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Abstract
We provide an experimental confirmation of the suggestion, based on thermodynamic simulations
and extrapolations (Zhong et al. 2015), that Zn is transported in the form of chloride complexes in most
acidic, shallow hydrothermal systems; while bisulfide complexes become increasingly important in
deep, pH neutral to basic hydrothermal systems. We used in situ X‑ray absorption spectroscopy (XAS)
diamond-anvil cell experiments to determine Zn(II) speciation in a 1 m NaHS + 0.2 m HCl solution
in contact with sphalerite. XANES data indicate that Zn coordinates to oxy/hydroxyl/chloride ligands
from room temperature up to and including 200 °C, and then at higher temperatures (≥300 °C) and
pressures (>2 kbar) it changes to complexing with sulfur. Our data confirm that bisulfide complexes
become increasingly important in neutral-alkaline solutions at high pressure and temperature, due to an
increase in sulfur solubility and to favorable entropy contributions for bisulfide vs. chloride complexes.
Keywords: Zinc, sulfur, chloride, hydrothermal, high temperature and pressure

Introduction
Knowledge of metal complexation is important for predicting
the solubility, transport, and deposition of metals leading to the
formation of hydrothermal ore deposits. Most zinc (Zn) deposits
share a hydrothermal origin. As chloride is the most abundant an‑
ion in hydrothermal fluids (Yardley 2005) and the sulfide mineral
sphalerite (ZnS) is by far the most important Zn ore mineral, the
complexation of Zn(II) with chloride and sulfur ligands has been
studied extensively (Ruaya and Seward 1986; Bourcier and Barnes
1987; Plyasunov and Ivanov 1991; Anderson et al. 1998; Tagirov
et al. 2007; Tagirov and Seward 2010).
Advances in in situ synchrotron-based X‑ray absorption spec‑
troscopy (XAS) and ab initio molecular dynamics simulations
(AIMD) provide us with increasingly reliable views of the specia‑
tion and thermodynamics of metal complexes at the molecular level
(Brugger et al. 2016). For example, Mei et al. (2015) combined
AIMD simulations with in situ XAS data to demonstrate that
Zn(II) is bonded to Cl predominantly in a tetrahedral geometry up
to 400 °C and 1 kbar, with a trigonal planar geometry appearing
above 500 °C (35% trigonal planar at 600 °C), and were able to
use this new speciation model to reinterpret available solubility
data (e.g., Ruaya and Seward 1986; Bourcier and Barnes 1987),
demonstrating that discrepancies among the different interpretations
of the experimental data arose from erroneous assumptions about
Zn(II) complexing rather than experimental errors. A subsequent
study (Mei et al. 2016) demonstrated that Zn is coordinated with S in
tetrahedral [Zn(HS)n(H2O)4–n]2–n complexes up to 300 °C and 1 kbar,
with trigonal planar species predicted to become predominant at
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lower temperatures than in chloride solutions (i.e., at 400–500 °C
for Zn in a 2 m NaHS solution).
The thermodynamic properties proposed by Mei et al. (2015,
2016) suggest that Zn(II) bisulfide complexes grow in importance
with increasing temperature in neutral-alkaline solutions, while
chloride species are dominant at lower temperatures. This is con‑
sistent with the geochemical modeling of Zhong et al. (2015a) that
predicted that chloride complexes will predominate in most shal‑
low(< ~4 km) rock-buffered hydrothermal systems, while bisulfide
complexes become increasingly important at high P-T (>10 km),
due to an increase in sulfur solubility (>3 molal at T ≥ 500 °C) and
favorable entropy contributions for bisulfide vs. chloride complexes
in aqueous fluids (Mei et al. 2013). These predictions are based on
data collected in fluids containing either chloride or hydrosulfide.
This study tests the above predictions to determine the predominant
Zn species in a mixed Cl+S fluid.

Experimental methods
X‑ray absorption near edge structure (XANES) data were collected using a
hydrothermal diamond-anvil cell (HDAC) at beamline 20-ID at the Advanced Pho‑
ton Source (APS) at Argonne National Lab, Illinois. The APS is a 7 GeV ring with
a maximum current of 102 mA. Beamline 20-ID is an undulator beamline with a
Si(111) monochromator with an energy resolution (DE/E) of 1.4 × 10-4 (at 10 keV).
A focused beam size of 5 mm2 was used. The incident and transmitted beam intensities
I0 and I1 were measured using ion chambers. A four-element Si-drift detector, used
for detecting fluorescence data, was positioned at 90° to the incident X‑ray beam.
Solutions were prepared using: NaHS(s) (Alfa Aesar), ZnBr2 (GFS, reagent
grade), S (Alfa Aesar, 99.5%), ZnCl2 (Sigma, reagent grade), HBr (48%, Sigma),
and HCl (37% Sigma). The requisite amounts were diluted/dissolved in water to
prepare the solutions listed in Supplemental1 Table S1. A stopped PTFE solution cell
was used to measure XAS data for the standard solution (Sol2, Supplemental1 Table
S1) under ambient conditions, to aid comparison with data collected previously at
1 kbar at the European Synchrotron Research Facility (ESRF; Grenoble, France)
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