Te concentrations in modern sea-�oor sul�des are 
highly variable (Monecke et al., 2016), suggesting that mul-
tiple factors such as the tectonic setting, the host-rock compo-
sition, the vent �uid temperature and chemistry, the degrees 
of mixing with seawater, and possible phase separation during 
�uid ascent may be important controls on Te enrichment (No-
voselov et al., 2006; Maslennikov et al., 2009, 2013; Monecke 
et al., 2016; Hassan and Roberts, 2017). Previous work has 
suggested that enrichment of Te is indicative for a direct mag-
matic contribution to sea-�oor hydrothermal systems (Pilote 
et al., 2016). The importance of seawater-rock interaction on 
major element chemistry, pH, and redox of the ore-forming 
�uids is relatively well established based on comparison of 
geochemical models with sea-�oor vent �uids (Pierre et al., 
2018). However, there is still a knowledge gap with regard to 
Te transport and mobility and the potential use of bulk geo-
chemical data as tracers of these processes.

This study examines the geochemical behavior of Te in 
modern vent �uids from the ma�c-hosted Vienna Woods and 
the felsic-hosted Fenway sea-�oor vents in the Manus ba-
sin to identify key controls on Te mobility in hydrothermal 
�uids and enrichment in sea-�oor massive sul�des (Fig. 1). 

The speciation of Te in hydrothermal �uids is reviewed. For 
this purpose, a thermodynamic database of aqueous species 
and Te-bearing minerals was compiled and implemented in 
the GEM-Selektor code package (Kulik et al., 2013) and the 
MINES thermodynamic database (Gysi et al., 2023). Thermo-
dynamic modeling was conducted to determine the solubility 
behavior of Te, Ag, Au, Cu, Pb, and Zn in heated seawater 
and hydrothermal vent �uids (Fig. 1). Numerical simulations 
in GEM-Selektor include Te speciation diagrams, closed- and 
open-system cooling reactions in �uid conduits, seawater mix-
ing, �uid-rock titration, and the GEM2MT module for 1-D 
reactive mass transport modeling. Assay data of sul�de sam-
ples collected from modern sea-�oor hydrothermal vent sites 
worldwide were compiled to constrain concentration ranges 
and metal associations in natural systems. Comparisons be-
tween the thermodynamic models and the metal associations 
observed in natural samples from modern sea-�oor sul�de oc-
currences provide new insights into the processes that likely 
control Te enrichment in VMS deposits.

Aqueous Tellurium Speciation and Available  
Experimental Data

Tellurium exists in four different redox states, Te(-II), Te(0), 
Te(+IV), and Te(+VI), but typically occurs as telluride (-II) 
and tellurite (+IV) aqueous complexes in natural hydrother-
mal �uids. Review of the equilibrium constants and specia-
tion of Te at ambient conditions by Filella and May (2019) 
revealed that many of the reported values are estimates that 
were derived from Latimer (1938). The solubility of TeO2(s) in 
aqueous �uids has only been determined in two studies at hy-
drothermal conditions (McPhail, 1995; Grundler et al., 2013). 

Fig. 1. Modern sea-�oor hydrothermal system forming a mound-style sul�de accumulation. The mineralized zones consist of 
massive Cu, Zn-Pb, and Fe sul�des underlain by a stockwork vein system. The diagram shows key processes occurring at the 
high-temperature vents that are modeled in this study, including cooling and mineral precipitation from the hot vent �uid, 
cooling and mixing of the hot vent �uid with entrained seawater, as well as �uid-rock reaction. Mineral abbreviations: Ccp = 
chalcopyrite, El = electrum, Gn = galena, Py = pyrite, Sp = sphalerite, Ss = sulfosalts, Te = tellurides.
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McPhail (1995) determined the properties of Te species from 
25° to 80°C using solubility experiments combined with an 
isocoulombic approach for extrapolation of the data up to 
350°C. Grundler et al. (2013) identi�ed the Te(+IV) species 
from TeO2(s) solubility experiments and potentiometric mea-
surements up to 200°C. They reviewed the occurrence of gas-
eous Te species, combining solubility experiments in water va-
por with previous thermodynamic data (Glemser et al., 1964, 
1965, 1966; Barin, 1995; McPhail, 1995).

In this study, thermodynamic data were implemented into 
GEM-Selektor using log K functions from Grundler et al. 
(2013) for Te(+IV) species and from McPhail (1995) using a 
correction value for all other Te species (Table 1). Predicted 
total Te solubility within the Te(+IV) dominance �eld shows 
excellent reproducibility with experimental data reported in 
Grundler et al. (2013), and corrected log K functions show 
reproducibility with predicted Gibbs energies of formation 
for all other Te species reported in McPhail (1995). Detailed 
information for thermodynamic data evaluation for Te species 
is provided in the Appendix.

Telluride (-II) includes the species Te2–, HTe–, and H2Te(aq). 
The existence of Te2– has been questioned by Marcus (2018), 
and only limited data exist for the �rst and second protonation 
constants. McPhail (1995) determined values for the reaction 
H2Te(aq) to HTe– + H+, and derived values for H2Te(aq), HTe–, 
and Te2–, and a polynuclear Te2

2– species from the properties 
of H2Te(g) using an isocoulombic approach. 

In this contribution, Te2
2– was not included in the numeri-

cal simulations because the experimental data for this species 
were only determined at 25°C (Panson, 1963). Unrealistic 
stability predictions for Te2

2– are obtained when using a com-
bination of the updated thermodynamic properties for the 
H2TeO3(aq) species from the experimental data by Grundler et 
al. (2013) with the equilibrium constant (log K) function pre-
sented by McPhail (1995). The recalculated standard Gibbs 
energy of formation for Te2

2– at 25°C would be 12 kJ/mol–1 
lower than the measured value by Panson (1963). Using the 
updated Gibbs energy of formation, the stability �eld of Te2

2– 
extends to a pH of ~6 and higher redox conditions at room 
temperature, whereas polarographic experiments showed that 
ditelluride dominates only at a pH >12 at reducing conditions 

(Panson, 1963). At hydrothermal conditions, the polytelluride 
species was detected in X-ray absorption spectroscopy ex-
periments by Brugger et al. (2012) in highly reducing �uids 
(excess NaBH4(aq)). Thus, it is possible that the polytelluride 
species is relevant in hydrothermal �uids; however, at present 
no reliable thermodynamic data exist to accurately model the 
stability of this species above 25°C. Additional information for 
the Te2

2– species is available in the Appendix.
Tellurite (+IV) behaves as a triprotic acid in aqueous so-

lution and includes the following species with increasing 
protonation: TeO3

2–, HTeO3
–, H2TeO3(aq), and H3TeO3

+ (or 
Te(OH)3

+). Grundler et al. (2013) measured the solubility of 
TeO2(s) as a function of pH at 25° to 200°C to determine the 
(de)protonation of tellurous acid H2Te(+IV)O3(aq) in combi-
nation with potentiometric measurements and nuclear mag-
netic resonance studies. The study shows that the pK vs. T 
values plot on a line with constant slope, and therefore that 
the enthalpy of reaction is constant, which agrees with the 
assumptions of McPhail (1995). Extended X-ray absorption 
�ne-structure spectroscopic measurements further indicate 
a threefold coordination, con�rming that TeO3

2– is the domi-
nant form at high pH, and Te(OH)3

+ is the dominant form at 
low pH (Grundler et al., 2013). Other Te(+IV) species de-
termined at hydrothermal conditions include chloride com-
plexes that have been investigated by Etschmann et al. (2016). 
This study concluded that chloride complexes are stable only 
at low pH (≤2 at 25°C) and very high chloride activity (>10 
M, i.e., 59 wt % NaCl equivalent), which are not conditions 
encountered in sea-�oor hydrothermal systems. The highest-
order chloride complex detected was TeCl4(aq) (Etschmann et 
al., 2016). Other complexes that may form include �uorides, 
nitrates, sulfates, and sul�des (Barin, 1995; Filella and May, 
2019). As consistent thermodynamic data for hydrothermal 
conditions for these species do not exist yet, these species 
have not been considered in this study.

Filella and May (2019) showed that tellurate (+VI) occurs as 
either an oxyanion (H2TeO4(aq)) or a hydroxide (Te(OH)6(aq) or 
H6TeO6(aq)). Thermodynamic data for the species H6TeO6(aq), 
H5TeO6

–, and H4TeO6
2– have been estimated by McPhail 

(1995). Because tellurate polymerizes at low concentrations 
and possibly with increased temperature, the determination 

Table 1. Logarithm of the Equilibrium Constants of Reaction (K) of Te-Bearing Aqueous Species as a Function of Temperature (°C)  
at Water Vapor Saturation Pressure (Psat)

Reaction log K
T (°C) 25 50 60 100 150 200 250 300 350 Ref
Te(-II) species
H2Te(aq) + 1.5O2(g) = H2TeO3(aq) 99.48 90.97 87.93 77.37 66.98 58.83 52.30 47.13 42.92 1
HTe– + H+ + 1.5O2(g) = H2TeO3(aq) 102.12 93.68 90.68 80.38 70.41 62.78 56.84 52.32 49.34 1
Te2– + 2H+ + 1.5O2(g) = H2TeO3(aq) 114.28 105.42 102.26 91.73 81.53 73.96 68.23 64.05 61.77 1

Te(+IV) species
TeO2(s) + H2O = H2TeO3(aq) –4.61 –4.21 –4.07 –3.59 –3.14 –2.77 –2.44 –2.07 –1.53 2
H3TeO3+ = H2TeO3(aq) + H+ –2.79 –2.43 –2.31 –1.88 –1.46 –1.14 –0.87 –0.62 –0.32 2
H2TeO3(aq) = HTeO3

– + H+ –5.22 –5.57 –5.69 –6.07 –6.39 –6.61 –6.84 –7.17 –7.98 2
HTeO3

– = TeO3
2– + H+ –10.07 –9.89 –9.83 –9.58 –9.29 –9.04 –8.86 –8.84 –9.25 2

Te(+VI) species
H6TeO6(aq) = H2TeO3(aq) + 2H2O + 0.5O2(g) –2.35 –1.59 –1.31 –0.30 0.74 1.67 2.51 3.33 4.31 1
H5TeO6

– + H+ = H2TeO3(aq) + 2H2O + 0.5O2(g) 5.35 5.81 6.00 6.71 7.55 8.43 9.36 10.47 12.19 1
H4TeO6

2– + 2H+ = H2TeO3(aq) + 2H2O + 0.5O2(g) 16.30 16.39 16.46 16.87 17.60 18.55 19.73 21.31 23.89 1

References: 1 = Updated in this study based on McPhail (1995) see Appendix for more information; 2 = Grundler et al. (2013)
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of its equilibrium constants is dif�cult (Filella and May, 2019). 
Even though predictions of the stabilities of Te(+VI) species 
remain uncertain, these species are unlikely to play a signi�-
cant role in the speciation of natural hydrothermal �uids be-
cause they are restricted to highly oxidizing conditions. Even 
in the study of Grundler et al. (2013), where the redox state 
of the experimental solutions was buffered by TeO2(s), such 
oxidized Te(+VI) species were not detected.

Thermodynamic Data for Te Solids

The thermodynamic data of native tellurium, tellurite, and 
a number of telluride minerals was compiled for this study. 
However, native tellurium, calaverite, and hessite were the 
only phases stable in the calculations presented here. Ther-
modynamic data for Te minerals has not been rigorously eval-
uated in recent years and for the purpose of this study we 
largely adopted the standard thermodynamic properties and 
heat capacity functions from Barin (1995) and volumes from 
Robie et al. (1967). The thermodynamic data of Te minerals 
are summarized in Table 2. 

All thermodynamic values for native tellurium were taken 
from Robie and Hemingway (1995). The heat capacity func-
tion provided in this study is only valid up to 450°C, which is 
the melting point of native tellurium. Thermodynamic data 
for native tellurium are consistent with Barin (1995), who 
shows an extended heat capacity function and data for the 
liquid-solid phase transition. 

For tellurite (TeO2), entropy, heat capacity, Gibbs energy, 
and the enthalpy of formation were taken from Barin (1995), 
and the volume was taken from Robie et al. (1967). A re-
cent study by Majzlan et al. (2022) reviewed the enthalpy of 
tellurite, providing a new recommended value of –322.0 ±  
1.3 kJ/mol–1, which can be combined with entropy of  
70.4 J/mol–1/K–1 from Robie and Hemingway (1995), to 
calculate an updated Gibbs energy of formation of –267.0  
kJ/mol–1. This value is within 2.6 kJ of the reported value 
listed in Barin (1995) and within –2.2 kJ of the value re-
ported in Robie and Hemingway (1995). Because tellurite 
is used in the log K functions determining the thermody-
namic properties of the aqueous tellurium species (Table 
1), changing tellurite properties would directly affect their 
stability. Grundler et al. (2013) used the Barin (1995) ther-
modynamic properties of tellurite and tested the validity 
of tellurium speciation against their experimental results. 
Test calculations conducted as part of this study show that 
Te solubility would change the equilibrium constant by 0.1 
log units because of the new thermodynamic data for the 
tellurite mineral derived by Majzlan et al. (2022), which 
is within experimental uncertainty reported in the experi-
mental study by Grundler et al. (2013). Therefore, the ther-
modynamic properties for tellurite listed in Barin (1995) 
were used in this study to ensure internal consistency of the 
derived thermodynamic data with the log K functions for 
aqueous species from Grundler et al. (2013).

For altaite and frohbergite, Gibbs energy, enthalpy, heat ca-
pacity, and entropy are taken from Barin (1995), and volumes 
are taken from Robie et al. (1967). The Gibbs energies listed 
in Barin (1995) are within 2 kJ/mol–1 compared to the values 
reported by Robie and Hemingway (1995), which is within un-
certainty of calorimetric methods. All thermodynamic data for 
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the Cu, Zn, and Ag tellurides are taken from Barin (1995). 
Echmaeva and Osadchii (2009) experimentally determined the 
standard thermodynamic data for hessite. They determined a 
Gibbs energy of formation of –40.3 kJ/mol–1, which is within 
–1.2 kJ/mol–1 of the value shown in Barin (1995). Volumes for 
vulcanite are taken from Pertlik (2001), for weissite from Bindi 
et al. (2013), and for Zn telluride and hessite from Robie et 
al. (1967). Thermodynamic data for calaverite are taken from 
Barin (1995) and volumes from Reithmayer et al. (1993). 

Chemical Composition of Sea-Floor  
Massive Sul�des

To constrain the geochemical behavior of Te in sea-�oor hy-
drothermal systems, a database of bulk geochemical analyses 
of sea-�oor sul�des was compiled. This database is based on 
Hannington et al. (1994, 2005, 2010) as well as Monecke et 
al. (2016). The database was �ltered for hydrothermal vent 
sites located at basalt-hosted mid-ocean ridges and mature 
back-arc spreading centers as well as vent sites occurring in 
arc-related rifts, which include the felsic-hosted vent sites of 
the eastern Manus basin. In total, assay data were compiled 
for 1,159 samples of massive sea-�oor sul�des (App. Tables 
A4 and A5). For this study, the compiled data were further 
�ltered using Cu + Fe + Pb + Zn >30% to ensure that only 
samples containing a high proportion of sul�des are included 
in the statistical analysis. Of these data, a total of 504 samples 
have Te concentrations above the limit of detection (Table 3).

Tellurium content of sea-�oor massive sul�des

Sul�de samples collected from ma�c- and felsic-dominated 
vent sites on the modern sea �oor overall have Te concentra-
tions averaging 8.8 ppm with a median concentration of 0.9 
ppm (Table 3; App. Table A4). Sea-�oor sul�des from basalt-
hosted midocean ridges have lower average Te concentra-
tions of 3.6 ppm (n = 224) compared to those from rifted arcs, 
which average 13.0 ppm Te (n = 275). Sul�des from back-arc 
spreading centers have an average of 6.5 ppm Te. However, 
this latter data set only contains �ve analyses from the Lau 
basin. Amongst sul�de samples from basalt-hosted mid-ocean 
ridges, those from the Mid-Atlantic Ridge (n = 30) and the 
Alarcon Rise (n = 2) have the highest average Te concentra-

tions at 10.0 and 16.0 ppm, respectively. The highest Te con-
centration of 164 ppm was measured in a sample from Juan de 
Fuca Ridge. Sul�de samples from rifted arcs generally have 
high average Te concentrations. This includes samples from 
the Okinawa Trough (n = 20) and the Manus basin (n = 251) 
with average Te concentrations of 36.5 and 11.3 ppm as well as 
maximum Te concentrations of 230 and 431 ppm, respective-
ly. Compared to the crustal average concentrations of 1 ppb 
Te (McDonough and Sun, 1995), modern sea-�oor massive 
sul�des show a Te enrichment factor of 1,000 to 10,000.

Sea-�oor massive sul�des from felsic-hosted rifted arcs gen-
erally have higher median and average concentrations of Te, 
Au, Ag, Cu, and Pb compared to sul�des from  basalt-hosted 
mid-ocean ridges (Fig. 2), whereas Zn concentrations are 
similar for samples from both settings (Fig. 2b). These trends 
suggest that Te as well as the base and precious metals are 
generally enriched in sea-�oor sul�des hosted by felsic volca-
nic successions formed in rifted arcs.

Elemental correlations

Statistical evaluations were conducted using IoGAS v7.4.2 
software package. Element correlations of Te with base and 
precious metals are below signi�cant Pearson’s correlation 
coef�cients (i.e., values are <0.3 to >–0.3). In general, Te cor-
relates positively with Ag, Cu, and Pb and negatively with Fe 
(Table 4). In samples from basalt-hosted mid-ocean ridges, Te 
only correlates positively with Ag. In sul�des from back-arc 
spreading centers, Te correlates positively with Au, to a lesser 
extent with Ag, Zn, Pb, and Cu, and correlates negatively with 
Fe. In samples from rifted arcs, Te correlates positively with 
Cu, Pb, and Zn and negatively with Fe.

The Cu/Ag ratio provides important insights into the condi-
tions of sea-�oor sul�de formation and will subsequently be 
tied in with numerical simulations (Fig. 3). This ratio re�ects 
the temperature of sul�de formation, as Cu is generally en-
riched in high-temperature sul�des containing chalcopyrite, 
whereas Ag is more commonly enriched at lower tempera-
tures in sul�des containing sulfosalts, sphalerite, and galena 
(Hannington et al., 2005). In the geochemical analyses from 
the modern sea �oor, Te and Fe correlate positively with the 
Cu/Ag ratio (Fig. 3a, b), whereas Pb and Zn correlate nega-

Table 3. Statistical Analyses of Te Data From Modern Sea-Floor Sul�de Samples

Te ppm n Minimum Maximum Average
Standard 
deviation Median

All data 504 0.01 431 8.77 28.7 0.85
Basalt-hosted mid-ocean ridges 224 0.02 164 3.63 13.3 0.60
East Paci�c Rise 40 0.02 8.00 1.19 1.91 0.28
Paci�c-Antarctic Ridge 2 0.20 0.50 0.35 0.21 0.35
Juan de Fuca Ridge 120 0.10 164 2.73 16.1 0.60
Central Indian Ridge 8 0.60 2.50 1.78 0.74 2.05
Galapagos rift 22 0.20 17.0 4.14 5.76 0.95
Mid-Atlantic Ridge 30 0.03 61.2 9.99 13.9 2.88
Alarcon Rise 2 14.0 18.0 16.0 2.83 16.0
Back-arc spreading centers 5 5.40 7.90 6.52 1.10 6.50
Lau basin 5 5.40 7.90 6.52 1.10 6.50
Rifted arcs 275 0.01 431 13.0 36.4 2.00
Vate Trough 0
Brans�eld Strait 4 0.20 0.60 0.33 0.19 0.25
Manus basin 251 0.01 431 11.3 33.2 2.00
Okinawa Trough 20 0.18 230 36.5 62.9 12.4
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tively with the Cu/Ag ratio (Fig. 3c, d). The positive correla-
tion of Te with the Cu/Ag ratios is better developed in the 
samples collected from vents hosted in ma�c rocks when 
compared to those from felsic-hosted vents (Fig. 3a). Sul�des 
from the Okinawa Trough show a negative correlation of Te 
with the Cu/Ag ratio, whereas the large data set from the Ma-
nus basin shows a positive correlation of Te with the Cu/Ag 
ratio. The Fe contents of massive sul�des are generally higher 
in samples from basalt-hosted vent sites compared to those 
from vents located in rifted arcs (Fig. 3b). Gold, Pb, and Zn 
show higher concentrations in the samples from felsic-hosted 
vents, with Pb and Zn correlating negatively with the Cu/Ag 

ratio (Fig. 3c-e). Zinc shows a change in slope at a Cu/Ag ratio 
of around 2,000, indicating a sharp drop-off in Zn contents in 
the Cu-rich parts of the sul�de occurrences (Fig. 3c). Sul�des 
from the Okinawa Trough show a positive correlation of Zn 
with the Cu/Ag ratio. Gold correlates negatively with Cu/Ag in 
sea-�oor massive sul�des from basalt-hosted vents. Samples 
from the rifted arcs show a weak positive correlation of Au 
with Cu/Ag below a ratio of 2,000 and a negative correlation 
above Cu/Ag values of 2,000 (Fig. 3e).

Numerical Modeling

Methodology

Numerical modeling was carried out in the Na-K-Ca-Fe-
Mg-Al-Si-Cl-S-C-O-H thermodynamic system containing 
Te and precious/base metals (Ag, Au, Cu, Fe, Pb, and Zn) 
using the GEM-Selektor code package (Kulik et al., 2013). 
Thermodynamic data for minerals and aqueous species were 
taken from the MINES thermodynamic database (Gysi et 
al., 2023; https://geoinfo.nmt.edu/mines-tdb). Thermody-
namic properties for Ag (Akin�ev and Zotov, 2001, 2010), 
Au (Akin�ev and Zotov, 2001, 2010; Stefánsson and Seward, 
2003a, b), Cu (Akin�ev and Zotov, 2001, 2010; Liu and 
McPhail, 2005; Brugger et al., 2007), Pb (Shock et al., 1997; 
Sverjensky et al., 1997), and Zn (Akin�ev and Tagirov, 2014; 
Mei et al., 2015) were recently added to the database. De-

Fig. 2. Box-and-whisker diagrams of elemental concentrations measured in sul�de samples collected from sea-�oor hydro-
thermal vents located in different tectonic settings (modi�ed from Monecke et al., 2016). a) Te, Au, and Ag concentrations. b) 
Cu, Zn, and Pb concentrations. Data are �ltered to Cu + Fe + Pb + Zn > 30%. See Appendix Table A4 for summary statistics. 
Gray bars are values for all data and black circles are geometric mean values. MOR = mid-ocean ridge.

Table 4. Pearson Correlation Coef�cients for Assay Data Obtained  
on Modern Sea-Floor Sul�de Samples

All data 
(n = 504)

Basalt-hosted  
mid-ocean 

ridges 
(n = 224)

Back-arc 
spreading  

centers 
(n = 5)

Rifted arcs 
(n = 275)

Au ppm 0.01 0.04 0.90 –0.08
Ag ppm 0.12 0.18 0.62 0.09
Cu wt % 0.16 0.05 0.40 0.15
Fe wt % –0.11 –0.04 –0.74 –0.12
Pb wt % 0.27 –0.01 0.62 0.26
Zn wt % 0.02 0.001 0.60 0.10
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tailed references for individual species are summarized in 
Appendix Table A3. Thermodynamic properties for Te are 
summarized in Tables 1 and 2. The TSolMod library was 
used to retrieve equations of state and activity models (Wag-
ner et al., 2012). The thermodynamic properties for aqueous 
species were calculated at the temperature and pressure of 
interest using the revised HKF (Helgeson-Kirkham-Flow-
ers) equation-of-state (Helgeson et al., 1981; Shock and Hel-
geson, 1988; Tanger and Helgeson, 1988; Shock et al., 1992; 
Johnson et al., 1992). A standard state of unit activity was 
adopted for pure H2O and for the aqueous species in a hy-
pothetical 1 molal solution referenced at in�nite dilution for 
any temperature and pressure. The activity coef�cients (γi) 
for the aqueous species were calculated using the extended 
Debye-Hückel equation (Robinson and Stokes, 1968) as-
suming NaCl as the background electrolyte (Helgeson and 
Kirkham, 1974; Helgeson et al., 1981). Arsenic, Bi, Sb, and 
Se were not considered for modeling in this study, thereby 
restricting the considered Te minerals to altaite, calaverite, 

hessite, native tellurium, tellurite, Fe telluride, Zn telluride, 
vulcanite, and weissite, for which thermodynamic data are 
available in the literature (Table 2).

Te oxidation states and speciation in seawater

Numerical simulations were conducted to determine the Te 
oxidation states and the stability of aqueous Te species in 
heated seawater as a function of pH, redox, and temperature 
using the updated thermodynamic data set (Tables 1 and 2). 
The calculations were conducted to delineate which Te spe-
cies are likely relevant for the solubility of Te in heated seawa-
ter and to be able to compare the results with the speciation of 
Te in hydrothermal vent �uids of known compositions. Heat-
ed seawater is signi�cantly more oxidizing than rock-buffered 
hydrothermal vent �uids, therefore these simulations provide 
an important end member to understand Te speciation in sea-
�oor hydrothermal systems.

The seawater composition (Table 5) used in the calculations 
was taken from Millero et al. (2008) as modi�ed by Pierre et 

Fig. 3. Composition of sul�de samples collected from sea-�oor hydrothermal vents located in different tectonic settings. Ele-
ments are plotted as a function of the Cu/Ag ratio (in ppm), which is a proxy for the temperature of sul�de formation with 
higher Cu/Ag ratios indicating high temperatures. MOR = mid-ocean ridge.
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al. (2018). The initial redox potential (Eh in V, relative to a 
standard hydrogen electrode) was varied to bracket Eh values 
of 0.045 V and –0.235 V at 25°C and 1 bar, while maintaining 
equilibrium with native Te(s). These Eh values are within the 
range for oxidized surface (0.55–0.73 V) and anoxic (–0.27 V) 
seawater, respectively (Millero, 1977). Table 5 lists the cal-
culated total dissolved Te concentrations in heated seawater, 
ranging from <1 ppq in anoxic seawater at 25°C to 1.9 ppm Te 
in oxidized seawater at 350°C, indicating a strong dependence 
on the redox potential. At oxidizing conditions (Eh = 0.045 
V; log fO2

 = –49.9), Te is several orders of magnitude more 
soluble compared to its solubility in reduced seawater (Eh = 
–0.235 V; log fO2 = –68.9), independent of the equilibration 
temperature.

Tellurium species predominance �elds are shown in Figure 
4 as a function of temperature at 100°, 250°, and 350°C. The 
calculations indicate that Te(-II) and Te(+IV) species predom-
inate in seawater, whereas the Te(+VI) species are only stable 
in highly oxidizing �uids with calculated fO2 

values >0. Major 
Te species include HTeO3

– and HTe– in heated seawater at 
100°C, whereas the H2TeO3(aq) species is predominant at 250° 
and 350°C. The calculated species predominance diagrams 
also show that by heating seawater from 100° to 350°C, the 
dominant Te(+IV) species vary from H2TeO3(aq) and HTeO3

–

toward an increase of the stability �elds of H2TeO3(aq) and 
TeO3

2– and a decrease of the stability �eld of HTeO3
–. At more 

reducing conditions, the dominant Te(-II) species shifts with 
increasing temperatures from HTe– to H2Te(aq) and HTe–. The 
species Te2– is only predicted to be stable at high pH values. 
In rock-buffered hydrothermal �uids, HTe–, H2Te(aq), and 
H2TeO3(aq) predominate at high temperatures at pH values of 
4 to 7 and redox conditions between the hematite-magnetite 
and quartz-fayalite-magnetite buffers (Fig. 4).

Figure 5 shows a series of speciation diagrams illustrat-
ing the stability of the different Te(-II) and Te(+IV) species 
as a function of pH in heated seawater at 250° and 350°C. 
The calculations show that the Te(+IV) species dominate in 
heated oxidized seawater and that the total dissolved Te con-
centration in the �uid is independent of pH at 250°C. At 
350°C, the predicted Te concentrations increase from 1.8 
ppm at neutral pH to 52 ppm Te at pH values below 4 due 
to an increased stability of the H3TeO3

+ species. In contrast, 
seawater under anoxic conditions displays a much lower Te 
solubility, which strongly depends on pH. At 350°C, the Te 
solubility decreases from 52 ppm Te at low pH to ~0.01 ppb 
Te at neutral conditions and increases again to 0.2 ppm Te 
at alkaline pH. The predicted Te(+IV) species are dominant 
at pH values below 6, and Te(-II) species (particularly HTe–) 
become important at pH values >6. The total dissolved Te 
concentrations can reach similar values of 52 ppm Te be-
tween oxidized and reduced seawater at temperatures of 
350°C at low pH.

Te behavior in hydrothermal �uids

In addition to heated seawater, the behavior of Te in hydro-
thermal vent �uids was modeled. To account for host-rock 
controls on vent �uid composition, this study used data col-
lected at two well-studied vent sites in the Manus back-arc 
basin in Papua New Guinea, situated 150 km apart (Reeves 
et al., 2011):

1. The Vienna Woods basalt-hosted hydrothermal vent �eld, 
which is located at the Manus back-arc spreading center at 
a depth of ~2,500 m and which displays high-temperature 
venting at 273° to 285°C; and

2. The dacite- to rhyodacite-hosted Fenway hydrothermal 
vent �eld, which forms part of the PACMANUS area on 
Pual Ridge in the eastern Manus basin. Felsic volcanism 
along Pual Ridge is related to rifting. The Fenway vent 
�eld is located at a depth of ~1,700 m, with high-tempera-
ture venting occurring at 329° to 358°C.

The measured vent �uid compositions and the inputs used 
for the two models are listed in Table 6. In both cases, the 
highest-temperature vent �uid compositions analyzed by 
Reeves et al. (2011) were selected. Fluid sampling at different 
locations within each vent �eld by Reeves et al. (2011) sug-
gested that variability in the vent �uid compositions is limited. 
Selection of a different vent �uid composition from the data 
set presented by Reeves et al. (2011) would not signi�cantly 
affect the modeling performed here. 

To obtain model input �uid compositions for the titration 
and sequential reactor simulations of this study, the measured 

Table 5. Composition of Seawater (modi�ed from Millero et al., 2008)  
and Calculated pH, Eh (V), logfO2

 (bar), and Total Te Solubility of  
Heated Seawater at Temperatures Ranging From 25° to 350°C

Seawater
pH25°C,1 bar 8.1
Na 0.469 mol/kg
K 0.0102 mol/kg
Ca 0.0104 mol/kg
Mg 0.0528 mol/kg
Cl 0.5467 mol/kg
S 0.0282 mol/kg
CO2 0.0020 mol/kg

Te solubility Oxidized1 Anoxic2 Eq min3

T = 25°C, P = 1 bar
pH 7.5 7.5 Dol
Eh (V) 0.045 –0.235
log fO2

 (bar) –49.9 –68.9
Te (mol/kg)4 1.44 × 10–5 4.39 × 10–18

T = 100°C, P = 200 bar
pH 6.6 6.6 Dol
Eh (V) 0.031 –0.241
log fO2

 (bar) –37.8 –52.6
Te (mol/kg)4 1.44 × 10–5 7.39 × 10–16

T = 250°C, P = 200 bar
pH 5.8 5.8 Anh, Brc
Eh (V) –0.051 –0.267
log fO2

 (bar) –25.4 –33.7
Te (mol/kg)4 1.44 × 10–5 1.09 × 10–13

T = 350°C, P = 200 bar
pH 5.6 5.6 Anh, Brc
Eh (V) –0.124 –0.257
log fO2

 (bar) –21.1 –25.4
Te (mol/kg)4 1.45 × 10–5 7.37 × 10–10

Abbreviations: Anh = anhydrite, Brc = brucite, Dol = dolomite 
1 0.001 g O2 added
2 No O2 added
3 Equilibrated minerals
4 Total dissolved Te in equilibrium with native Te
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vent �uids were initially equilibrated at 25°C and 1 bar by 
iteratively varying redox potential (i.e., O2 and H2 content) 
and the HCl concentration to achieve the measured pH and 
S(-II)/S(+IV) speciation balance according to the measured 
�uid compositions from Reeves et al. (2011). This was fol-
lowed by equilibration at 350°C and 280 bar for the Vienna 
Woods �uid and 200 bar for the Fenway �uid, allowing for 
saturated phases to precipitate out. The conditions of the 
high-temperature equilibration were the starting conditions 

for the subsequent cooling and mixing models. The Vienna 
Woods �uid was saturated with respect to anhydrite, chlorite, 
and clinopyroxene, which slightly limited the concentrations 
of Al, Ca, Fe, S, and Si in the model input �uid (Table 6). 
The Fenway �uid showed saturation with anhydrite and py-
rite resulting in slightly lower Ca, S, and Fe concentrations in 
the Fenway model input �uid compared to the concentrations 
measured in the hydrothermal vent �uid (Table 6).

Metal (Ag, Au, Cu, Pb, Te, and Zn) concentrations were not 
reported for the vent �uids by Reeves et al. (2011). Therefore, 
the model input �uids were equilibrated with an assemblage 
of chalcopyrite, galena, native gold, native tellurium, native 
silver, and sphalerite to predict metal solubility in the model 
input �uids. These calculations were performed at 350°C as-
suming a pressure of 280 bar for the Vienna Woods and 200 
bar for the Fenway model vent �uids. Similar to the above 
calculations, the selected pressures are slightly higher than 
the hydrostatic pressures at the vent sites to account for the 
fact that metal precipitation likely commences below the sea 
�oor and to ensure stability of the numerical simulation using 
the revised HKF equation-of-state by restricting conditions 
to those of the liquid �eld of the NaCl-H2O system (Driesner 
and Heinrich, 2007). This way, complications arising from 
boiling of the vent �uids and/or separation of a CO2-H2S–rich 
vapor phase were avoided. As a �nal step, the redox potential 
of the two model vent �uids was modi�ed again until the pH 
and Eh of the model input �uids matched the values of the 
heated �uid from the metal-free model as a simulation con-
straint. These preparatory steps are necessary as the GEM-
Selektor code package does not operate using �xed redox 
buffer pairs but calculates pH and Eh by the Gibbs energy 
minimization method.

Redox titration models (i.e., addition of H2 and O2) were 
performed to determine the metal solubility and aqueous Te 
speciation for a range of pH and Eh conditions for both model 
input �uid compositions (Fig. 6). The simulations show that 
the Vienna Woods model input �uid is more reduced than the 
Fenway model input �uid. The Fenway model input �uid has 
a low pH value of ~3 to 4. Consequently, the Fenway model 
input �uid has overall higher metal solubility. Tellurium solu-
bility strongly depends on redox conditions and increases by 
~7 orders of magnitude between Eh values of –0.26 V (log fO2

 
= –30) to +0.2 V (log fO2

 = –21). The simulations also indicate 
that H2TeO3(aq) controls Te solubility in both model input �u-
ids. For reference, the pH and Eh of heated seawater from 
this study and heated seawater equilibrated with basaltic 
rocks at high temperatures (Pierre et al., 2018) are shown in 
Figure 6. The logarithmic oxygen fugacity of oxidized seawa-
ter is –21.1 and that of anoxic seawater is –25.4 (Table 5), in 
comparison to much lower values of partially rock-equilibrat-
ed �uids such as –29.9 for the Vienna Woods and –27.4 for 
Fenway model input �uids (Table 6). The pH and Eh covary, 
forming diagonal trends for �uids of the same composition. 
The Vienna Woods model input �uid has a composition con-
sistent with seawater that has extensively interacted with ba-
saltic rocks at high temperatures (Fig. 6). The Eh value below 
–0.2 V indicates that interaction of the seawater with basaltic 
rocks occurred at rock-buffered conditions (cf. Pierre et al., 
2018). The Fenway model input �uid, on the other hand, is 
farther to the right of the gray box outlining rock-equilibrated 

Fig. 4. Logarithmic oxygen fugacity (logfO2
) versus pH diagram showing the 

predominance of Te aqueous species in heated seawater at 100°, 250°, and 
350°C. Speciation was calculated at saturated water vapor pressure based on 
the thermodynamic data listed in Tables 1 and 2. The gray bar indicates the 
range of values for heated seawater listed in Table 5. The dotted lines show 
the quartz-fayalite-magnetite (QFM) and hematite-magnetite (HM) buffers, 
which provide lower and upper boundaries for the redox conditions encoun-
tered in most hydrothermal �uids, respectively.
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vent �uid compositions (Fig. 6a, b). This indicates that the 
Fenway �uid has not fully equilibrated with the wall rocks, 
presumably because felsic rocks have a lower buffering ca-
pacity than ma�c rocks (Gysi and Stefánsson, 2012; Gysi, 
2017; Pierre et al., 2018). Redox buffering through �uid-rock 
reaction mainly depends on the amount of Fe and its oxida-
tion state. Therefore, ma�c rocks more strongly affect redox 
conditions of vent �uids when compared to Fe-poor felsic 
rocks. Furthermore, the difference in pH between the two 
�uids may be related to the presence of magmatic volatiles 

(HCl, H2S, and CO2) in the Fenway �uids as suggested by 
Reeves et al. (2011).

Fluid-rock reaction models

To evaluate the effect of �uid-rock reaction on metal solubility 
in vent �uids, two rock titration models were conducted add-
ing 0 to 500 g of basalt or rhyolite to 1 kg of the Fenway model 
input �uid at 200°C and 200 bar (Fig. 7). Basaltic glass from 
Gysi and Stefánsson (2011) and rhyolitic glass from Bailey et 
al. (1989) were selected as representative rock compositions 

Fig. 5. Calculated total Te solubility (Tetotal) and logarithm of Te species molality as a function of pH in heated seawater at 
250° and 350°C at 200 bar in equilibrium with native Te(s). a) Calculation using oxidized seawater with an initial pH value of 
7.5 and Eh of 0.045 V, which is equivalent to a log fO2 value of –68.9 at 25°C and 1 bar. b) Calculations using anoxic seawater 
with an initial pH value of 7.5 and Eh of –0.235 V, which is equivalent to a log fO2

 value of –49.9 at 25°C and 1 bar. The gray 
bar indicates the range of values for heated seawater listed in Table 5. 
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for the simulations. Both glasses contain dominantly Fe2+ act-
ing as a reducing agent during �uid-rock reaction. After add-
ing ~50 g of rock, the pH increased and the Eh decreased to 
rock-buffered conditions (Fig. 7a, b). The model shows that 
the �uid equilibrated with basalt has a higher pH and lower 
Eh (i.e., more reducing) compared to the �uid equilibrated 
with rhyolite (Fig. 7a, b). Metal solubility generally decreases 
with increasing �uid-rock reaction in both models, indicating 
limited metal mobility in rock-equilibrated �uids. Gold solu-
bility initially decreases in both models and increases again 
in the basalt titration model at rock-equilibrated conditions. 
Tellurium solubility generally decreases with increasing �uid-
rock reaction in both models (Fig. 7c, d). In the basalt-equil-
ibrated model, Te solubility initially decreases ~6 orders of 
magnitude until rock buffering is achieved and then increases 
again by ~2 orders of magnitude. However, Te is not consid-
ered mobile below 250°C, as discussed in the cooling models 
below. Alteration in the ma�c simulation consists of quartz-
feldspar-chlorite-muscovite-titanite-calcite (Fig. 7e), and in 
the felsic simulation it consists of quartz-feldspar-muscovite-
calcite-anhydrite-hematite-rutile-chlorite (Fig. 7f). Chlorite 
is more prevalent in the ma�c simulation, whereas the felsic 
simulation shows larger amounts of quartz, microcline, mus-
covite, and hematite. Epidote starts to form above 250°C and 
becomes more prevalent with increasing temperature. The 
alteration assemblages can be subdivided into three distinct 
zones, which are (1) the pyrite-quartz vein zone, (2) the vein 
alteration halo showing quartz-muscovite ± anhydrite ± hema-
tite ± chlorite, and (3) rock-buffered alteration zones.

Single-pass cooling model and metal solubility 

Single-pass models were set up to simulate the pH, Eh, to-
tal dissolved metal concentrations, and minerals precipitating 
from cooling the model input �uids from 350° to 100°C. At 
each step, 1 kg of �uid is moved along a �uid conduit with 25 
nodes cooled by 5°C each, where any precipitated mineral 
is left behind in the previous node. This model assumes no 
interaction with the wall rocks and essentially simulates the 
solubility of metals within the stockwork zone of the sul�de 
occurrences or within individual black smokers (Fig. 1). The 
emphasis of these models is placed on the relative mobility of 
different metals rather than absolute values because the metal 
concentrations in the model input �uids were obtained from 
equilibration with a sul�de assemblage and are not those oc-
curring in natural vent �uids.

The Vienna Woods �uid is reduced with a high pH value 
and low calculated metal solubility (Fig. 8; Table 6). The low 
initial metal concentrations of the Vienna Woods model input 
�uid led to the precipitation of comparably small amounts of 
minerals, notably no chalcopyrite forms at high temperature. 
Solubility contours (Fig. 8c) are steep for Fe and Te, which 
form a high-temperature zone comprising pyrite, calaverite, 
and hessite between 350°and 300°C (Fig. 8d). Solubility con-
tours for Au, Ag, Cu, and Zn are relatively �at at elevated tem-
perature (Fig. 8c) and then sharply decrease below 200°C, 
forming a zone comprising electrum, covellite, and sphaler-
ite (Fig. 8d). Finally, galena precipitates as the last mineral at 
temperatures below 120°C. 

The Fenway �uid reaches pH values <2 when cooled to 
100°C, with a corresponding increase in Eh values to almost 

Table 6. Measured Hydrothermal Vent Fluid Compositions for Vienna Woods and Fenway from  
Reeves et al. (2011) and Calculated Model Input Compositions for the Two Vent Sites

Measured vent �uid compositions Model input composition
Vienna Woods Fenway Vienna Woods Fenway

Depth (m) 2,500 1,700 Depth (m) 2,500 1,700
T (°C) 285 358 T (°C) 350 350
P (bar) 255 167 P (bar) 280 200
pH25°C,1 bar 4.7 2.7 pH25°C,1 bar 4.7 2.7

pHT,P 5.1 3.9
Eh –0.26 –0.04
logfO2

–29.9 –27.4
Mg (mol/kg) 1.11 × 10–3 4.52 × 10–3 Ag (mol/kg) 4.92 × 10–6 1.69 × 10–4

Na 5.04 × 10–1 4.17 × 10–1 Al 2.09 × 10–6 6.04 × 10–6

Cl 6.63 × 10–1 5.89 × 10–1 Au 1.90 × 10–7 6.30 × 10–7

Ca 6.95 × 10–2 2.22 × 10–2 C 4.57 × 10–3 4.43 × 10–2

K 2.00 × 10–2 7.39 × 10–2 Ca 5.13 × 10–2 2.89 × 10–4

SiO2 1.44 × 10–2 1.19 × 10–2 Cl 6.55 × 10–1 5.52 × 10–1

SO4
2– 8.70 × 10–4 9.70 × 10–4 Cu 5.25 × 10–5 5.39 × 10–4

F 1.90 × 10–5 1.65 × 10–4 F 1.88 × 10–5 1.64 × 10–4

Fe 1.27 × 10–4 1.15 × 10–2 Fe 1.11 × 10–4 1.48 × 10–2

Al 6.70 × 10–6 6.10 × 10–6 K 1.98 × 10–2 7.32 × 10–2

H2S 1.53 × 10–3 1.52 × 10–2 Mg 8.91 × 10–4 4.48 × 10–3

CO2 4.55 × 10–3 4.46 × 10–2 Na 4.99 × 10–1 4.13 × 10–1

H2 4.38 × 10–5 2.36 × 10–4 Pb 2.14 × 10–4 8.66 × 10–3

CH4 6.31 × 10–5 3.25 × 10–5 S 2.97 × 10–3 3.07 × 10–2

CO - 1.42 × 10–7 Si 1.22 × 10–2 1.18 × 10–2

Te 1.48 × 10–12 3.55 × 10–10

Zn 1.55 × 10–2 2.13 × 10–2

Sat min1 Anh, Cpx, Chl Anh, Py

Abbreviations: Anh = anhydrite, Chl = chlorite, Cpx = clinopyroxene, Py = pyrite
1 Saturated minerals at the given pressure and temperature
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0.2 V (Fig. 9). At these conditions, Fe, Pb, and Zn remain sol-
uble, whereas considerable Ag, Au, Cu, and Te precipitation 
occurs upon cooling, which is re�ected in decreasing molality 
of dissolved metals in the �uid (Fig. 9c). Although Te concen-

trations in the model �uid are relatively low, the more oxidized 
starting conditions of this �uid permit transport of Te between 
~250° and 350°C. The minerals precipitated from the Fen-
way model �uid include chalcopyrite and calaverite at 350°C, 

Fig. 6. Simulated pH, logarithm of total dissolved metal concentrations, and logarithm of aqueous Te species activities as a 
function of redox potential (Eh in V) for (a, c, e) Vienna Woods vent �uid at 350°C and 280 bar, and (b, d, f) Fenway vent 
�uid at 350°C and 200 bar. The input model compositions are listed in Table 6. Gray shaded areas indicate pH-Eh values for 
rock-equilibrated vent �uids from Pierre at al. (2018). The gray square is oxidized seawater, and the black square is anoxic 
seawater given in Table 5.
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Fig. 7. Rock titration models reacting 1 kg of Fenway input �uid with 0.1 to 500 g basaltic and rhyolitic glass at 200°C and 
200 bar. Changes in (a) pH and (b) Eh as a function of �uid-rock reaction showing generally three distinct zones. c, d) Total 
dissolved metals generally decrease with increasing �uid-rock reaction except for Au solubility, which increases due to the 
increased stability of AuHS(aq) and, to a lesser extent, Te due to increased stability of HTe–. e, f) Alteration (chlorite, micro-
cline, plagioclase, quartz, pyrite, anhydrite, muscovite, calcite, rutile, and titanite) and ore minerals are similar but show 
different proportions and zones for the two rocks. The composition of basaltic glass is taken from Gysi and Stefansson (2011) 
and that of rhyolitic glass is taken from Bailey et al. (1989).
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followed by electrum, pyrite, and hessite between 275° and 
325°C, and bornite and acanthite below 250°C (Fig. 9d).

Open-system transport, cooling, and seawater  
mixing models

The cooling behavior of the Vienna Woods and Fenway model 
input �uids was further investigated in two different open-
system models (Fig. 10). Simpli�ed transport models were 
conducted using the GEM2MT module, which allows for 
automation of one-dimensional (1-D) reactive mass transport 
simulations coupled with GEM calculation of equilibrium 
states in spatially distributed nodes over time steps. The ap-
proach was to simulate mineral precipitation and dissolution 
in a �uid conduit segmented into 50 nodes with temperatures 
decreasing from 350° to 100°C at 5°C increments. The �rst 
model investigates a sequential reactor chain with “waves” of 

�uid passing through all nodes with a total of 1,000 waves of 
�uid (Fig. 10a, c). The second model is a simpli�ed reactive 
mass transport model, which couples �uid �ushing and geo-
chemical reactions in each node at each step. This model con-
sists of a series of �ow-through reactors with a constant �ux of 
input vent �uid in the �rst node (and output in the last node) 
and a simultaneous constant �ux between each of the subse-
quent nodes that contain initially heated seawater (Fig. 10b, 
d). This model is analogous to a 1-D advective transport mod-
el, with time being reduced to steps where constant �uxes and 
mixing between nodes are considered for 1,000 steps, but for 
simplicity, no other hydrological parameters were included.

The resulting sequential waves model and the 1-D reac-
tive transport model demonstrate that cooling of the Vienna 
Woods model �uid results in no signi�cant precipitation of 
Te due to its low solubility in the starting �uid (Table 6). The 

Fig. 8. Simulated single-pass cooling model of Vienna Woods vent �uid from 350° to 100°C at 200 bar showing (a) pH, (b) 
Eh, (c) logarithm of total dissolved metal concentrations, and (d) mol minerals precipitated upon cooling. The input model 
composition of the Vienna Woods �uid is listed in Table 6. Multipliers were added to better illustrate mol of minerals pre-
cipitated and resulting zoning. 
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model for Vienna Woods resulted in the notable development 
of a high-temperature (250°–350°C) pyrite zone containing 
minor calaverite and hessite (Fig. 10a, b). A zone enriched 
in Zn-Cu-Ag-Au developed at intermediate temperatures 
(100°–250°C). In this zone, Zn occurs in sphalerite, Cu in 
bornite and covellite, Ag in acanthite, and Au as Au-rich elec-
trum. The Vienna Woods model predicts galena precipitation 
at even lower temperatures of <150°C. Galena occurs togeth-
er with acanthite, covellite, and sphalerite. 

Comparison of the sequential waves model and the 1-D 
reactive transport model indicates that cooling of the Fen-
way model �uid from 350° down to 250°C results in the de-
velopment of a Cu-Te-(Au)–rich zone (Fig. 10c). In the se-
quential reactor model, high amounts of Ag, Au, Cu, and Te 
were precipitated and form a high-temperature chalcopyrite- 
hessite-electrum-pyrite zone and an intermediate-tempera-

ture  bornite-acanthite zone (Fig. 10c). Mixing with seawater 
led to the precipitation of abundant anhydrite and minor py-
rite as well as chalcopyrite and hessite at high temperature 
after 1,000 steps (Fig. 10d). Electrum precipitated and redis-
solved along the mixing front between vent �uid and seawa-
ter and completely disappeared after 500 steps. In general, 
the amount of metal precipitated at Fenway is one to two or-
ders of magnitude higher than in the case of the ma�c-hosted 
Vienna Woods model.

Discussion

Tellurium and metal concentrations in hydrothermal  
vent �uids

The numerical simulations of this study provide important in-
sights into metal mobility and deposition in sea-�oor hydro-

Fig. 9. Simulated single-pass cooling model of Fenway vent �uid from 350° to 100°C at 200 bar showing (a) pH, (b) Eh, (c) 
logarithm of total dissolved metal concentrations, and (d) mol minerals precipitated upon cooling. The input model compo-
sition of the Fenway �uid is listed in Table 2. Multipliers were added to better illustrate mol of minerals precipitated and 
resulting zoning.
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thermal systems, including mineral paragenesis and metal zon-
ing. However, it is dif�cult to quantitatively establish absolute 
metal concentrations for the hydrothermal �uids, as a series of 
assumptions needs to be made. In this contribution, the major 
model assumption is that the metal concentrations of the mod-
el vent �uids can be derived from the metal solubility of native 
metals and sul�de minerals at 350°C. The approach chosen 
provided an estimate for the upper concentration limits in hy-
drothermal vent �uids, permitting the study of relative metal 
mobility. Comparison between the compositions derived for 
the model vent �uids (Table 6) and direct measurements of 
hydrothermal vent �uids (Table 7) provide important insights 
into the applicability of the modeling approach.

At present, the Te content of sea-�oor hydrothermal vent 
�uids has not been established through direct measurement. 
However, some Te measurements are available for the deep 
liquids of the Reykjanes geothermal system in Iceland, which 
has a geologic and tectonic setting that is analogous to that 
of black smoker hydrothermal systems hosted by ma�c rocks. 
Hardardóttir et al. (2009) showed that the seawater-dominated 
hydrothermal �uids contain 19 to 60 ppb Te. Deep liquids in 
other geothermal systems typically contain between <0.1 and 
4.5 ppb Te, with the highest value recorded being 2.94 ppm 
(Simmons and Brown, 2006; Simmons et al., 2016). The Te 
concentrations of geothermal liquids are orders of magnitude 
higher than the modeled Te content of 0.2 ppt calculated for 
the ma�c-hosted Vienna Woods site and 50 ppt in the model 
�uid of the felsic-hosted Fenway site (Table 6). 

Comparison between the model hydrothermal �uids and 
measured geothermal liquids reveals that Te concentra-
tions are comparably low in the modeled �uids. At neutral 
pH and reducing conditions, Te enters a minimum solubil-
ity �eld (Fig. 5b), where the dominant species switches 
from H2TeO3(aq) to HTe–. These conditions are comparable 
to basalt-buffered sea-�oor hydrothermal �uids (Fig. 7a, b; 
Pierre et al., 2018), in which Te mobility is limited. Stability 
�elds and predicted Te solubility at elevated temperature are 
also consistent with simulations presented in Grundler et al. 
(2013), except that the HTe– �eld extends to higher pH in this 
study because the ditelluride species was not included. Sim-
mons et al. (2016) suggested that the ditelluride species domi-
nates in the deep geothermal �uids from the Taupo volcanic 
zone, which have alkaline pH values of 6 to 7 and are highly 
reduced. Their modeled Te concentrations, however, still un-
derestimate measured concentrations at those conditions by 
up to ~1 order of magnitude, indicating supersaturation with 
respect to telluride minerals (Simmons et al., 2016). The un-
derestimation of Te concentrations in model �uids suggests 
that future revisions of the underlying thermodynamic data 
may be needed, especially for the ditelluride species at highly 
reducing conditions. 

There are currently only a few studies that have recorded 
the concentrations of precious metals in hydrothermal vent 
�uids (Fuchs et al., 2019). These suggest that Ag concentra-
tions range from 0.3 to 43 ppb, while the Au content var-
ies from 0.02 to 0.94 ppb (Table 7). Liquids sampled from 
deep geothermal wells contain up to 2.4 ppm Ag and 23 ppb 
Au (Simmons and Brown, 2006; Hardardóttir et al., 2009; 
Hannington et al., 2016; Simmons et al., 2016). In com-
parison, the Vienna Woods model �uid has 0.5 ppm Ag and 

37 ppb Au, while the Fenway model �uid contains 18 ppm Ag 
and 124 ppb Au (Table 6). Other measured metal concentra-
tions in hydrothermal vent �uids include 0.001 to 26 ppm Cu, 
0.2 to 1,340 ppm Fe, 0.3 to 1,450 ppb Pb, and 0.01 to 59 ppm 
Zn (Table 7). For comparison, the Vienna Woods model �uid 
contains 3 ppm Cu, 6 ppm Fe, 44 ppm Pb, and 1,013 ppm 
Zn. The Fenway model �uid is characterized by higher metal 
concentrations of 34 ppm Cu, 827 ppm Fe, 1,794 ppm Pb, 
and 1,393 ppm Zn (Table 6). 

The agreement between the modeled concentrations of Cu 
and Fe in the model �uids with those observed in natural hy-
drothermal vent �uids provides con�dence in the modeling 
results. However, the model �uids have Ag, Au, and Zn con-
centrations that are one order of magnitude higher than those 
in hydrothermal vent �uids. This may be related to the fact 
that the modeling was based on a maximum metal solubility 
at 350°C, which may be comparably high for hydrothermal 
vent �uids. Differences between the Pb content of the Vienna 
Woods and Fenway model �uids and the range of Pb concen-
trations in hydrothermal vent �uids (Table 6) may be related 
to the fact that the thermodynamic properties for Pb aqueous 
species have not been updated since the release of the Sup-
crt92 and slop98.dat data (Shock et al., 1997; Sverjensky et 
al., 1997), which are based on only limited experimental data 
obtained at temperatures below 300°C.

Metal mobility in hydrothermal vent �uids

The simulations of this study provide important constraints 
on the factors affecting metal solubility in sea-�oor hydrother-
mal systems, including temperature, pH, Eh, �uid mixing, and 
�uid-rock interaction. The predicted Te speciation as a func-
tion of pH and redox in seawater (Fig. 5) and the redox titra-
tions (Fig. 6) indicate that Te solubility decreases in reduced 
�uids and has a minimum solubility at pH values of 6 and 7 
at temperatures of 250° and 350°C, respectively. Simulated 
single-pass cooling models for the Vienna Woods and Fenway 
�uids (Figs. 8, 9) further indicate that metal solubility and pH 
decrease by cooling from 350° to 100°C, whereas Eh increases 
in the absence of �uid-rock reaction. At these conditions, Te 
solubility is controlled mainly by the H2TeO3(aq) species as 
well as the solubility of hessite and calaverite. The Te con-
centrations in the Vienna Woods and Fenway �uids decrease 
signi�cantly with cooling, and Te becomes largely insoluble 
below 200°C (Figs. 8, 9). 

The Ag, Au, and Cu (±Fe) concentrations in the Vienna 
Woods and Fenway �uids also decrease upon cooling but dis-
play different behaviors due to their different starting com-
positions. The Vienna Woods model input �uid has lower 
dissolved metal concentrations and shows a less pronounced 
decrease in Au, Cu, and Ag concentrations with decreasing 
temperatures when compared to the Fenway model. In the 
case of Vienna Woods, precipitation of Fe and Te occurs be-
tween 200° and 350°C, whereas Ag, Au, and Cu solubilities 
decrease drastically below 200°C. In addition to the stability 
of electrum and base metal sul�des, the formation of aque-
ous complexes is important in controlling the metal mobili-
ties in the models. Silver, Cu, and Fe form stable chloride 
complexes that dominate at the simulated conditions, where-
as Au can form hydroxyl, bisul�de, and chloride complexes 
that variably dominate speciation depending on temperature, 
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pH, and redox. Lead and Zn form chloride complexes and 
remain largely mobile in the simulated �uids because of the 
decrease in pH during cooling and availability of Cl– for com-
plexation with these metals. In the case of the Vienna Woods 
model, sphalerite precipitation occurs in the single-pass cool-
ing model (Fig. 8). In contrast, sphalerite precipitation is only 
observed in the rock titration models for Fenway due to a 
decrease in redox state (Fig. 7). The solubility of other met-
als decreases considerably with increasing �uid-rock reaction 
(Fig. 7c, d). However, Au in the form of bisul�de complexes 
and Te as HTe– may show increased solubility with increas-
ing �uid-rock reaction in basalt-equilibrated simulations at 
reducing conditions (Fig. 7c). Finally, the more complex re-
active transport models (Fig. 10) indicate that �uid mixing of 
simulated vent �uids with entrained seawater and simultane-
ous cooling result in increased oxidation of the �uids, overall 
enhancing metal solubility in any given temperature interval. 
Nevertheless, the speciation, mineralogy, and metal zoning 
obtained in �uid mixing models are similar to those of the 
cooling models, as can be seen by comparing Figures 8 and 
9 with Figure 10.

The chemistry of the Vienna Woods vent �uids can be best 
explained as a result of the interaction and buffering of heated 
seawater with basaltic rocks (Pierre et al., 2018). Therefore, 
Vienna Woods is a good example of a rock-buffered sea-�oor 
system located on a back-arc spreading center. The compara-
bly high �uid pH and the more reduced Eh values both limit the 
solubility of ore minerals in the vent �uids (Fig. 8). This con-
trasts with the situation at Fenway, which is located in a felsic- 
dominated volcanic succession. The vent �uids at Fenway 
have an overall lower pH and higher redox state and, there-
fore, have a higher capacity to dissolve metals including Te 
at temperatures between 250° and 350°C (Fig. 9). However, 
�uid-rock interaction of the Fenway �uids as simulated by the 
rock titration models can result in a sharp decrease in metal 
solubilities with increased rock buffering and increased �uid 
reduction. Based on these observations, it is concluded that 
Te transport and enrichment in sea-�oor hydrothermal �uids 
are optimized if �uid-rock interaction is minimal, requiring 
vents to be located above well-established, high-�ux �uid up-
�ow zones (Fig. 1). At these �ow conditions, the hydrothermal 
�uids reach temperatures >250°C, remain oxidized, and keep 

Table 7. Metal Content of Modern Sea-Floor Hydrothermal Vent Fluids and Deep Geothermal Liquids

Location
T
°C pH

Cu
ppm

Fe
ppm

Zn
ppm

Pb
ppb

Ag
ppb

Au
ppb

Te
ppb Ref

Edmond, CIR 273–382 3.0–3.1 7–26 586–1,335 8–10 166–261 1
Kairei, CIR 315–365 3.4–3.5 8–18 198–336 4–6 65–97 1
21°N, EPR 273–355 3.3–3.8 1–3 42–136 3–7 38–74 4 2
11–13°N, EPR 317–380 3.1–3.7 0.1–7 81–601 2–56 2
Brandon, EPR 368–405 3.1–5.1 3–7 372–698 5–8 3
EPR range 273–401 2.6–3.8 0.1–9 33–687 0.1–22 2–78 4 0.08 4, 5
Axial volcano, JFR 5–328 3.5–4.4 1 1–56 0.2–7 21–63 2
Cleft, JFR 262–327 2.8–3.1 0.1–0.6 77–916 10–39 6
South, JFR 224–340 3.2 578–1,047 59 187 2
Broken Spur, MAR 360 3 110 5 7
Logatchev, MAR 353 3.3 2 140 2 21 1 7
Lucky Strike, MAR 185–328 3.4–5.0 0.2–2 3–51 0.3–3 7–27 0.5–3 7, 8
Menez Gwen, MAR 271–284 4.4–4.5 1 4–12 2 7
Rainbow, MAR 362–365 2.7–3.2 7–10 1,340 7–12 27–35 5 7
Red Lion, MAR 349 0.3 45 4 87 9
Sisters Peak, MAR 400–464 7–22 189 24 83 9
Snakepit, MAR 341 3.7 2 134 4 62 3 7
TAG, MAR 363 3.1 8 289 5 23 6 7
Turtle Pits, MAR 405–407 0.6–7 174–220 2–5 12–39 9
MAR range 224–379 2.8–4.5 0.1–9 20–1,047 1–59 12–225 4
Guaymas basin 100–315 5.9 0.01–3 1–11 0.01–0.07 4–135 0.1–25 2
Okinawa trough 238 4.6–5.0 0.001 0.2 0.5 8 5
Pacmanus 268 2.6 17 134 40 1,450 43 0.94 4, 5
Vienna Woods 282 4.1 0.3 6 2 0.8 3 0.02 4, 5
Reykjanes geothermal 

liquid
284–296 5.91 1–17 45–136 20–26 124–290 0.3–104 1–6 19–60 10

Taupo geothermal liquid 166–320 5.2–7.2 0.6–202 0.2–2.32 0.3–8082 1–2,4002 0.1–232 1–2,9402 11
Range in natural �uids 5–464 2.6–7.2 0.001–26 0.2–1,340 0.01–59 0.3–1,450 0.1–2,400 0.02–23 1–2,940

References: 1 = Gallant and Von Damm (2006), 2 = Von Damm (1990), 3 = Von Damm et al. (2003), 4 = Hannington et al. (2005), 5 = Fuchs et al. (2019), 6 
= Butter�eld and Massoth (1994), 7 = Douville et al. (2002), 8 = Von Damm et al. (1998), 9 = Koschinsky et al. (2008), 10 = Hardardóttir et al. (2009), 11 = 
Simmons et al. (2016)
Abbreviations: CIR = Central Indian Ridge, EPR = East Paci�c Rise, JFR = Juan de Fuca Ridge, MAR = Mid-Atlantic Ridge
1pH measured on surface 
2Elevated �eld blanks of up to 0.23 ppm Zn, 9.4 ppm Cu, 52 ppb Pb, 31 ppb Ag, 11 ppb Te, and 2 ppb Au
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their low initial pH values, allowing for high dissolved metal 
concentrations and ef�cient metal precipitation as a function 
of cooling. Changes in �ux could result in variability of �uid to 
rock ratios (i.e., �uid-rock reaction paths), which in turn could 
modulate metal contents in vent �uids over time.

Comparison to modern sea-�oor hydrothermal systems

Natural sea-�oor massive sul�des show distinct zones of 
pyrite-chalcopyrite ± gold, chalcopyrite-(bornite-covellite)-
sphalerite ± gold ± acanthite, and sphalerite-galena-acan-
thite ± sulfosalts (Fig. 1), resulting in distinct enrichment in 
Cu-Fe ± Au, Zn-Cu ± Ag ± Au, and Zn-Pb-Ag, respectively. 
These zones correspond to metal zoning in the 1-D reactive 
mass transport simulations, which are largely temperature- 
controlled, comprising high-temperature Cu-Fe-Te ± Au, in-
termediate-temperature Zn-Ag ± Cu ± Au, and low-tempera-
ture Pb-Zn ± Ag zones (Fig. 10). Coexistence of ore minerals 
in a zone can be considered a positive correlation of ore met-
als, whereas ore minerals occurring in different zones would 
constitute a negative metal correlation between the zones and 
their metals, respectively. This provides a simple concept for 
comparing metal zoning in 1-D reactive mass transport simu-
lations to metal ratios in natural massive sul�des hosted by 
ma�c and felsic host-rock successions.

The results of the simulations using the Vienna Woods 
model �uid can be compared to basalt-hosted sea-�oor hy-
drothermal vents located in mature back-arc basins or those 
associated with mid-ocean ridges. In the Vienna Woods simu-
lations, a high-temperature Fe-Te zone is developed that con-
tains pyrite as well as minor calaverite and hessite (Fig. 10a, 
b). In pyrite-rich samples from the modern sea �oor, elevated 
Te contents of up to 20 ppm have been encountered (Mo-
necke et al., 2016). The 1-D reactive mass transport simu-
lations for Vienna Woods yield an intermediate-temperature 
Zn-Ag ± Cu ± Au zone, which consists of abundant sphalerite 
and minor acanthite, covellite, bornite, and electrum. In ad-
dition, a low-temperature Pb-Zn ± Ag zone containing galena 
and sphalerite with minor acanthite was simulated. The mod-
eling results agree well with element correlations observed 
in sea-�oor sul�des from typical basalt-hosted hydrothermal 
vent systems, most notably the negative correlations between 
Zn, Pb, and Au with the Cu/Ag ratio (Fig. 3c-e).

The simulations using the Fenway model �uid are in broad 
agreement with the limited data available for hydrothermal 
systems located in felsic-dominated rifted arcs. The predicted 
association between Te minerals and Cu and Fe sul�des is ap-
parent in element correlation diagrams, where a positive cor-
relation can be observed between Te and Fe with the Cu/Ag 
ratio (Fig. 3a, b). There is a negative correlation between Zn 
and Pb with the Cu/Ag ratio (Fig. 3c, d), and Au shows a weak 
positive correlation at low Cu/Ag ratios and a negative correla-
tion at high Cu/Ag ratios (Fig. 3e). In the Fenway 1-D reactive 
mass transport simulations, the high-temperature Cu-Fe-Te ± 
Au zone consists of chalcopyrite, electrum, hessite, and pyrite 
(Fig. 10c, d). This is consistent with the observed elemental 
correlations. The simulations of this study suggest the occur-
rence of hessite and calaverite. So far, however, only limited 
research has been conducted on the mineralogical occur-
rences of Te in hydrothermal sea-�oor systems in this tectonic 
setting. Monecke et al. (2016) reported on the occurrence 

of tellurobismuthite in textural association with minerals of 
the tennantite-tetrahedrite solid solution at the PACMANUS 
vent �eld in the eastern Manus basin. In addition to telluro-
bismuthite, Maslennikov et al. (2017) reported the presence 
of hessite and native Te in assemblages with tennantite and 
bornite in chalcopyrite-rich chimneys. The occurrence of tel-
lurobismuthite was not modeled in the present study because 
Bi was not considered in the simulations.

Comparison to volcanogenic massive sul�de deposits

Sea-�oor hydrothermal vent sites and associated sul�de de-
posits are close analogues to VMS deposits occurring in an-
cient volcanic terranes (Franklin et al., 2005; Hannington et 
al., 2005; Hannington, 2014). These deposits total an endow-
ment of nearly 13.7 billion metric tonnes of polymetallic ores 
(Franklin et al., 2005), which contain Te concentrations of up 
to 100 ppm (Monecke et al., 2016). Based on the makeup of 
the volcanic host-rock succession, �ve lithostratigraphic types 
of VMS deposits are distinguished (Barrie and Hannington, 
1999; Franklin et al., 2005). The results of the numerical 
modeling as well as the compilation of assay data of active 
sea-�oor sul�de samples suggest that the composition of the 
volcanic host rocks is an important control on the Te content 
of VMS deposits.

As suggested by the numerical modeling and the active 
sea-�oor sul�de data compilation, VMS deposits in host-rock 
successions dominated by ma�c rocks appear to have low Te 
contents. This includes the Cretaceous massive sul�de de-
posits in Cyprus, which are hosted by pillow basalts of the 
Troodos ophiolite (Hannington et al., 1998). Pyrite and chal-
copyrite are the main phases containing Te in the ores from 
these VMS deposits (Keith et al., 2016; Martin et al., 2018, 
2020). Laser ablation-inductively coupled plasma-mass spec-
trometry (LA-ICP-MS) on pyrite yielded average Te concen-
trations of 6.0 to 17.3 ppm Te (Martin et al., 2018). No dis-
crete Te minerals were identi�ed (Keith et al., 2016; Martin 
et al., 2018, 2020).

This contrasts with VMS deposits in volcanic successions 
containing more abundant felsic rocks. The Kankberg deposit 
in the Skellefte district, Sweden, is hosted by bimodal-felsic 
volcanic rocks of the Paleoproterozoic Skellefte Group, which 
are interpreted to have formed in an island arc setting (Allen 
et al., 1996). Kankberg is currently the only VMS deposit that 
produces Te as a primary commodity (Åström, 2015), with its 
proven mineral reserve grading 194 g/t Te (Boliden, 2021). 
Gold-bearing tellurides in the ores of the Kankberg deposit, 
which have been overprinted at upper greenschist to amphib-
olite facies metamorphic conditions, include petzite, cala-
verite, and sylvanite. In addition, altaite, coloradoite, hessite, 
frohbergite, melonite, native tellurium, and tellurobismuthite 
are present (Åström, 2015).

Anomalous Te enrichment has also been recorded at the 
Bend VMS deposit, which forms part of the Paleoproterozoic 
Penokean greenstone belt stretching from Wisconsin into 
Michigan, USA. The deposit is hosted in a bimodal-ma�c suc-
cession (Franklin et al., 2005). Twelve representative massive 
sul�de samples collected from Bend yielded an average Te 
concentration of 635 g/t (Woodruff et al., 2003). The massive 
sul�des, which have been overprinted at greenschist meta-
morphic conditions, contain altaite, calaverite, frohbergite, 
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krennerite, petzite, sylvanite, and native tellurium as acces-
sory phases (DeMatties and Rowell, 1996; Quigley, 2016).

The Ordovician Ming deposit in Newfoundland, Canada, 
is hosted in a bimodal-ma�c volcanic succession (Franklin et 
al., 2005). Massive sul�des in the different ore zones average 
10 to 90 ppm Te. Altaite, hessite, and tsumoite are the most 
abundant Te minerals (Brueckner et al., 2016). The Devo-
nian Yubileynoe VMS deposit in the southern Urals of Russia 
(Tseluyko et al., 2019) is also hosted by a bimodal-ma�c vol-
canic succession. Tellurium averages 20.4 ppm in the Cu-rich 
massive sul�des of this deposit. Pyrite contains Te concen-
trations ranging up to ~2,700 ppm in black smoker chimney 
fragments (Tseluyko et al., 2019). The massive sul�de ores, 
which have been overprinted at prehnite-pumpellyite meta-
morphic grades, contain abundant Te-bearing minerals, in-
cluding altaite, calaverite, coloradoite, hessite, petzite, ruck-
lidgeite, stützite, tellurobismuthite, and volynskite (Tseluyko 
et al., 2019).

Although comparison with the characteristics of VMS depos-
its appears to support the main �ndings of the modeling of this 
study, the mineralogical sequestration of Te in VMS deposits 
appears to be more complicated than predicted by the model-
ing or observed in modern sea-�oor sul�des. Monecke et al. 
(2016) suggested that the formation of Te minerals is related 
to the metamorphic recrystallization or remobilization of the 
massive sul�des at greenschist facies and higher metamorphic 
grades. During recrystallization, Te originally contained in the 
crystal structure of the major ore minerals is expelled from 
these phases and forms new accessory Te minerals that are 
located along the margins of the recrystallized sul�de grains, at 
triple junction contacts, or in late remobilization veins.

Conclusions

This study provides the �rst comprehensive review of the be-
havior of Te in sea-�oor hydrothermal systems, constraining 
the mobility and deposition of this important trace element. 
The simulations conducted in this study show that �uid redox 
and temperature represent �rst-order controls on enrichment 
of Te in massive sea-�oor sul�des.

The simulation results of this study were compared to obser-
vations made in natural systems. Identi�ed host-rock controls 
and predicted metal associations were tested against a large 
data set of geochemical analyses of sul�de samples from sea-
�oor hydrothermal vent sites. Metal concentrations modeled 
for hydrothermal �uids were validated against the concentra-
tion ranges of these metals encountered in sea-�oor hydro-
thermal vent �uids and deep geothermal liquids. In addition, 
available literature on massive sul�de deposits hosted in an-
cient volcanic successions was reviewed. These comparisons 
con�rm that the redox and temperature of hydrothermal �u-
ids indeed are the most important controls on Te mobility and 
deposition in modern and ancient sea-�oor hydrothermal sys-
tems. Sul�des from felsic-hosted vents show systematic cor-
relations between the Te concentrations and the abundances 
of precious and base metals. Tellurium enrichment occurs in 
high-temperature Cu- and Fe-bearing minerals. Comparison 
of the modeling results and the bulk chemical analyses of sea-
�oor sul�des indicates that the Cu/Ag ratio is a useful proxy 
for the temperature of sul�de formation and can also be used 
as a proxy for Te enrichment. 

The simulations with available thermodynamic data indicate 
that Te is transported as a Te(IV) hydroxyl species and be-
comes largely immobile at rock-buffered reducing conditions 
in felsic- and ma�c-hosted hydrothermal systems investigated 
in this study. However, this review shows important limitations 
that need to be overcome in the future. Aqueous Te(IV) spe-
cies compare well between thermodynamic predictions and 
experimental data up to 200°C, presented in the experimental 
study by Grundler et al. (2013). However, prediction of the 
stability of the reduced Te(-II) and polytelluride (Te2

2–) species 
relies on thermodynamic extrapolations of low-temperature 
experimental data and has not been veri�ed experimentally at 
hydrothermal conditions. These reducing Te species are rel-
evant to predicting Te mobility at highly reducing conditions, 
such as, for example, ultrama�c-hosted hydrothermal systems. 
Calaverite, hessite, and native tellurium are the only stable Te 
minerals that were in equilibrium with hydrothermal �uids in 
the simulations of this study. Despite these minerals being well 
known to occur in active sea-�oor massive sul�des, other Te-
bearing minerals with additional elements may need to be con-
sidered in future modeling studies, such as coloradoite (HgTe), 
melonite (NiTe2), tellurobismuthite (Bi2Te3), and tetradymite 
(Bi2Te2S), as well as the occurrences of Te as a trace element 
in Cu-Fe sul�des. The importance of Te as a critical element, 
therefore, calls for experimental and calorimetric data to bet-
ter determine the thermodynamic properties for Te-bearing 
minerals and aqueous species at hydrothermal conditions. 
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