
American Mineralogist, Volume 108, pages 514–529, 2023

0003-004X/23/0003–514$05.00/DOI: https://doi.org/10.2138/am-2022-8345       514 

* E-mail: hutchimi@oregonstate.edu

Trace element partitioning between anhydrite, sulfate melt, and silicate melt

Michael C. Hutchinson1,*, Richard A. Brooker2, Jon D. Blundy3, John H. Dilles1, and 
Charles T. Lewis1

1College of Earth, Ocean, and Atmospheric Sciences, Oregon State University, Corvallis, Oregon 97331-5501, U.S.A.
2School of Earth Sciences, University of Bristol, Wills Memorial Building, Bristol, BS8 1RJ, U.K.
3Department of Earth Sciences, University of Oxford, South Parks Road, Oxford, OX1 3AN, U.K.

Abstract
Anhydrite has become increasingly recognized as a primary igneous phase since its discovery in 

pumices from the 1982 eruption of El Chichón, Mexico. Recent work has provided evidence that im-
miscible sulfate melts may also be present in high-temperature, sulfur-rich, arc magmas. In this study 
we present partition coefficients for 37 trace elements between anhydrite, sulfate melt and silicate melt 
based on experiments at 0.2–1 GPa, 800–1200 °C, and fO2 > NNO+2.5.

Sulfate melt–silicate melt partition coefficients are shown to vary consistently with ionic potential 
(the ratio of nominal charge to ionic radius, Z/r) and show peaks in compatibility close to the ionic 
potential of Ca and S. Partition coefficients for many elements, particularly REE, are more than an 
order of magnitude lower than previously published data, likely related to differences in silicate melt 
composition between the studies. Several highly charged cations, including V, W, and Mo are somewhat 
compatible in sulfate melt but are strongly incompatible in anhydrite. Their concentrations in quench 
material from natural samples may help to fingerprint the original presence of sulfate melt.

Partition coefficients for 2+ and 3+ cations between anhydrite and silicate melt vary primarily as a 
function of the calcium partition coefficients (DCa

Anh-Sil) and can be described in terms of exchange reac-
tions involving the Ca2+ site in anhydrite. Trivalent cations are dominantly charge-balanced by Na1+. 
Most data are well fit using a simple lattice-strain model, although some features of the partitioning 
data, including DLa

Anh-Sil > DCe
Anh-Sil, suggest the occurrence of two distinct anhydrite Ca-sites with slightly 

different optimum radii at the experimental conditions.
The ratio DSr

Anh-Sil/DCa
Anh-Sil is shown to be relatively insensitive to silicate melt composition and should 

vary from 0.63–0.53 between 1200–800 °C, based on a simple, “one-site” lattice strain model. Com-
parison to DSr

Anh-Sil and DCa
Anh-Sil calculated for natural anhydrite suggests that in most cases, including 

the S-rich eruptions of Pinatubo and El Chichón, the composition of anhydrite is consistent with early 
crystallization of anhydrite close to the liquidus of silicate melt with a composition approximately 
that of the bulk erupted material. This illustrates how anhydrite (and perhaps sulfate melt) provides a 
mechanism to transport large quantities of sulfur from significant depth to the eruptive environment.
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Introduction
Primary igneous anhydrite was first identified in pumices 

from the 1982 eruption of El Chichón, Mexico (Luhr et al. 1984), 
and it has since been identified in various erupted products and 
intrusive rocks (for review see Luhr 2008). Experimental stud-
ies have shown that anhydrite is stable in sulfur-rich magmas 
under oxidized conditions (fO2 > NNO+1.5) at temperatures 
750–1100 °C (Carroll and Rutherford 1987; Luhr 1990; Clé-
mente et al. 2004; Costa et al. 2004; Zajacz et al. 2012; Huang 
and Keppler 2015; Masotta and Keppler 2015; Matjuschkin et 
al. 2016; Zajacz and Tsay 2019; Li et al. 2021a) and is progres-
sively replaced by an immiscible sulfate melt over a temperatures 
interval starting at ~1000 °C (Jugo et al. 2005; Veksler et al. 2012; 
Hutchinson et al. 2020). However igneous anhydrite and sulfate 

melts are rarely preserved in the geologic record. Phenocrystic 
anhydrite may break down during magmatic degassing, as sulfur 
is removed from the magma (Chambefort et al. 2008), and after 
cooling below ~200 °C it is readily dissolved from solidified 
rocks by meteoric fluids (Luhr et al. 1984). Sulfate melts are 
even more challenging to identify in nature and may only exist 
transiently before converting to anhydrite at lower temperatures 
(Hutchinson et al. 2020). However, “wormy anhydrite” inclu-
sions, interpreted as trapped sulfate melt, have been reported 
in amphibole from the San Jose Ignimbrite at Yanacocha, Peru 
(Chambefort et al. 2008), and anhydrite “droplets” have been 
described in olivine-hosted multiphase inclusions from Tolbachik 
volcano in the Kamchatka arc (Kamenetsky et al. 2017).

Anhydrite is an important reservoir for sulfur in many low-
temperature, oxidized, arc magmas, and both anhydrite and 
sulfate melt may play a crucial role in the transport of sulfur 
through the crust (Streck and Dilles 1998; Chambefort et al. 




