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Abstract
The conditions of pyrite (Py) stability inform the extent of S mobility during prograde metamor-

phism, the formation of orogenic Au deposits, and the S cycle in subduction zones. The variables 
that affect Py stability and chalcophile element mobility are investigated in the Pacific Rim Terrane 
of Vancouver Island, Canada, where sulfide-bearing carbonaceous sediments have been metamor-
phosed from 230 to 600 °C and 4 kbar by mid-ocean ridge subduction in a hot fore arc setting during 
the Eocene. The petrographic evidence in the rocks shows Py can coexist with pyrrhotite (Po) over 
a wide temperature window to >550 °C as preserved in porphyroblasts of andalusite, staurolite, and 
garnet. Conversely, equilibrium phase diagrams constructed for the rock compositions conflict with 
observations and suggest the breakdown of primary Py occurs over a narrow temperature range below 
400 °C. The phase diagrams are consistent with the coexistence of Py and Po up to lower amphibolite 
facies only if S locally comprises a much greater proportion involved in a reaction than that of the 
overall bulk-rock composition used in the calculations. While the chemistry of the bulk rocks and Po 
included in porphyroblasts show mobilization of H2O and S with increasing metamorphic grade of 
the forearc, this process appears unrelated to the distribution of chalcophile elements or Au deposits 
found in the Pacific Rim Terrane.
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Introduction
Sulfur is a minor component of the Earth’s crust but has a 

wide range of oxidation states (2– to 6+) and affinity for chal-
cophile elements, making its behavior of significant interest in 
metamorphic systems and ore deposits. In marine siliciclastic 
sediments, S is typically bound in sulfides derived from bio-
genic, diagenetic, and hydrothermal processes (Goldhaber 2003). 
Among carbonaceous marine sediments, pyrite (Py) is the most 
abundant sulfide and may occur as disseminated anhedral grains, 
laminae and bands, framboids, spherulites, and cubic euhedra 
(Goldhaber 2003). Because sedimentary and diagenetic Py are 
commonly enriched in Zn, Cu, Mo, Pb, Au, and Ag (Thomas et 
al. 2011; Large et al. 2012), the stability of Py during prograde 
metamorphism bears on their mobility of these economically 
important elements (Pitcairn et al. 2006, 2010, 2015).

Sulfide stability also bears on the global S cycle. The S 
subducted into the mantle in oceanic lithosphere becomes a 
potentially important redox agent in the mantle contingent upon 
the P-T stability fields of sulfide and sulfate, and the P-T paths 
taken by subducted slabs (Mungall 2002; Evans 2012; Canil 
and Fellows 2017; Walters et al. 2020). The behavior of sulfides 
in the shallow forearc of the subduction zone is significant for 
S mobility and ore genesis (Pitcairn et al. 2010). During low-
pressure prograde metamorphism of carbonaceous sediments, 
one reaction involving sulfide can be (Tomkins 2010):

FeS2 = FeS + 0.5S2  (1)

where for every mole of Py consumed, 1 mol each of pyrrhotite 
(Po) and S is produced. A devolatilizing carbonaceous metapelite 
could also drive the production of reduced S compounds, such 
as in the reaction (Ferry 1981):

2FeS2 + 2H2O(fluid) + C(Gr) = 2FeS + 2H2S(fluid) + CO2
(fluid).  (2)

In this manner, S could be mobilized in a metamorphic fluid 
and liberated from the rock (Tomkins 2010) or available to react 
with other minerals. Either way, the breakdown of Py enables the 
redistribution of trace elements previously hosted therein (Large 
et al. 2012). There is significant variability in the degree of mo-
bilization of base metals such as Cu, As, Zn, and Pb (Hammerli 
et al. 2016; Stepanov 2021), and a growing body of evidence 
suggests liberated Au is efficiently transported as HS– ligands at 
low temperatures in metamorphic fluids (Pokrovski et al. 2009). 
Therefore, delineating the conditions of S mobility is central 
for understanding mechanisms of chalcophile element and Au 
distribution during prograde metamorphism. The development 
of internally consistent thermodynamic data for common sul-
fides like Py and Po (Evans et al. 2010) has advanced models 
of sulfide-silicate phase relations but has produced contrasting 
results. When reactions between sulfides and iron-bearing sili-
cates are precluded, the models show Py stability can persist 
until conditions approximating terminal chlorite breakdown, 
with concomitant fluid production (Tomkins 2010). Conversely, 
some models of sulfide-silicate phase relations suggest that the 
Py-Po transition is instead a narrow, low-temperature threshold 
that is influenced by bulk-rock chemistry (Zhong et al. 2015).

Sulfide phase relations vary with pressure, temperature, 
and protolith composition (P-T-X), necessitating careful con-
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