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Abstract
The composition of a mineral is a defining characteristic. The various compositions listed for 

mackinawite in current mineralogical databases and reference books, such as Fe(Ni)S and Fe1+xS, are 
both wrong and misleading. Statistical analyses of over 100 mackinawite compositions reported over 
the last 50 years show a mean composition of Me1.0S where Me = Fe + Co + Ni + Cu. Mackinawite is 
stoichiometric FeS. As with many sulfide minerals, Ni-, Co-, and, possibly, Cu-rich varieties occur in 
addition to the simple iron monosulfide. These varieties are best referred to as nickelian mackinawite, 
cobaltian mackinawite, and cupriferous mackinawite. The results confirm that these metals substitute 
for Fe in the mackinawite structure rather than being contained in the interstices between the Fe-S 
layers. Most compositional data on mackinawites derive from electron probe microanalyses of small 
grains in magmatic/hydrothermal associations. The result means that there is no dichotomy between 
the composition of ambient temperature synthetic mackinawite (which is supposed to be equivalent 
to sedimentary mackinawite) and mackinawites from higher temperature associations. The correct 
representation of the composition of mackinawite has implications for a wide swathe of fundamental 
science, including the origin of life, the genesis of magmatic ore deposits, the provenance of meteor-
ites as well as industrial applications such as water treatment and steel corrosion. The stoichiometric 
formulation permits the mackinawite formula to be balanced electronically using conventional Fe and 
S ionic species. It also enables simple, balanced chemical equations involving mackinawite.
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Introduction
A cogent argument can be made that mackinawite, the tetrago-

nal iron monosulfide, was the last widespread simple mineral to be 
discovered on Earth. It has been identified as a major component 
of the global sulfur cycle (e.g., Rickard 2012a) and intimately 
associated with microorganisms (e.g., Posfai et al. 1998) and has 
been widely implicated as a necessary mineral for the origin of 
life (Russell and Ponce 2020). The mineral has been discovered in 
soils (e.g., Burton et al. 2006), sediments (Berner 1962), magmatic 
(Evans et al. 1964), and hydrothermal (e.g., Krupp 1994) ore 
deposits, serpentinized ultrabasic rocks (e.g., Ashley 1975), me-
teorites (Ramdohr 1973), and even diamonds (Agrosì et al. 2017). 
Synthetic analogs have proven to be important corrosion products 
in the petroleum industry (e.g., Meyer et al. 1958), wastewater 
treatment (e.g., Yang et al. 2017), and the Girdler-sulfide process 
for making heavy water in the nuclear industry (Shoesmith et al. 
1980). It is widely believed to play a key role in the environment, 
controlling deleterious minor and trace elements concentrations 
in natural waters (e.g., Rickard and Morse 2005).

Its composition is, however, often presented as (Fe,Ni)S or 
Fe1+xS or some variant of these formulations, which is wrong. 
These formulations may derive from the fact that the type macki-
nawite from the Mackinaw Mine WA was a nickelian mackinawite 
with an apparent composition Fe0.96Ni0.04S (Evans et al. 1964). The 
uncertainties in the analyses were considerable: ±8 relative wt% for 
Fe, ±16 relative wt% for Ni, and ±12 relative wt% for S, resulting 

in a total analytic uncertainty of 9.5 wt%. It is apparent that the 
totals were corrected to produce a stoichiometric MeS composition 
(where Me = Fe + Ni + Co + Cu). By contrast, the co-discoverers 
of the mineral in Outokumpu, Finland (Kuovo et al. 1963), tried 
to separate sufficient quantities mechanically for wet chemical 
analyses. Unfortunately, this was not entirely successful, and the 
result was subject to errors due to the inclusion of silicates and 
other metal sulfides in the separates. Even so, it appeared that 
the Outokumpu mackinawites were also nickelian with trace Co, 
giving compositions like Fe0.92Ni0.13Co0.01S and resulting in a non-
stoichiometric formula Me1.06S. In both cases, these early workers 
assumed that the S concentration was equivalent to 1.00 atoms 
per formula unit (apfu).

Although definitions of what constitutes a mineral are legion, 
most would agree that a mineral is a naturally occurring material 
with a defined crystal structure and a particular chemical composi-
tion. The problem with current definitions of mackinawite is that 
although the crystal structure is defined, its particular chemical 
composition is not. This means that, at least in detail, it is uncer-
tain what is meant—at least chemically—when someone refers 
to mackinawite. The present report aims to rectify this lacuna and 
define the composition of mackinawite.

Table 1 gives examples of mackinawite compositions as 
defined by some current widespread—and otherwise authorita-
tive—mineralogical databases. The only one that gives some 
clue to the actual compositions in the listing in the Handbook of 
Mineralogy (Anthony et al. 2003), which at least gives examples 
of Ni-, Co-, and Cu-bearing mackinawites even though the title 
gives a composition (Fe,Ni)1+xS (x = 0 to 0.11), which seems 
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