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A B S T R A C T   

Greigite forms as an intermediate phase along the pyrite reaction pathway. Despite being considered metastable, 
it is observed in numerous shallow natural systems, suggesting it could be a unique proxy for diagenetic and 
environmental conditions. We use thermodynamic reaction pathway modelling in PHREEQC software, to un-
derstand the role of iron and sulphur ratios, pH and Eh, and temperature on the formation and retention of 
greigite in aqueous solutions. With newly available experimental thermodynamic properties, this work identifies 
the chemical boundary conditions for greigite formation in aqueous solutions. Greigite precipitation is likely 
favourable in anoxic and alkaline aqueous solutions at or below 25 ◦C. Our numerical experiments show that 
greigite is closer to saturation in iron-rich solutions with minor sulphur input. Greigite precipitation in strongly 
alkaline solutions suggest polysulfides and ferric iron-bearing minerals may be favourable reactants for its for-
mation. Greigite precipitates at iron and sulphur concentrations that are over two orders of magnitude greater 
than iron sulphide-hosted natural porewaters. This disparity between model and field observations suggest 
microenvironments within bulk solutions may be important for greigite formation and retention. These con-
straints suggest greigite is more likely to form alongside pyrite in shallow, non-steady state aqueous solutions.   

1. Introduction 

Iron sulphide minerals are widely used as paleoclimatic indicators as 
their constituent iron and sulphur species are sensitive to environmental 
conditions (Roberts et al., 1996; Fu et al., 2008; Chen et al., 2021). 
Greigite (Fe3S4) is an iron sulphide that typically forms as an interme-
diate phase along the pyrite (FeS2) reaction pathway (Berner, 1967; 
Hunger and Benning, 2007). As it is considered thermodynamically 
metastable with respect to pyrite, it was thought for a long time to be 
uncommon in natural environments (Machel and Burton, 1991; Roberts, 
1995); however, it has been widely identified in shallow sediments due 
to its ferrimagnetic properties which contribute to palaeomagnetic 
readings (e.g., Snowball and Thompson, 1988; Rowan and Roberts, 
2005, 2006). Greigite is thought to be preserved when pyritization, i. e., 
the transformation of precursor iron-sulphides to pyrite via sulphur 
addition, is arrested (Roberts and Turner, 1993; Wilkin and Barnes, 
1997). This occurs either in sulphur-limited conditions, where low 
organic carbon content inhibits the presence of sulphate-reducing 

bacteria, or in the presence of abundant iron which use up reactive 
sulphur (Roberts and Weaver, 2005; Yang et al., 2022). The association 
of bacteria and balance between iron and sulphur means greigite has the 
potential to be a unique proxy for past environments, but only if its 
formation conditions are fully understood. 

Greigite is frequently observed in low temperature, sulphidic sedi-
ments in continental marine (Kao et al., 2004; Liu et al., 2018), tidal 
(Keene et al., 2011; Burton et al., 2011) and inland lacustrine environ-
ments and wetlands (Wilkin and Ford, 2006; Nowaczyk, 2011). It forms 
in non-steady state, anoxic environments and is preserved due to alter-
ations to geochemical conditions; this may be caused by tectonic sub-
sidence altering sea levels and organic matter supply (Liu et al., 2018), 
large inputs of external iron-rich sediments (Kao et al., 2004), and 
possibly methane diffusion in submarine sediments (Rudmin et al., 
2018). Variations in geochemical conditions may alter the dominant 
reactant available for greigite formation. Under standard-state condi-
tions (25 ◦C, 1 bar, 1 M) greigite forms from mackinawite (FeS) in 
aqueous solutions with excess sulphur (Rickard and Luther, 2007). 

* Corresponding author. 
E-mail addresses: j.turney20@imperial.ac.uk (J.N. Turney), d.weiss@imperial.ac.uk (D. Weiss), adrian.muxworthy@imperial.ac.uk (A.R. Muxworthy), alastair. 

fraser@imperial.ac.uk (A. Fraser).  

Contents lists available at ScienceDirect 

Chemical Geology 

journal homepage: www.elsevier.com/locate/chemgeo 

https://doi.org/10.1016/j.chemgeo.2023.121618 
Received 20 January 2023; Received in revised form 21 June 2023; Accepted 28 June 2023   

mailto:j.turney20@imperial.ac.uk
mailto:d.weiss@imperial.ac.uk
mailto:adrian.muxworthy@imperial.ac.uk
mailto:alastair.fraser@imperial.ac.uk
mailto:alastair.fraser@imperial.ac.uk
www.sciencedirect.com/science/journal/00092541
https://www.elsevier.com/locate/chemgeo
https://doi.org/10.1016/j.chemgeo.2023.121618
https://doi.org/10.1016/j.chemgeo.2023.121618
https://doi.org/10.1016/j.chemgeo.2023.121618
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemgeo.2023.121618&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Chemical Geology 635 (2023) 121618

2

There are several different reaction paths, for example: (1) Berner 
(1967) showed experimentally that greigite forms as an intermediate 
phase when mackinawite reacts with dissolved zerovalent sulphur (S0) 
in the form of reactive sulphur species, (2) in acidic conditions, mack-
inawite partially dissolves to form Fe2+ and S2−, which reacts with H+ to 
produce H2S, acting as the reactant to form greigite (Lin et al., 2018), 
and 3) in alkaline conditions, bisulfide (HS−) and polysulfides (Sn

2−) act 
as a reactant instead of H2S (Benning et al., 2000; Rickard and Luther, 
2007). Polysulfides typically form during the dissolution of elemental 
sulphur by reactions with dissolved sulphide, or oxidation of H2S or HS−

by ferric iron (Hartler et al., 1967; Hellige et al., 2012; Wan et al., 2014) 
and nitrate (Lin et al., 2009). At temperatures above 50 ◦C, the oxidation 
of mackinawite may form pyrrhotite (Fe1-xS), providing an alternative to 
greigite as the intermediate phase along the pyrite reaction pathway 
(Sweeney and Kaplan, 1973; Aubourg et al., 2012). 

The numerous reaction pathways along which greigite can precipi-
tate make it difficult to fully understand the formation conditions of 
greigite using laboratory experiments only. In contrast, thermodynamic 
modelling allows the possibility to test the role of many parameters 
combined and in isolation, i.e., iron and sulphur concentrations, pH, 
redox potential (Eh), temperature, etc., and predict mineral assemblages 
that form under specific conditions (Brookins, 1988). Thermodynamic 
modelling is therefore a critical tool to simulate mineral precipitation in 
aqueous solutions and explore and identify reaction processes, fluid 
flow, and porosity and permeability changes (Steefel et al., 2015). While 
considering reactive transport is important in understanding processes 
in dynamic natural systems, a critical preliminary step is to gain a full 
understanding of the role master solution parameters such as pH, Eh, 
temperature, concentrations and elemental ratios play in mineral pre-
cipitation in the aqueous solution. This is achieved using thermody-
namic reaction pathway modelling. Early thermodynamic pH-Eh 
diagrams for iron sulphides (e.g., Machel and Burton, 1991; Burton 
et al., 1993) did not include greigite as it was considered uncommon. 
Rickard, 2012b and Ning et al. (2014, 2015) included greigite to 
constrain its stability relative to mackinawite. Rickard, 2012b estab-
lished that greigite formation is promoted in acidic solutions when iron 
concentrations are greater than sulphur. However, these studies omitted 
pyrite to observe precursor minerals, thus being representative of tem-
porary states rather than conditions under which greigite may be pre-
served in the presence of end-member iron sulphides. A further 
limitation of these earlier thermodynamic models (Rickard and Luther, 
2007; Rickard, 2012b) was missing thermodynamic greigite data in the 
literature, with Ning et al. (2015) using values from analogue iron sul-
phides. Only very recently the enthalpy for greigite has been experi-
mentally determined by Subramani et al. (2020). This enabled Shumway 
et al. (2022) to demonstrate greigite may be thermodynamically stable 
relative to pyrite and pyrrhotite, at or below room temperature. This is 
supported by thermodynamic calculations by Son et al. (2022) which 
predicted greigite is more stable at the nanoscale in low-temperature 
alkaline and anoxic solutions. However, a critical constraint to under-
standing greigite precipitation in aqueous systems, is to identify the 
effect of elemental concentrations, i.e. Fe, S and pH, on different reac-
tion pathways, at temperatures above 25 ◦C. 

Here, we address this knowledge gap by studying the effect of iron 
and sulphur concentrations on greigite formation and preservation in 
aqueous solutions theoretically using the open source geochemical code 
PHREEQC. Firstly, we develop and test models that allow us to constrain 
reaction pathways in solutions with different chemical compositions 
(pH, Eh, Fe and S concentrations, Fe:S elemental ratios, temperature) 
and then identify conditions that promote or hinder the formation of 
greigite. Secondly, individual parameters, e.g., iron and sulphur ratios, 
are altered to identify the boundary conditions of greigite formation. 
Thirdly, model results are compared with observations in nature to 
provide further understanding of possible greigite forming 
environments. 

2. Methods 

Based on the work by Rickard, 2012b, we have developed reaction 
pathway models, using the PHREEQC computer program (Parkhurst and 
Appelo, 2013), to simulate greigite formation along multiple reaction 
pathways under different iron and sulphur ratios, pH and Eh, and tem-
peratures above and below 25 ◦C. Pyrite and pyrrhotite have been 
included to constrain how greigite may form and be preserved in the 
presence of end-member iron sulphides. To identify the solution pa-
rameters required for greigite to be thermodynamically favourable 
relative to other iron sulphides, it was important to develop a database 
that included the minerals and thermodynamic properties for the 
different reaction pathways. 

2.1. Database development 

PHREEQC at present uses 13 databases containing minerals with 
associated reactions and thermodynamic properties. We first undertook 
a critical review of the pre-existing databases to identify the relevant 
minerals and reactions (Table S1). We used PHREEQC’s minteq.dat 
database as the default database, as it contained most of the minerals of 
interest, however, there were some key omissions: (1) Pyrrhotite was 
added from the llnl.dat database (Table S1). (2) For the polysulfide 
pathway, the species S6

−2 was not present, and had to be back-calculated 
from other polysulfide species in the llnl.dat database (Table 1 & S1). (3) 
The nitrate models required the addition of NO2(g) and N2(g) to the 
minteq.dat database to be considered viable reactants (Table 1 & S2). 

The thermodynamic properties for pyrite formation are well estab-
lished (Robie, 1966; Lemire et al., 2020), however, values for mack-
inawite and greigite are limited. Of the 13 databases, four give an 
equilibrium constant (logK) of −45 for greigite and eight give a logK of 
−4.7 or − 3.6 for mackinawite when HS− is the reactant (Table S1). The 
logK for mackinawite and greigite is calculated using the Gibbs free re-
action energy, ΔrG0 (Eq. 1): 

ΔrG0 = − 2.303RTlogK (1) 

Where R is the gas constant (0.00199 kcal/mol.K) and T is temper-
ature in kelvin. ΔrG0 is the difference between the total Gibbs free en-
ergy of formation (Δf G0) of the products and the total Δf G0 of the 
reactants at standard temperature and pressure (Table S2). A first value 
published by Berner (1967) gives a Δf G0 for synthetic greigite of −69.4 
kcal/mol (Table S2). Rickard and Luther (2007) and Lemire et al. (2020) 
calculated a Δf G0 for greigite of −73.7 kcal/mol and  -73.9 kcal/mol, 
respectively. The reproducibility of similar values by these studies sug-
gests the Δf G0 by Lemire et al. (2020) is reliable. We calculated a Δf G0 

for mackinawite of −21.7 kcal/mol. This falls within the upper end of a 
95% confidence interval based on previously reported experimental 
values ranging between −22.3 kcal/mol to −23.5 kcal/mol (Berner, 
1967; Rickard, 2006; Lemire et al., 2020) (Table S2). A sensitivity 
analysis has been conducted comparing the logK used in this study with 
the Berner (1967) and original minteq.dat database values (Table S3) 
which showed minor differences. Although logK for reactions with H2S 
have previously been calculated as 4.4 (Davison et al., 1999) and 3.1 
(Benning et al., 2000) due to the variability in these values, Rickard and 
Luther (2007) noted that sulphide solubilities are typically presented 
using reactions with HS−. Reactions with HS− were tested as it was also 
the default reactant considered in the minteq.dat database (Table S1). 
Using thermodynamic properties from Lemire et al. (2020) and Grenthe 
et al. (1992), mackinawite and greigite have calculated logK values of 
−2.1 and −41.1 (Table S1), respectively. In comparison, the Δf G0 from 
Berner (1967) calculated logK values for mackinawite and greigite of 
−2.6 and −37.9, respectively. The original minteq.dat database pro-
duced lower logK values of −4.7 for mackinawite and − 45.0 for greigite, 
suggesting they are more insoluble. Comparing modelling results using 
these logK values show strong similarities, with initial greigite saturation 
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states varying by 6% to 7% (Table S3), suggesting our thermodynamic 
parameters are reliable. 

To calculate logK for greigite and mackinawite at different temper-
atures, the reaction enthalpy, ΔrH0, is used which is determined using 
formation enthalpy, Δf H0. Using ΔrH0, PHREEQC automatically calcu-
lates logK using the van’t Hoff equation (Eq. 2), provided logK at one 
temperature and the standard enthalpy at 25 ◦C are known: 

logKT2 − logKT1 =
ΔrH0

2.303R
•

(
1

T1
−

1
T2

)

(2)  

where T1 is the initial temperature and T2 is the new temperature at 
which logKT2 is being calculated. No enthalpy values are provided in the 
databases for mackinawite or greigite. Previous work has produced 
values for troilite (FeS) of −24.2 kcal/mol which shares a similar 
chemical structure to mackinawite (Table S2) (Xu and Navrtosky, 2010; 
Subramani et al., 2020). Anderko and Shuler (1997) used values from 
Latimer (1952) to estimate a Δf H0 for mackinawite of −21.9 kcal/mol, 
suggesting the best accuracy can be obtained close to standard state 
conditions (Table S2). The ΔfH0 for greigite was taken from Subramani 
et al. (2020). The low enthalpy value (−103.3 kcal/mol) suggests grei-
gite is more likely to form in ambient temperatures. This is consistent 
with observations in natural environments as greigite is typically found 
in shallow sediments at lower temperatures (Otero et al., 2006; Fu et al., 
2008), therefore, this value is considered reliable. For polysulfide spe-
cies, values were taken from Kamyshny et al. (2007) (Table S2). Using 
these thermodynamic properties, ΔrH0 and logK were then calculated for 
different reaction pathways (Table 1). 

2.2. Reaction pathways for pyrite and greigite 

Six different pyrite reaction pathways have been studied to compare 
which form greigite (Table 1). The thermodynamically stable reactant 
depends on pH and Eh of the aqueous solution (Rickard and Luther, 
2007) (Fig. 1). H2S is dominant in acidic, anoxic conditions, whereas 
HS− is dominant in alkaline (pH ~7–8.6), anoxic conditions (Fig. 1a) 
(Brookins, 1988). In the literature, the most widely suggested reactant 
for the pyrite reaction pathway is S0, comprising of elemental sulphur 
and polysulfides (Kamyshny et al., 2008). S0 is stable in very acidic, oxic 
conditions (Fig. 1a). In anaerobic solutions, S0 may dissolve to form 
polysulfides which become the dominant phase in very alkaline condi-
tions (Fig. 1a) (Hunger and Benning, 2007). As S0 is in a solid phase, an 
additional reaction is required (Table 1), where sulphur is in equilibrium 
with different aqueous species (Eq. 3–5). 

acidic (pH <∼ 7)   sulphur + 2H+ + 2e− = H2S (3)  

alkaline ( ∼ 7 < pH < 8.6)   sulphur + H+ + 2e− = HS− (4)  

highly alkaline (pH > 8.6 )   sulphur + 2e− = S2
− (5) 

As polysulfides are compounds part of the S0 species (Kamyshny 
et al., 2008), the S0 reaction pathway can be applied to the polysulfide 
model. Reactions with individual polysulfide species have also been 
tested using the most common natural species, such as S5

2− (Table 1, S7) 
(Kamyshny et al., 2008). However, as these reactions only included a 
few of the possible polysulfide species, reactions with S0 were preferred. 
The nitrate and iron-loss pathway have also been included as alterna-
tives to sulphur species pathways (Fu et al., 2008; Blanchet et al., 2009). 

2.3. Design of the reaction pathway models 

We use thermodynamic reaction pathway modelling to examine the 
favourable iron sulphide minerals in different geochemical conditions 
and Fe:S concentrations. Our models predict the amount a mineral 
would precipitate in moles, under a given set of conditions, rather than 
calculate reactions that are ongoing. The first set of models use 

unbuffered aqueous solutions to represent a non-steady state solution 
where pH and Eh are free to change depending on the minerals that 
precipitate which subsequently alter iron and sulphur concentrations. 
Our initial solution consists of pure water with a specified pH and Eh 
(Fig. 2a). In order to assess the effect of iron and sulphur only, we 
decided against the introduction of other chemical constituents (organic 
and inorganic) as they complex with iron or sulphur effecting the ratio 
specified. As only iron and sulphur concentrations are added during the 
model experiments, the nitrate pathway requires nitrogen in the initial 
solution to provide a reactant for the experiment to run. To analyse the 
effect of varying amounts of reactive nitrogen in the solution, high and 
low concentration models have been conducted with 10−2 and 10−9 m of 
nitrogen, respectively. Minerals of interest are introduced subsequently 
to the reaction pathway model with their associated reactions. The 
pathway is selected based on the initial pH and Eh (Fig. 2a, Table 1). 

Along the pyrite reaction pathway, the stoichiometric ratio of ele-
ments within the minerals becomes progressively sulphur-dominant 
from mackinawite (FeS) to pyrite (FeS2). Kao et al. (2004) suggested 
greigite may be preserved in iron-rich environments which use up 
available sulphur and halt pyritization. It is important therefore to 
consider mineral precipitation in iron and sulphur-dominant solutions. 
To this end, a molar ratio of 3:1 was selected for iron (Fe/S) or sulphur- 
dominant (S/Fe) solutions (Fig. 2a). A molar ratio at 2:1 provides a good 
comparison, however, trends in the data are clearer at a higher ratio; as 
mineral precipitation is limited by the amount of the non-dominant 
element, increasing the ratio further produces negligible differences in 
results. 

In our models, molality concentrations start at 10−12 m and were 
limited to a maximum of 10−2 m in 1 kg of water to match concentra-
tions in nature (Brookins, 1988). After each concentration increment, 
we conducted ten iterations before moving to the next order of magni-
tude. As the model progressed, more iron and sulphur were added at that 
specified ratio, e.g., at S:Fe ratio of 3:1, the initial concentration is 3 ×
10−12 m sulphur and 1 × 10−12 m iron, at the next increment this 
increased to 6 × 10−12 m iron and 2 × 10−12 m sulphur (Fig. 2b). 

The minerals of interest for the equilibrium phase block and the 
saturation index (SI) were selected (Fig. 2a). As iron and sulphur are 
introduced to the model, the SI of a given mineral was calculated by the 
ion activity in solution (IAP) over the activity required for the mineral to 
be at equilibrium or a solubility product (Ksp). When SI = 0, logIAP = log 
Ksp the solution is saturated with respect to the mineral. When logIAP <
logKsp the solution is undersaturated with respect to the mineral, and 
when logIAP > logKsp the solution is supersaturated. Initially, minerals 
were set to a target SI = 0 to identify the favourable minerals under 
equilibrium; a mineral will dissolve or precipitate to attain the target SI. 
The target SI was then altered to promote mineral precipitation or 
dissolution in an undersaturated or supersaturated solution, respec-
tively. For example, setting a target SI < 0 in the model setup means a 
mineral precipitates in solutions that are undersaturated with respect to 
that mineral, despite the reaction being thermodynamically 
unfavourable. 

2.4. Approach to buffering the aqueous solutions with respect to pH and 
Eh 

To test the effect of pH and Eh buffers, PHREEQC requires ‘pseudo- 
phases’ to be added to the phase block (Fig. 2a) (Eq. 6 and 7): 

pH fix H+ = H + log k = 0.0 (6)  

pe fix e− = e − log k = 0.0 (7) 

Within PHREEQC, pe was typically used before the program converts 
it in the graph setup to Eh using pe = Eh/59.2. Both pseudo-phases were 
manually added to the equilibrium phase block with the SI corre-
sponding to the pH or Eh required. To buffer Eh, 10 mol of O2 were 
added to the equilibrium phase block. To buffer pH, PHREEQC provides 
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Table 1 
Compilation of the pyrite reaction pathways used in this study. Chemical reactions are given for each phase with their associated thermodynamic properties which have been calculated using data from Lemire et al. (2020). 
The enthalpy value for greigite reactions includes data taken by Subramani et al. (2020). The enthalpy has been converted from kilojoules to kilocalories to match units in the Minteq database. The tested conditions for 
each pathway have also been specified which have been selected based on a reactant’s thermodynamic stability under specific conditions (Fig. 1). The full list of thermodynamic parameters used in this study, including 
comparisons with other studies (e.g., Robie and Hemingway, 1995), is provided in the supplementary material S1 and S2. Table S1 and S2 include a summary of thermodynamic parameters for pyrrhotite taken from Chase 
(1998), Chase et al. (1995) and Grønvold and Stølen, (1992).  

Reactant Tested conditions Mineral Reaction pathways LogK Enthalpy (kcal/mol) References 

H2S 
Acidic, anoxic 
pH 2 to 6 
Eh −100 to −250 mV 

Mackinawite FeS + 2H+ = Fe+2 + H2S 4.85 −8.9101 
Hunger and Benning (2007) Greigite Fe3S4 + H2 = 3FeS + H2S −1.633 28.408 

Pyrite 3FeS2 + 2H2 = Fe3S4 + 2H2S −7.144 0.907783        

HS−
Alkaline, anoxic 
pH 8 
Eh −400 mV 

Mackinawite FeS + H+ = Fe+2 + HS− −2.13713 −3.578 Berner (1970) 
PHREEQC 
Minteq database 

Greigite Fe3S4 + 4H+ = 2Fe+3 + Fe+2 + 4HS− −41.1278 42.2473 
Pyrite FeS2 + 2H+ + 2e− = Fe+2 + 2HS− −18.479 11.3        

Zerovalent 
sulphur 

Oxic, acidic 
pH 2 
Eh +175 mV 
Sulphate/sulphide boundary 

Sulphur S + H+ + 2e− = HS− −2.11 −4.2 

Berner (1970) 
Mackinawite FeS + H+ = Fe+2 + HS− −2.137 −3.578 
Greigite Fe3S4 = 3FeS + S −6.476 37.637 
Pyrite 3FeS2 = Fe3S4 + 2S −10.373 7.061        

Polysulfide 
Very alkaline, anoxic 
pH 10 
Eh −550 mV 

Sulphur S + 2e− = S−2 −15.026 7.9 
Schoonen and Barnes (1991) 
Luther III, 1991Kamyshny et al. (2007) 

Mackinawite FeS + H+ = Fe+2 + HS− −2.137 −3.578 
Greigite Fe3S4 + S5

−2 = 3FeS + S6
−2 −6.721 38.521 

Pyrite 3FeS2 + S3
−2 = Fe3S4 + S5

−2 −10.075 7.3        

Iron loss 

Oxic to anoxic 
Alkali to acidic 
pH 6–8 
Eh +150 to −150 mV 

Mackinawite FeS + H+ = Fe+2 + HS− −2.13713 −3.578 

Wilkin and Barnes (1996) Greigite Fe3S4 + Fe+2 + H2O = 4FeS + 0.5O2 + 2H+ −48.0203 105.6595 

Pyrite FeS2 + 0.5Fe+2 + 0.5H2 = 0.5Fe3S4 + H+ −9.2972 0.6282        

Nitrite 

Oxic to anoxic 
Alkali to acidic 
pH 6–8 
Eh +180 to −60 mV 

Mackinawite FeS + H+ = Fe+2 + HS− −2.1371 −3.578 

Fu et al. (2008) 
Blanchet et al. (2009) 

Greigite Fe3S4 + 2NO2 + Fe+2 + 2H2O = 4FeS + 2NO3
− + 4H+ −32.773 59.257 

Pyrite FeS2 + 0.5Fe+2 + NO2 + H2O = 0.5Fe3S4 + NO3
− + 2H+ −22.442 11.5981 

N2(g) N2 = N2 −3.1864 0 
NO2(g) NO2 = 0.5 N2 + O2 8.9857 −7.91421  
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a numerical fix typically using a strong acid HCl, and sodium nitrate 
(NaNO3). NaNO3 is not a base or acid but is formed following neutral-
ising a strong acid (HNO3) and/or base (NaOH) and determines which 
one should be used to attain the required pH. If solutions become 
increasingly alkaline as the modelling experiment progresses, the 
donation of protons by HCl will maintain an acidic pH, whereas, to avoid 
solutions from becoming too acidic or to fix pH at an alkaline pH, NaOH 
produces OH− to react with excess protons. 

In our models, the complexation of Na+ with sulphur species reduces 
the availability of reactive sulphur in the solution and lowers the SI of 
individual iron sulphide minerals. This means a minimum amount of 
NaNO3 was added to the equilibrium phase block to reduce this effect. 
This technique works universally across the tested reaction pathways, 
providing the best opportunity to compare the likelihood of iron sul-
phide formation in different solution conditions. 

3. Results 

3.1. Iron sulphide precipitation in Eh and pH unbuffered aqueous 
solutions 

In unbuffered modelling solutions, pH and Eh are altered by iron and 
sulphur concentrations and mineral precipitation. Fig. 3 shows iron 
sulphide precipitation as iron and sulphur are added to unbuffered so-
lutions. As iron and sulphur are introduced, pH jumps to neutral irre-
spective of the initial conditions, whereas, Eh gradually changes as 
concentrations increase (Fig. 3). Iron-dominant solutions become 
increasingly anoxic and alkaline. The H2S, HS−, S0 and iron-loss path-
ways favour pyrite at lower Fe/S ratios, and mackinawite in more iron- 
rich solutions (Figs. 3a, c & g). Conversely, sulphur-dominant solutions 
become acidic and Eh gradually increases, with only pyrite reaching 
saturation (Figs. 3b, d, f & h). The polysulfide pathway (Figs. 3c & d) is 
the exception as pyrite formation is less extensive in more anoxic and 
alkaline conditions. In the presence of polysulfides, mackinawite forms 
exclusively in iron-dominant solutions, whereas in sulphur-dominant 
solutions mackinawite is favourable at the lowest concentrations 
(Figs. 3c & d). 

For the nitrate pathway, the point at which pyrite precipitates de-
pends on the amount of nitrate present in the initial solution. At initial 
iron and sulphur concentrations of 1012 m, nitrate-rich solutions are less 
anoxic than nitrate-poor solutions, resulting in higher levels of under-
saturation. In nitrite-rich solutions, pyrite precipitation occurs at higher 

iron and sulphur concentrations than nitrite-poor solutions. The drop in 
Fe/S ratio from above 107 to below 106 is caused by the injection of iron 
and sulphur at a higher order of magnitude, without an equivalent in-
crease in sulphur removal by pyrite precipitation (Fig. 3e). Although 
mackinawite is not present, it is closer to saturation in nitrite-rich so-
lutions due to less extensive pyrite precipitation. 

Greigite is unstable in Eh and pH unbuffered solutions when minerals 
were set to a target SI = 0. The aqueous solutions remain undersaturated 
throughout, though greigite may be closer to saturation depending on 
the order of mineral precipitation and correlative changes in iron and 
sulphur concentrations. 

3.2. Saturation index (SI) and molar iron to sulphur ratios 

Figure 4 shows changes in SI depend on the initial conditions and on 
changes in iron and sulphur concentrations due to mineral precipitation. 
The more anoxic and alkaline the starting conditions, the less under-
saturated solutions are with respect to all minerals. Sulphur species 
pathways show the most extensive mineral precipitation, whereas the 
iron-loss pathway show the most undersaturated SI (Table S9). For the 
nitrate pathway, nitrate-rich solutions are highly undersaturated at the 
lowest concentrations but at the point of mineral precipitation, solutions 
are less undersaturated than nitrate-poor solutions (Table S10). 

Iron-dominant solutions are closer to saturation with respect to 
greigite than sulphur-dominant solutions (Figs. 4a & b). As iron and 
sulphur are introduced to the system, the aqueous solutions are less 
undersaturated with respect to greigite as they become progressively 
alkaline and anoxic (Figs. 4a). The partial removal of sulphur leads to 
heavily iron-rich solutions as pyrite precipitates (Fig. 4c). Solutions are 
less undersaturated with respect to greigite at these Fe:S concentrations 
(Fig. 4a) with an undersaturation index of six orders of magnitude for 
the H2S, S0, and nitrate pathways, and eight orders of magnitude for the 
HS−. Mackinawite precipitation at higher Fe:S concentrations leads to a 
decrease in total sulphur (Figs. 4c & e). This correlates with more un-
dersaturated solutions with respect to greigite (Fig. 4a). 

Pyrite is strongly favoured in sulphur-dominant solutions. Iron 
removal from pyrite precipitation means solutions are undersaturated 
with respect to greigite (Figs. 4b, d & f). In regions of mackinawite 
precipitation, greigite is closer to saturation, with an undersaturation 
index of negative six in the polysulfide pathway (Figs. 4b & f). 

While solutions remain undersaturated with respect to greigite, the 
concentrations at which pyrite and mackinawite precipitate influence 

Fig. 1. Phase diagrams for the dominant iron and sulphur species at different conditions developed using PHREEQC. A shows the dominant sulphur species at an 
activity of 10−3 m and B shows dominant iron species at 10−6 m. Concentrations are representative of terrestrial waters (Brookins, 1988). Both phase diagrams are at 
standard state 25 ◦C at 1 bar pressure. 
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the SI. Controlling the SIs within the equilibrium phase block can pre-
vent or promote mineral precipitation and promote greigite formation 
within the models. 

3.3. Altering saturation index (SI) to form greigite 

There are two possible mechanisms to precipitate greigite in our 
models; (1) lowering the target greigite SI (SIgreigite) to enable precipi-
tation when the solutions are undersaturated with respect to mack-
inawite and pyrite (Figs. 5a & d), and (2) lowering the SIgreigite whilst 
increasing the target SI for pyrite (SIpyrite) and/or mackinawite (SImack-

inawite) to limit their precipitation until a required level of supersatura-
tion is reached (Figs. 5b & c). Lowering SIgreigite controls what 
concentrations greigite starts to precipitate, whereas, increasing the 
target SI for other iron sulphides means greigite can form at higher 

concentrations. 
In iron-dominant solutions, greigite precipitates in solutions when 

SIgreigite = −7 for the S0, H2S, and nitrate pathways (Fig. 5a). Greigite 
typically precipitates between pyrite and mackinawite, preventing 
mackinawite precipitation until higher Fe/S ratios (Fig. 5a). Alterna-
tively, greigite precipitates in solutions when SIgreigite > −7 if SImack-

inawite > 0, preventing mackinawite precipitation until higher 
concentrations in more alkaline and anoxic conditions (e.g., Fig. 5c). For 
the S0 and H2S pathways, setting SImackinawite to +2 and SIgreigite to −4 is 
enough for greigite to precipitate. Extensive mackinawite formation in 
the presence of polysulfides means that for greigite formation, solutions 
must have a SImackinawite greater than three (Fig. 5c). Mackinawite does 
not reach saturation in the nitrate pathway therefore, for greigite to 
precipitate a SIgreigite of negative seven is required. In iron-dominant 
solutions, setting a SIpyrite above zero to promote greigite formation is 

Fig. 2. Graphical representation of the reaction pathway model development. A is a breakdown of the model input. When the model is finalised, iron and sulphur 
start to be introduced into the solution at the initial conditions. B displays a schematic of the model as it progresses with 1) showing an input of sulphur and iron at a 
given ratio, 2) showing the point of initial mackinawite precipitation (triangle), 3) representing pyrite precipitation (circle) and alteration of the concentration ratio 
as it removes two parts sulphur to one part iron, and 4) demonstrating exclusive pyrite precipitation in heavily sulphur-dominant solutions, which is expected 
according to the sulphur-addition pathway. 
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Fig. 3. Reaction pathways showing iron sulphide precipitation using different reactants under varying conditions and iron-sulphur ratios. Solutions are unbuffered 
and the SI for all minerals is zero. The left column shows iron-dominant solutions, and the right column is for sulphur-dominant solutions. Blue and grey shaded areas 
represent regions of pyrite and mackinawite precipitation, respectively. A and B represent iron sulphide precipitation for the H2S pathway, with initial conditions 
being acidic and anoxic. C and D show precipitation from highly alkaline, anoxic initial conditions using polysulfides. E and F shows exclusively pyrite using nitrate, 
with solutions being oxic and alkaline initially before becoming anoxic at the start of the model. The blue arrow highlights a drop in Fe/S ratio when added iron and 
sulphur is increased by one order of magnitude, without a subsequent increase in sulphur removal by pyrite precipitation. G and H show the iron loss pathway, with 
solution conditions initially being set to very oxic and acidic, although shift to anoxic at the start of the model experiment. Except for the polysulfide pathway, in iron- 
dominant solutions, pyrite is preferred at the lowest Fe/S ratios and mackinawite precipitates in heavily iron-rich alkaline and anoxic solutions following sulphur 
removal via pyrite precipitation. Sulphur-dominant solutions show extensively pyrite in increasingly oxic, acidic conditions. The full list of results for the models is 
provided in the supplementary material S4-S12. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Fig. 4. Progression of saturation index and iron and sulphur concentrations along the reaction pathway for the H2S and Sn
2− pathways using unbuffered solutions. The 

target SI for mineral precipitation for all minerals is zero. A and B represent changing SIs in iron and sulphur-dominant solutions, respectively, for the H2S and Sn
2−

pathways. C to F show changes in iron and sulphur concentrations as minerals reach saturation and precipitate for iron-dominant (c, e) and sulphur-dominant (d, f) 
solutions. Mineral precipitation is represented by shaded areas with grey for mackinawite, blue for pyrite and white for no precipitation. These pathways have been 
chosen as they highlight how SI is affected by mackinawite and pyrite precipitation in iron and sulphur-dominant solutions. Mackinawite and pyrite precipitation has 
similar effects on SI in all models. The full list of model pathway results, including for nitrate, iron-loss and other sulphur species are provided in the supplementary 
material S4-S12. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

J.N. Turney et al.                                                                                                                                                                                                                               



Chemical Geology 635 (2023) 121618

9

largely ineffective as pyrite forms at lower iron and sulphur concen-
trations than mackinawite and greigite. 

In sulphur-dominant solutions, greigite precipitation requires a SI of 
greater than zero for pyrite and less than zero for greigite due to 
extensive pyrite precipitation when all minerals have a target SI =
0 (Fig. 5b). For the polysulfide pathway, greigite precipitates in solu-
tions when SIgreigite = −7 (Fig. 5d), however, greigite can precipitate in 
solutions when SIgreigite > −7 provided SImackinawite and SIpyrite ≥ +1. 
Although such conditions seem to improve greigite formation potential, 
supersaturating with respect to pyrite may allow other iron sulphides, 
such as pyrrhotite, to form in nature which can have adverse effects on 
greigite formation. 

3.4. Effect of temperature change on greigite formation 

The pH-Eh diagrams (Fig. 6) show how temperature changes affect 
the stability of iron sulphides. Pyrrhotite has been incorporated as it 
occurs widely in hydrothermal, igneous, and metamorphic systems 
(Roberts, 2015; Horng, 2018). In sulphur and iron-dominant reaction 
pathways, pyrrhotite replaces mackinawite directly leading to a 
different reaction path. Pyrrhotite is stoichiometrically similar to 
mackinawite so has the same effect on iron and sulphur concentrations 
as it precipitates (Table S4-S12). The stability of pyrrhotite means so-
lutions are more undersaturated with respect to greigite than with 
pathways without pyrrhotite. Greigite precipitates in solutions at 
SIgreigite = −9 when SI > 0 with respect to other iron sulphides (Fig. 6). 

At higher temperatures, solutions are more undersaturated with 
respect to all iron sulphide minerals. The SI for pyrrhotite is least 

Fig. 5. Reaction pathways showing greigite precipitation by altering the target saturation indices under varying conditions using unbuffered solutions. The left 
column shows iron-dominant solutions, and the right column is for sulphur-dominant solutions. Green shaded areas represent regions of greigite precipitation, and 
grey and blue represent mackinawite and pyrite precipitation, respectively. A and D predict greigite precipitates when SIgreigite = −7 in iron and sulphur-dominant 
solutions for the H2S and polysulfide pathways, respectively. B and C show greigite precipitation when solutions have a SIgreigite below zero and a SIpyrite and 
SImackinawite above zero in the sulphur-dominant H2S and iron-dominant polysulfide pathways, respectively. For B, the solution has a SIgreigite of negative seven and a 
SIpyrite of positive seven. C shows that greigite precipitates in solutions where SIgreigite = −4 and SImackinawite = +3. The small gap in precipitation between a ratio of 
10 and 100 in C and below a ratio of 10 in D is a result of the model step size when introducing iron and sulphur. The full list of results for the altered SI models are 
provided in the supplementary material S12. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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effected and SI for greigite is most effected as temperatures increase. In 
iron and sulphur-dominant solutions where the target SI has been 
altered, greigite is closer to saturation at lower temperatures at and 
below 25 ◦C (Figs. 6a & d). For iron-dominant solutions, greigite is 
preferred in alkali, anoxic solutions between hematite and pyrrhotite. As 
temperatures increase, greigite becomes more unstable and is replaced 

by pyrrhotite (Fig. 6c). Extensive pyrite in sulphur-dominant solutions 
reduces the temperature range at which greigite is preferred (Figs. 6d-f). 
Below 25 ◦C greigite is preferred from highly acidic to alkali, anoxic 
conditions (Fig. 6d). Lowering the SIgreigite increases the temperature 
range at which greigite is preferred. For example, greigite is preferred up 
to 62 ◦C when SIgreigite = −9 and up to 95 ◦C when SIgreigite = −10 in 

Fig. 6. Phase diagrams predicting greigite regions in iron-dominant (a-c) and sulphur-dominant (d-f) solutions at different temperatures. Iron-dominant solutions 
have target saturation states of −9 for greigite and + 1 for mackinawite and pyrrhotite, when iron is 1.5 × 10−2 m and sulphur is 1 × 10−2 m, and sulphur-dominant 
solutions have target saturation states of −9 for greigite and + 2 for pyrite when iron is 1 × 10−2 m and sulphur is 1.5 × 10−2 m. Hematite is included to represent 
ferric-iron bearing minerals found in oxic environments. 

Fig. 7. S0 reaction pathway under buffered conditions with Eh = +175 mV and pH = 2. Solutions are unbuffered and the target SI for all minerals is zero. A) is for the 
iron-dominant solution, comparing mineral precipitation between buffered and unbuffered solutions. The initiation of pyrite precipitation at higher concentrations of 
2 × 10−3 m Fe and 4 × 10−4 m S means mackinawite is no longer present. B) compares pyrite precipitation in sulphur-dominant solutions. Pyrite formation occurs at 
significantly higher concentrations using buffered solutions when sulphur (2 × 10−3 m) is over half an order of magnitude greater than iron (6 × 10−4 m). The full list 
of buffered model results is provided in the supplementary material S4-S12. 
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iron-dominant solutions. Furthermore, greigite is closer to saturation as 
temperatures decrease. At 5 ◦C, greigite precipitates in solutions when 
SIgreigite =−6, compared to −9 at 25 ◦C. These temperature observations 
are in line with observations of greigite in shallow sediments (e.g., 
Kuwabara et al., 1999; Otero et al., 2006), provided solutions are 
unbuffered. 

3.5. Iron sulphide precipitation in pH and Eh buffered solutions 

Figure 7 shows pH and Eh buffered solutions have similar SI trends to 
unbuffered solutions, but the extent of mineral formation is generally 
less. Oxic conditions have strongly adverse effects on mineral formation. 
In acidic, oxic solutions, the S0, nitrate and iron-loss pathways show 
pyrite is favourable at comparatively higher concentrations than un-
buffered solutions (Fig. 7). No mineral precipitation occurs in alkaline 
solutions for the nitrate and iron-loss pathways (Table S9 & S10). In 
iron-dominant solutions, mackinawite is generally absent (Fig. 7a). The 
exception is the polysulfide buffered solution, where mackinawite is 
favourable when iron is an order of magnitude greater than sulphur. 
Generally, mineral precipitation using buffered solutions is less exten-
sive and may initiate at concentrations a few orders of magnitude higher 
(Fig. 7). 

Buffered solutions are more undersaturated with respect to greigite 
than unbuffered solutions. The exceptions are the polysulfide and HS−

pathways where solutions are alkaline and anoxic. In sulphur-dominant 
buffered solutions, greigite is closest to saturation when polysulfides are 
the reactant. Before mackinawite precipitation, greigite reaches the 
same level of undersaturation as the unbuffered solutions. Greigite 
precipitates at the lowest S/Fe ratios in the polysulfide pathway when 
solutions have a SIgreigite of negative seven. Greigite precipitates be-
tween pyrite and mackinawite when the solution has a SImackinawite 
greater than zero. Except in the presence of polysulfides, solutions are 
more undersaturated with respect to greigite than unbuffered solutions, 
although anoxic, alkaline conditions universally reduce the extent of 
undersaturation. 

4. Discussion 

Our reaction pathway modelling predicts that greigite is closer to 
saturation in low-temperature anoxic and alkaline solutions. This is 
supported by similar thermodynamic predictions by Shumway et al. 
(2022) and Son et al. (2022). Our modelling predicts greigite pre-
cipitates in solutions when SIgreigite < 0. Solutions are closer to satura-
tion with respect to greigite when SI > 0 with respect to other iron 
sulphides (Fig. 6). When all minerals are at equilibrium, greigite typi-
cally reaches closest to saturation in iron-dominant solutions with minor 
sulphur input (Figs. 4 & 5). 

4.1. Identification of boundary conditions for greigite formation and 
stability in aqueous solutions 

Our modelling results show Eh and pH are master variables con-
trolling greigite precipitation. Iron-dominant unbuffered solutions show 
precipitation occurs in progressively alkaline and anoxic conditions, 
from pyrite to greigite to mackinawite (Figs. 5a & c). As unbuffered 
sulphur-dominant solutions become more acidic and oxic at higher S/Fe 
ratios, greigite is closer to saturation at the lowest S/Fe ratios (Figs. 5b & 
d). Sulphur-dominant solutions are substantially undersaturated with 
respect to greigite unless pH and Eh are buffered in alkaline and anoxic 
conditions, with polysulfides as possible reactants (Fig. 4). Unbuffered 
and buffered solutions show similar trends, with precursor iron sulphide 
precipitation becoming more extensive in anoxic conditions, and pyrite 
being favoured as Eh increases (Fig. 7). 

4.1.1. The role of Eh and pH 
Reaction pathway modelling shows solutions are closer to saturation 

with respect to greigite in anoxic conditions with Eh at and below −500 
mV for all sulphur species pathways (Figs. 5 & 8). Although the S0 

pathway precipitates pyrite at +175 mV at a highly acidic pH (Fig. 7), at a 
pH typically associated in greigite-hosted sediments, mineral formation is 
not extensive until Eh is lowered to more than −150 mV. For alternative 

Fig. 8. Eh-pH diagrams for iron and sulphur containing phases comparing iron sulphide-hosted sediments with solution conditions at the point of precipitation in the 
models. Models chosen required the least alteration to SI for greigite to form. The full list of data is provided in the supplementary material S13-S14. Data is taken 
from Burton et al. (2006a, 2006b, 2011), Fu et al. (2008), Gao et al. (2009), Kao et al. (2004), Keene et al. (2011), Otero et al. (2006). Pyrrhotite is not included as it 
was not observed in the geochemical studies, therefore, the models without pyrrhotite provide a better comparison and more accurately depict shallow, low- 
temperature aqueous environments. 
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pathways, the iron-loss and nitrate pathways show precipitation is more 
common in acidic conditions, but solutions remain heavily undersaturated 
with respect to all iron sulphides unless conditions are buffered at a lower 
Eh. Nitrate and iron-loss are oxidation pathways, therefore, the high levels 
of undersaturation in oxic conditions may be due to the models repre-
senting a dissolution-reprecipitation pathway. Furthermore, as models 
focus on the relationship between iron and sulphur, the nitrate pathway is 
dependent on the amount of nitrate input from either the initial solution or 
provided by NaNO3 in buffered solutions. Although the diffusion of oxy-
gen or nitrate into shallow sediments has been suggested to form greigite 
(Fu et al., 2008; Blanchet et al., 2009), our modelling results suggest that 
in systems where iron and sulphur are available, sulphur species will be 
thermodynamically favoured to nitrate and iron-loss pathways. As model 
conditions become more anoxic, the higher availability of reactive Fe2+

and S2− aids greigite formation and potential preservation, whereas the 
speciation and source of ions is largely dependent on the pH. 

Using pH-Eh diagrams, Rickard (2012b) argues that greigite forms in 
favour of mackinawite in acidic, oxic conditions. However, the introduc-
tion of pyrite in our models highlights greigite is closer to saturation in the 
presence of pyrite in alkaline conditions. Greigite precipitates in acidic 
sulphur-dominant solutions (Fig. 5b), but this requires more significant 
alterations to saturation states than alkaline, iron-dominant solutions 
(Fig. 5a). Greigite typically forms above a pH of 8, with mackinawite being 
favoured in more extreme alkaline conditions (Figs. 3, 5 & 8). As mack-
inawite forms readily in sediments, its solubility is a vital control for iron 
and sulphur concentrations and the potential for greigite to form along the 
pyrite reaction pathway (Gregory et al., 2014; Rickard, 2019). At low 
temperatures, mackinawite dissolves in acidic conditions and forms grei-
gite, but the availability of iron and sulphur increases the rate of pyrite 
precipitation (Rickard, 2006), whereas, in very alkaline conditions, 
mackinawite and greigite becomes far less soluble, slowing the rate of 
pyrite formation (Schoonen and Barnes, 1991; Benning et al., 2000). Our 
results suggest pyrite is favoured in acidic conditions (Fig. 3d) and greigite 
is unlikely to be preserved. Mackinawite precipitation in very alkaline 
conditions (Figs. 3, 5, & 8) may mean that greigite formation requires a 
temporary drop in pH, but for greigite retention, pH needs to increase to 
arrest the dissolution-reprecipitation pathway to pyrite. Alternatively, the 
insolubility of mackinawite in very alkaline conditions means that the 
source of iron and sulphur for greigite formation may be pH independent 
(Schoonen and Barnes, 1991; Rickard, 2019). For the preservation of 
greigite, Duverger et al. (2020) and Berg et al. (2020) suggested ferric 
iron-bearing minerals, such as goethite, may provide a source for iron 
when subjected to reducing conditions, whilst bacteria may provide a 
source for polysulfides. 

4.1.2. The role of pyrrhotite and temperature 
Solutions are more undersaturated with respect to greigite when 

pyrrhotite is incorporated into the models. Our modelling predicts 
pyrrhotite is thermodynamically favourable at temperatures above 
25 ◦C as solutions become more undersaturated with respect to other 
iron sulphides (Fig. 6). 

Pyrrhotite rather than greigite is often observed in anoxic conditions 
(Kao et al., 2004) and at greater burial depths where temperatures are 
elevated (Aubourg et al., 2012). Wilkin and Barnes (1997) suggested at 
higher temperatures greigite formation is less common due to rapid 
pyrite nucleation. Previous studies have shown synthesized greigite can 
persist at temperatures of 100 ◦C in the presence of polysulfides (Wada, 
1977) and 200 ◦C as a precursor to pyrite framboids (Wilkin and Barnes, 
1997). Additionally, White et al. (2015) and Gorlas et al. (2018) iden-
tified greigite within submarine hydrothermal vents towards 100 ◦C via 
abiotic and biotic mechanisms, respectively. Rudmin et al. (2019) sug-
gested a mixture of iron-rich brine and hydrothermal fluids precipitated 
accessory greigite with pyrrhotite in marine sediments. Our modelling 
results suggest for greigite to precipitate at higher temperatures requires 
more significant alterations to SI. Conversely, in low-temperature en-
vironments, Lennie et al. (1995) and Roberts (2015) showed that 

mackinawite to pyrrhotite transformation is very slow, allowing for the 
conversion to greigite. As kinetics have not been incorporated in this 
study, our models may represent shallow low-temperature environ-
ments where pyrrhotite is omitted and greigite is more likely to be the 
intermediate phase. 

Our results affirm that greigite formation potential improves at and 
below 25 ◦C (Shumway et al., 2022; Son et al., 2022) (Fig. 6). Greigite 
precipitates closer to saturation in solutions below 25 ◦C. In addition, 
our modelling predicts that by altering the SI, greigite can precipitate 
across a greater temperature range. These results provide further con-
straints for the formation and retention of greigite in shallow sediments, 
with greigite-hosted sediments in marine settings recording tempera-
tures of approximately 6 ◦C, ranging up to 15 ◦C (Kuwabara et al., 1999; 
Fu et al., 2008) (Table S14). 

4.1.3. The role of saturation states (SI) 
Our modelling results predict greigite precipitates in solutions when 

SIgreigite < 0 and SImackinawite and SIpyrite ≥ 0 (Fig. 5). In iron-dominant 
solutions, a SIgreigite of negative seven leads to greigite precipitation 
between pyrite and mackinawite (Fig. 5a). Sulphur-dominant solutions 
are heavily undersaturated with respect to greigite, therefore greigite 
precipitation and retention is aided by increasing the SImackinawite and 
SIpyrite by at least one or two orders of magnitude (Fig. 5b). The 
exception is the polysulfide pathway as greigite is closer to saturation 
due to the precipitation of mackinawite and precipitates in solutions 
where SIgreigite = −7 and SImackinawite and SIpyrite = 0 (Fig. 5d). 

In undersaturated freshwater and marine environments, iron sul-
phide minerals can precipitate around organic surfaces (Helz, 2014; 
LaFond-Hudson et al., 2018). The reduction of millimolar sulphate and 
iron hydroxides adjacent to the surface produces large degrees of su-
persaturation from sulphide and Fe2+ despite bulk solutions being un-
dersaturated (LaFond-Hudson et al., 2018). Our modelling results 
predict that greigite precipitates in iron-dominant solutions when 
SIgreigite = −7, therefore, for greigite to precipitate the adjacent solution 
would have to be more than seven orders of magnitude greater than the 
bulk solution. Similar observations have been made in undersaturated 
marine environments for minerals such as barite and halite, where so-
lutions in microenvironments are supersaturated by up to eight orders of 
magnitude (Silva-Castro et al., 2013; Deng et al., 2019). 

Model greigite precipitates closer to saturation when SIpyrite and 
SImackinawite > 0. Supersaturating iron-dominant solutions with respect 
to mackinawite (Fig. 5c) is an unlikely mechanism as mackinawite 
typically forms readily in sediments (Rickard and Luther, 2007; Liu 
et al., 2017; Rickard, 2019). Conversely, in sulphur-dominant solutions 
greigite precipitates at greater Fe:S concentrations to mackinawite and 
lower Fe:S concentrations to pyrite, therefore, greigite precipitation 
requires a solution with a SIpyrite greater than zero. Natural sulphide 
waters are typically supersaturated with respect to pyrite and either 
saturated or undersaturated with respect to precursor minerals 
(Schoonen and Barnes, 1991; Wilkin and Barnes, 1997; Li et al., 2011). 
This is due to pyrite nucleation being slow relative to iron sulphide 
precursors (Rickard, 2019), which has led to the formation of precursor 
iron sulphides in lake sediments. For example, Censi et al. (2017) and 
Marnette et al. (1993) calculated a supersaturation with respect to pyrite 
by seven and ~ 15 orders of magnitude, respectively, with the latter 
being undersaturated with respect to mackinawite and greigite by a few 
orders of magnitude. Our modelling predicts greigite formation requires 
far less significant supersaturation states. By increasing the SI with 
respect to pyrite, greigite can precipitate closer to saturation by several 
orders of magnitude. 

4.2. The role of pH and Eh buffering 

Unbuffered solutions show extensive mineral precipitation as Eh and 
pH are free to change depending on the iron sulphide that forms (Figs. 3 
& 5). In comparison, buffered solutions only show extensive mineral 
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formation in alkaline and anoxic conditions, with greigite being closer to 
saturation in the HS− and polysulfide pathways (Table S5 & S8). 

The pH at which greigite precipitates in the iron-dominant HS−

pathway is similar to the buffered alkaline pH identified in greigite- 
hosted marine sediments, however, our modelling results show iron- 
sulphides typically precipitate at a lower Eh (Fig. 8). In marine envi-
ronments, HS− has been proposed as a viable reactant for greigite for-
mation but only in non-steady state systems where terrigenous input 
alters the geochemical conditions and arrests pyritization (Fu et al., 
2008; Blanchet et al., 2009). Although modern oceans are pervasively 
oxic, the redox chemistry can change from small external inputs of iron 
and sulphur, which may form reduced iron sulphide minerals (van De 
Velde et al., 2020). Our modelling results show iron-dominant unbuf-
fered solutions become increasingly anoxic and alkaline as the elemental 
concentration becomes more iron-rich. If the pH remains buffered, our 
modelling results predict HS− may be the favourable reactant to form 
greigite provided Eh is lowered, which can be caused by high sedi-
mentation rates in marine settings. 

In iron-dominant solutions, the role of buffers is represented by 
either HNO3

− or HCl which add protons, preventing solutions from 
becoming too alkaline. The influence of buffers on greigite formation is 
not well established. In marine environments, humic acid may prevent 
pyrite nucleation as it dissolves iron-bearing minerals which then 
complex with organic matter (OM) (Morse and Wang, 1997). Addi-
tionally, Rickard et al. (2001) showed that in presence of the organic 
compound, aldehyde, the pathway of mackinawite dissolution and 
reprecipitation to pyrite is altered to a solid-state transformation to 

greigite. Our modelling results suggest that buffers may promote greigite 
formation in alkaline, anoxic solutions, whereas, using unbuffered so-
lutions, greigite can form across a wider range of pathways from 
different initial conditions. 

4.3. Comparison of modelling results with natural systems regarding 
greigite formation and preservation 

Our modelling results show precursors mackinawite and greigite pre-
cipitate within the polysulfide region, whereas natural systems typically 
plot within sulphate and HS− regions (Fig. 8a). Although most natural 
systems plot within the Fe2+ region, the precipitation of model greigite 
within the iron-hydroxide region suggest Fe(III)-bearing minerals may be 
a source of iron (Fig. 8b). In solutions where iron is abundant, pathway 
modelling and natural solutions show greigite is more likely to reach 
saturation (Fig. 9). However, higher concentrations and more extreme 
conditions observed in the models, may suggest greigite formation is aided 
by microenvironments rather than bulk waters. 

4.3.1. Porewater pH and Eh of iron sulphide-hosted sediments 
Model greigite precipitation within the alkaline, anoxic polysulfide 

region suggests polysulfides are viable reactants for greigite formation in 
solutions where SIgreigite < 0 (Fig. 8a). Extensive mackinawite precipita-
tion suggests the polysulfide pathway is more likely to form greigite in 
iron-dominant solutions (Fig. 3c). In sulphur-dominant solutions, greigite 
and pyrite precipitation occurs outside the water stability zone (Fig. 8a). 
This implies polysulfides are unlikely to be stable as solutions become 

Fig. 9. Iron vs sulphur concentrations (millimolar) for iron sulphide-hosted sediments and for model results. An Fe––S line defines equal concentrations of iron and 
sulphur and divides greigite and pyrite zones which are typically iron and sulphur-dominant, respectively. The points at which mineral precipitation occurs along the 
reaction pathways is over an order of magnitude greater than natural sediments. Large disparities in iron and sulphur concentrations have been labelled. The full list 
of data is provided in the supplementary material S13-S14. Concentrations were taken from the literature either from the text, raw data or estimated from the figures 
(Aller, 1977; Perry and Pedersen, 1993; Bazylinski et al., 1995; Kostka and Luther III, 1995; Kuwabara et al., 1999; Koretsky et al., 2005; Burton et al., 2006a, 2006b; 
Otero et al., 2006; Gao et al., 2009; Burton et al., 2011; Holmkvist et al., 2011a, 2011b, 2014; Keene et al., 2011; Wong et al., 2013). 
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increasingly sulphur-rich and acidic. As they are unstable and highly 
sensitive to oxidation, the understanding of polysulfide distribution in 
natural environments is limited (Rickard and Morse, 2005). Polysulfide 
data is rare for marine environments (Neretin et al., 2004; Holmkvist et al., 
2014). In these studies, small amounts of polysulfides formed through 
reactions of free sulphide and excess elemental sulphur in solid phase, 
with the latter being present in abundance within greigite-rich layers. As 
equilibrium concentrations of polysulfides are considered relatively low 
compared to elemental sulphur, in areas of abundant dissolved sulphide, 
polysulfides are less likely to be the main pathway for pyrite formation. 
The low concentration of polysulfides in nature suggests greigite is more 
likely to form via the polysulfide pathway in sulphur-limited solutions 
(Hunger and Benning, 2007). Pathway modelling predicts that in alkaline 
solutions, polysulfides are the favourable reactant for greigite formation if 
solutions are iron-dominant. 

The availability of ferrous iron is central to iron sulphide formation, 
where abundant Fe2+ and low sulphur arrests pyritization and improves 
the preservation potential for greigite (Kao et al., 2004; Rickard and 
Morse, 2005). The more extreme conditions seen in the H2S and S0 iron- 
dominant, and polysulfide sulphur-dominant unbuffered solutions, 
predict greigite and mackinawite precipitation close to and within the 
iron hydroxide region, respectively (Fig. 8b). Additionally, pyrite pre-
cipitation from very low concentrations in the nitrate pathway produces 
iron-enriched solutions (Figs. 3e & 9), where mackinawite and greigite 
precipitate at the iron hydroxide/oxyhydroxide boundary (Fig. 8b). In 
dynamic freshwater and marine environments, Fe(III)-bearing minerals 
have been proposed as a source of iron which can arrest pyritization 
(Holmkvist et al., 2011b; Yang et al., 2022). Cyclical periods of oxida-
tion and reduction leads to their formation and dissolution, respectively, 
causing large enrichments in Fe2+ which use up available sulphur 
(Keene et al., 2011). At the surface of iron hydroxide minerals, ferric 
iron may oxidise sulphide to form polysulfides and elemental sulphur, 
which can react to produce iron sulphides (Wan et al., 2014). The pre-
cipitation of greigite in anoxic, alkaline solutions suggests greigite for-
mation and preservation is thermodynamically preferred in conditions 
where polysulfides and iron hydroxides are stable reactants. 

4.3.2. Porewater concentrations of iron sulphide-hosted sediments 
Figure 9 compares iron and sulphur concentrations from iron 

sulphide-hosted sediments and model data. Porewater and modelling 
predictions show similar disparities in iron and sulphur concentrations 
for iron sulphide precipitation. Pyrite preferentially precipitates when 
sulphur is an order of magnitude greater than iron, whereas greigite 
forms when iron and sulphur differ by over one order of magnitude 
(Figs. 5a, 9). Greigite can reach close to saturation in sulphur-dominant 
model solutions when sulphur and iron concentrations are within the 
same order of magnitude (Fig. 9). Literature porewater data for mack-
inawite is sparser due its rapid formation and short life span (Rickard, 
2012a, 2012b). Modelling predictions and natural geochemical obser-
vations highlight mackinawite forms in iron-rich solutions when iron is 
typically greater than sulphur by more than one order of magnitude 
(Fig. 9). Despite these similarities, iron and sulphur concentrations 
required for mineral formation in our models typically lie two or more 
orders of magnitude greater than bulk porewater, and one to two orders 
less than sediment concentrations (Fig. 9). This implies that the models 
may be representative of concentration enrichments within microenvi-
ronments rather than bulk waters. 

Microenvironment and bulk water conditions are heterogenous, 
therefore, minerals can precipitate that are considered thermodynamically 
unfavourable. The association of microorganisms and greigite has been 
identified in the vicinity of sulphate-reducing bacteria (SRB) (Gramp et al., 
2010; Gorlas et al., 2018; Picard et al., 2018). Bacteria have a negative 
surface charge that attract cations in the solution and cause steep increases 
in concentrations adjacent to the cell walls (Ferris et al., 1988; Schultze- 
Lam et al., 1996; Hoffmann et al., 2021). Cation absorption by microor-
ganisms has been identified to form precursor iron sulphides, by Duverger 

et al. (2020), at similar millimolar iron concentrations identified in our 
models. Model greigite precipitation in iron-rich aqueous solutions with 
minor sulphur input may indicate SRB enhance the potential for greigite 
formation and retention, if S2− production is limited relative to Fe2+. 

Alternatively, greigite precipitation in solutions with variable satu-
ration states may be attributed to an inorganic mechanism. Within fine 
grained clastic sediments, framboidal pyrite can nucleate rapidly if the 
diffusion of nutrients in the surrounding environment is fast (Rickard, 
2019). Our iron-dominant model solutions predict that solutions are 
closer to saturation with respect to greigite at larger Fe/S ratios pro-
duced by the removal of sulphur by initial pyrite precipitation (Fig. 5a). 
This is supported by secondary greigite forming on the surface of pyrite 
framboids via pyrite dissolution in lacustrine and marine sediments 
(Wilkin and Barnes, 1997; Rowan and Roberts, 2006). Conversely, when 
diffusion is slow pyrite framboids may form after reaching a critical 
supersaturation following a lag phase (Ruiz-Agudo et al., 2014; Rickard, 
2019; Thiel et al., 2019). Sulphur-dominant model solutions suggest 
greigite may precipitate provided SIpyrite > 0 (Fig. 5b). Although model 
kinetics or fluid flow have not been incorporated, greigite precipitation 
at high concentrations implies these processes may occur at the mineral 
surface level producing high levels of supersaturation. 

5. Conclusions 

Reaction pathway modelling has provided constraints on the effect of 
iron, sulphur, pH and Eh on the formation and preservation of greigite in 
aqueous solutions. Modelling predictions show greigite is closer to 
saturation in iron-dominant solutions experiencing minor sulphur input. 
Greigite precipitates in solutions where SIgreigite =−7 at 25 ◦C. Solutions 
are closer to saturation with respect to greigite at temperatures below 
25 ◦C and in solutions where SIpyrite > 0. Altered saturation states and 
enrichments in iron and sulphur concentrations suggest a possible in-
fluence from microenvironments. Greigite is closer to saturation across 
numerous pathways using unbuffered solutions, whereas HS− is the 
more favourable reactant using buffered solutions. The precipitation of 
greigite in highly alkaline (pH > 8) and anoxic (Eh ≤ −500 mV) un-
buffered solutions indicate greigite may be preserved in conditions 
where polysulfides and iron hydroxides are the available reactants, 
possibly in non-steady state systems, such as tidal environments. These 
findings strengthen the perspective that greigite is more likely to pre-
cipitate and be preserved at low temperatures in the presence of pyrite. 
Future work in our group aims to implement the models into reactive 
transport codes to test further the validity of the new greigite proxy. 
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