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A B S T R A C T   

In spite of the fact that metal stable isotopes are not expected to exhibit large equilibrium fractionations at 
magmatic temperatures, Fe isotope compositions of base-metal sulfides are increasingly being used to charac-
terize the processes that generate and modify Ni–Cu–platinum-group element (PGE) deposits. In the Eastern 
Gabbro of the Coldwell Complex, Canada, the δ56Fe values (relative to IRMM-014) of pyrrhotite (− 1.48‰ to 
− 0.16‰) are consistently negative and exhibit no correlation with style of mineralization, whereas δ56Fe values 
of chalcopyrite (− 0.65‰ to 1.11‰) are largely positive (except for the W Horizon) and decreases in samples 
from Footwall Zone, through the Main Zone ≈ Four Dams ≈ Sally, to the W Horizon. Source heterogeneity, 
sulfide segregation, variations in R factor, crustal contamination, hydrothermal fluids, and redox reactions have 
been ruled out as having had a significant effect on the Fe isotope composition of both pyrrhotite and chalco-
pyrite. Rather, the positive correlation between δ56FeCcp and the pyrrhotite/chalcopyrite ratio of the mineralized 
zones indicates that the large range in δ56FeCcp is likely due to variations in the amount of monosulfide solid 
solution (MSS) that crystallized before intermediate solid solution (ISS). Monosulfide solid solution favors 54Fe, 
thus the δ56Fe of the residual Cu-rich liquid would be higher than the initial sulfide liquid and variable depending 
on how much MSS crystallized before ISS. Subsequent to the solidification of MSS, it exsolved pyrrhotite with 
minor pentlandite, with troilite exsolving from pyrrhotite at lower temperatures. The large range in δ56FePo is 
likely due to the partitioning of 54Fe and 56Fe among these phases and the variability in the proportion of the 
phases in the samples. These conclusions have important implications for the applicability of Fe isotopes in base- 
metal sulfides to characterizing magmatic Ni–Cu–PGE systems as the Fe isotope composition of two of the most 
dominant base-metal sulfides in these systems, pyrrhotite and chalcopyrite, are not controlled by mineralizing 
processes, but rather subsolidus processes.   

1. Introduction 

Magmatic base-metal sulfide (BMS) deposits hosted by 
mafic–ultramafic plutons, which generally occur along the margins of 
ancient Archean cratons, represent the most economically important 
sources of PGE and account for over 96% of the world’s platinum-group 
element (PGE) production (Barnes et al., 2015a; Begg et al., 2010; 
Holwell and McDonald, 2010; Mudd and Jowitt, 2014). Although a 
significant amount of work has been done to characterize the formation 

of these deposits using whole-rock and mineral trace-element chemistry, 
and S isotopes (Barnes and Ripley, 2016; Farquhar and Wing, 2005; 
Ripley and Li, 2003; Shahabi Far et al., 2018), their origins are complex 
(Boudreau and McCallum, 1992; Boudreau and Meurer, 1999; Maier, 
2005). Accordingly, novel geochemical tools are required to enhance 
our understanding of these complex, but economically important de-
posits. Iron isotopes are one of such geochemical tools that has 
demonstrated potential for characterizing the processes most critical to 
the formation of magmatic Ni–Cu–PGE deposits. To further develop the 
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applicability of Fe isotopes to these high-temperature mineralizing 
systems, this study focuses on the Cu–PGE mineralization in the Eastern 
Gabbro of the Coldwell Complex as the processes that generated the 
mineralization have been well characterized through detailed mineral-
ogical characterization, whole-rock and mineral chemistry, and Cu–S 
isotopes (Brzozowski et al., 2021a, 2021b, 2020b, 2020a; Cao et al., 
2018; Good et al., 2017, 2015, e.g.; Shahabi Far et al., 2019, 2018). 

Iron is a ubiquitous element in the Earth with three oxidation states 
(Fe0, Fe2+, Fe3+) that are heterogeneously distributed throughout its 
different reservoirs. This heterogeneous resulted from differentiation of 
the Earth (e.g., core, mantle, crust), and the actions of various low- to 
high-temperature processes (Dauphas et al., 2017). Because Fe isotopes 
strongly fractionate among the different oxidation states of Fe (Schau-
ble, 2004) and because different terrestrial reservoirs have distinct Fe 
isotope compositions (Fig. 1; Johnson et al., 2020), the Fe isotope 
composition of BMSs may make a good candidate for characterizing 
some of the processes most critical to the formation of economic 
Ni–Cu–PGE systems, such as the nature of contamination, the interac-
tion between sulfide liquid and silicate melts, and, potentially, segre-
gation of sulfides. Although Fe isotopes have been applied to 
characterize some of these processes in Ni–Cu–PGE systems, their 
applicability remains immature compared to the applicability of, for 
example, trace elements to characterizing these same processes. The 

δ56Fe (i.e., the ratio of 56Fe/54Fe in the sample relative to the reference 
standard IRMM-14) values of mineralized rock in mafic–ultramafic 
hosted Ni–Cu–PGE systems range from − 1.47 to 0.58‰ (majority be-
tween − 0.5 to 0.5‰), with pyrrhotite and chalcopyrite characterized by 
δ56Fe ranging from − 1.25 to 0.2‰ and 0.24 to 1.86‰, respectively 
(Fig. 1). These variations have been attributed to a range of mechanisms, 
including assimilation of sedimentary rocks (Fiorentini et al., 2012; 
Hiebert et al., 2016), variations in R factor (i.e., sulfide liquid/silicate 
melt mass ratio) and/or high-temperature sulfide liquid–silicate melt 
fractionation factors (Δ56Fesul–sil) (Ding et al., 2019; Hiebert et al., 
2013), hydrothermal processes (Hofmann et al., 2014), redox-related 
processes (Zhao et al., 2019, 2017), and mixing of different sulfides 
during microsampling (Bilenker et al., 2018). 

In this contribution, new high-precision Fe isotope data are reported 
for pyrrhotite and chalcopyrite from the variably mineralized Cu–PGE 
occurrences in the Eastern Gabbro of the alkaline Coldwell Complex, 
Canada. These data are utilized in combination with a large database of 
mineralogical and geochemical data to assess the applicability of Fe 
isotopes to tracing high-temperature processes that may operate in 
Ni–Cu–PGE systems, including those most critical to the formation and 
modification of mineralization (i.e., crustal assimilation, variations in R 
factor, and sulfide segregation). Because the Fe isotope composition of 
pyrrhotite–chalcopyrite pairs is also characterized, the Fe isotope 
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Fig. 1. Histograms illustrating (a) the Fe isotope composition of rocks, pyrrhotite, and chalcopyrite from Ni–Cu–PGE deposits, and (b) the Fe isotope composition of 
mantle-derived rocks, silicic rocks, and sedimentary rocks. The δ56Fe of Ni–Cu–PGE deposits are from Fiorentini et al. (2012), Hiebert et al. (2013), Hofmann et al. 
(2014), Hiebert et al. (2016), Bilenker et al. (2018), Zhao et al. (2019), and Ding et al. (2019). The δ56Fe of mantle-derived, silicic, and sedimentary rocks are from 
Beard et al. (2003), Yamaguchi et al. (2005), Heimann et al. (2008), Dauphas et al. (2009), Telus et al. (2012), Teng et al. (2013), Foden et al. (2015), Du et al. 
(2017), and Peters et al. (2019). 
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Fig. 2. Simplified geologic maps illustrating (a) the location of the North American Midcontinent rift (modified from Good et al., 2015), (b) the location of the 
Coldwell Complex in the rift (modified from Good et al., 2015), (c) the location of the Eastern Gabbro and the various zones of Cu–PGE mineralization that it hosts 
(modified from Good et al., 2015), and (d) a schematic cross-section of the Marathon deposit (modified from Shahabi Far et al., 2018). 
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fractionation factor between these two BMSs is assessed. 

2. Geological setting and Cu–PGE mineralization 

2.1. Eastern Gabbro of the Coldwell Complex 

The tholeiitic Eastern Gabbro is a composite pluton that wraps 
around the eastern and northern margins of the Coldwell Complex, the 
latter of which is an undeformed and unmetamorphosed suite of alkaline 
igneous rocks that intruded the Archean rocks of the Schreiber–Hemlo 
greenstone belt as part of the North American Midcontinent rifting event 
circa 1.1 Ga (Fig. 2a–c). Along with the Eastern Gabbro and the Cu–PGE 
mineralization that it hosts, several other Ni–Cu–PGE mineralized plu-
tons were emplaced along the periphery of the rift, including the Par-
tridge River and South Kawishiwi intrusions of the Duluth Complex, the 
Tamarack intrusion, and the Eagle intrusion (Ripley et al., 2015) 
(Fig. 2b). 

Based on crosscutting relationships, petrographic characteristics, 
and whole-rock and mineral chemistry, the Eastern Gabbro is sub-
divided into two genetically distinct rock series that intruded into a 
metabasalt package; in order of emplacement, they are the Layered 
Series and Marathon Series (Brzozowski et al., 2021b; Good et al., 2015; 
Shahabi Far et al., 2019) (Fig. 2d). The barren metabasalt package oc-
curs throughout the Eastern Gabbro and was metamorphosed to hornfels 
grade by the emplacement of the Layered and Marathon series magmas 
(Good and Lightfoot, 2019). The Layered Series makes up the majority of 
the Eastern Gabbro and occurs above the metabasalt package at the 
Marathon deposit (Fig. 2d) (Good et al., 2015). It consists of two 
dominant rock types: olivine gabbro, in some places contains modal 
layering defined by variations in the proportion of plagioclase and py-
roxene, and oxide augite melatroctolite (Cao et al., 2019). Secondary Cu 
mineralization comprising chalcopyrite occurs in this series in associa-
tion with albite and actinolite alteration, but is devoid of PGE (Good 
et al., 2015). 

The Marathon Series is the youngest and most complex of the 
intrusive events and comprises all of the mafic–ultramafic rocks that 
host Cu–PGE mineralization (Good et al., 2015). Rocks of the Marathon 
Series are generally unaltered with no evidence of large-scale hydro-
thermal overprinting (Good et al., 2015). At the Marathon deposit, the 
Marathon Series is dominated by the Two Duck Lake Gabbro, a coarse- 
grained to pegmatitic gabbro that exhibits a subophitic texture. The Two 
Duck Lake Gabbro intruded the metabasalt package just above the 
contact with Archean rocks, which, in the vicinity of the Marathon de-
posit, comprise intermediate pyroclastic metavolcanic rocks (Fig. 2d) 
(Good and Lightfoot, 2019; Walker et al., 1993). Other units in the 
Marathon Series include a layered troctolite sill, which is a marker ho-
rizon that overlies the Main mineralized zone, and sill- to pod-like 
bodies of oxide melatroctolite, apatite clinopyroxenite, and apatite 
olivine clinopyroxenite (Fig. 2d), which are spatially associated with the 
feeder channels of the Marathon deposit (Good et al., 2017, 2015). 

2.2. Cu–platinum-group element (PGE) mineralization 

Mineralized zones in the Eastern Gabbro are divided into two groups 
based on their location, but which are hosted by cogenetic rocks of the 
Marathon Series (Table 1) (McBride, 2015). The first group of miner-
alized zones occur in the Marathon deposit, a 116 metric ton (Mt) sulfide 
deposit with 0.25% Cu, 0.73 ppm Pd, 0.23 ppm Pt, and 0.08 ppm Au 
(Bradfield et al., 2020), which lies on the eastern margin of the complex 
(Fig. 2c). The second group consists of the Four Dams, Sally, and Red-
stone zones, which are located northwest of the Marathon deposit on the 
northern margin of the complex (Fig. 2c); hereafter they will be referred 
to as the northern deposits. Details regarding the texture of the ore, the 
base-metal sulfide mineralogy, and the metal grades from each of the 
mineralized zones (from representative intervals of drill core) are 
described in Table 1. 

2.2.1. Marathon Cu–PGE deposit 
Mineralization in the Marathon deposit occurs in three texturally, 

mineralogically, and geochemically distinct lenses, but the character of 
the host gabbro for the various zones is similar (Fig. 2d) (Good et al., 
2015). The Footwall Zone occurs at the contact with the Archean 
country rocks at the base of the Two Duck Lake Gabbro (Fig. 2d); it is 
characterized by the highest Cu/Pd (~6000–35,000) and lowest Cu/Ni 
(~11.7) of all of the mineralized zones in the Marathon deposit. Base- 
metal sulfides in the Footwall Zone consist of net-textured to dissemi-
nated pyrrhotite and lesser chalcopyrite, with an average pyrrhotite: 
chalcopyrite ratio of ~80:20 (Fig. 3) (Brzozowski et al., 2020a; Good 
et al., 2015). The Main Zone, which is the thickest and most continuous 
zone of mineralization in the Marathon deposits, occurs above the 
Footwall Zone (Fig. 2d) and is characterized by Cu/Pd ratios between 
~1000–20,000. Base-metal sulfides in the Main Zone are predominantly 
disseminated chalcopyrite and pyrrhotite, with lesser cubanite and 
bornite; the average pyrrhotite:chalcopyrite ratio (~60:40) in this zone 
is lower than in the Footwall Zone (Fig. 3) (Brzozowski et al., 2020a; 
Good et al., 2015). The W Horizon is the highest grade zone of miner-
alization in the Marathon deposit, with Cu/Pd ratios between 
~100–1000 and Cu/Ni ratios of ~20; it occurs above the Main Zone and 
near the upper margin of the Two Duck Lake Gabbro (Fig. 2d). Base- 
metal sulfides in the W Horizon are dominated by chalcopyrite and 
bornite, with an average pyrrhotite:chalcopyrite ratio of ~20:80 (Fig. 3) 
(Brzozowski et al., 2020a; Good et al., 2015; Ruthart, 2013). Although 
mineralization in the W Horizon is disseminated, it is distinguished from 
the Main Zone by a lower modal abundance of BMSs, a distinctly higher 
proportion of magmatic bornite, which formed via S loss and/or 
oxidation of the sulfide liquid (Ames et al., 2017; Brzozowski et al., 
2020a; Shahabi Far, 2016; Wohlgemuth-Ueberwasser et al., 2013), a 
lower proportion of pyrrhotite, a different suite of platinum-group 
minerals (PGM) (Table 1), and by distinctly higher PGE contents 
(Ames et al., 2017, 2016; Brzozowski et al., 2020a; Good, 2010; Good 
et al., 2017; Ruthart, 2013; Shahabi Far, 2016; Shahabi Far et al., 2018). 

2.2.2. Northern deposits 
The northern deposits consist of Four Dams, the Sally deposit 

(formerly Area 41), and Redstone (Fig. 2c). In general, BMSs in these 
mineralized zones comprise disseminated pyrrhotite, chalcopyrite, and 
cubanite, and rarely bornite, with pyrrhotite:chalcopyrite ratios ranging 
from 0% to >99% (Fig. 3) (Brzozowski et al., 2020a; McBride, 2015). 
These zones of mineralization were described in detail by Brzozowski 
et al. (2020a), Cao et al. (2018), Cao (2017), Good et al. (2017), and 
Ames et al. (2016). 

Mineralization at Four Dams (0.012 ppm Pt and 0.011 ppm Pd) is 
characterized by Cu/Pd (~362,778) and Cu/Ni (~23.8) values that are 
consistently higher than those observed in the Marathon deposit 
(Table 1). Mineralization in the Sally deposit has variable Cu/Pd 
(881–341,700) and Cu/Ni (12.8–21.2) values; it was subdivided into 
four types by Cao (2017) and Brzozowski et al. (2020a) based on Cu/Pd 
ratios (Table 1). Type I mineralization has Cu/Pd ratios similar to that of 
the Four Dams occurrence, whereas types II and III have Cu/Pd ratios 
similar to those of the Main Zone and W Horizon, respectively. Type IV 
mineralization is characterized by Cu/Pd ratios of 15,000–100,000. 

2.2.3. Sulfide–silicate–oxide associations 
Brzozowski et al. (2020a) described the sulfide–silicate–oxide asso-

ciations in each of the mineralized zones in considerable detail. Briefly, 
BMSs comprise chalcopyrite, pyrrhotite, pentlandite, cubanite, troilite, 
and bornite, with chalcopyrite and pyrrhotite being the most abundant. 
Regardless of mineralized zone, most BMSs are primary, with smooth 
curved equilibrium boundaries; these BMSs crystallized from an 
immiscible sulfide liquid (Fig. 4a). Although pentlandite is a common 
BMS throughout the Eastern Gabbro, its abundance is low compared to 
chalcopyrite and pyrrhotite; it occurs as crystals or exsolution flames in 
pyrrhotite (Fig. 4a–c). Cubanite occurs as tabular lamellae in 
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Table 1 
Metal tenors and ratios in the mineralized zones of the Eastern Gabbro.  

Location of mineralized 
zone 

Tonnage Grade Mineralized 
zone 

Sulfide 
texture 

Sulfide 
mineralogy 

Drill hole Depth Cu Ni S Au Pt Pd Cu/ 
Ni 

Cu/ 
S 

Cu/Pd  

Mt      m wt% wt% wt% ppm ppm ppm    

Marathon deposit 97.4 0.27% Cu 
0.75 ppm 
Pd 
0.23 ppm 
Pt 
0.09 ppm 
Au 

Footwall Zone Semi-massive 
and 
disseminated 

Po ≥ Ccp > > Cub M-11- 
520 

261–267 0.517 0.0442 2.19 0.0480 0.100 0.490 11.7 0.24 10,557 

Main Zone Disseminated Ccp > Po > > Cub M-11- 
520 

171–183 0.547 0.0314 1.17 0.102 0.308 1.45 17.4 0.47 3769 

W Horizon Disseminated Ccp > Bn > > Po M-11- 
499 

22–32 0.339 0.0169 0.326 0.254 0.918 3.74 20.0 1.04 907 

Northern deposits n.a. n.a. Four Dams Disseminated Ccp ≈ Cub ≈ Po FD-11-05 144–154 0.392 0.0165 0.568 0.0450 0.0120 0.0108 23.8 0.69 3,62,778 
Sally deposit 
Type I (High Cu/ 
Pd) 

Disseminated Ccp ≈ Po > Cub >
> Bn 

SL-13-28 18–28 0.683 0.0323 1.65 0.0276 0.0154 0.0200 21.2 0.41 3,41,700 

Sally deposit 
Type II (High Cu/ 
Pd) 

Disseminated Ccp ≈ Po > Cub >
> Bn 

SL-13-38 64–74 0.288 0.0224 0.514 0.190 0.510 0.683 12.8 0.56 4212 

Sally deposit 
Type III (Low Cu/ 
Pd) 

Disseminated Ccp ≈ Po > Cub >
> Bn 

SL-13-56 204–214 0.165 0.0129 0.218 0.394 0.974 1.87 12.8 0.76 881 

Sally deposit 
Type IV (Low Cu/ 
Pd) 

Disseminated Ccp ≈ Po > Cub >
> Bn 

n.a. 

Redstone Disseminated Ccp ≈ Po > Cub >
> Bn 

RS13–08 107–117 0.354 0.0281 0.552 0.0648 0.0400 0.162 12.6 0.64 21,918 

Tonnage and grade are from Puritch et al. (2009). 
Metal tenors represent averages of 5 samples (~20 kg of rock) from 10 m of drill core. 
Metal tenors were measured by ALS-Chemex. S determined by package IR08. Cu, Ni, and Co determined by package ME-ICP41. PGE determined by package PGM-ICP23. 
Platinum-group minerals are from Good et al. (2017) and ordered with respect to their abundance. 
Po = pyrrhotite, Ccp = chalcopyrite, Cub = cubanite, Bn = bornite. 
n.a. = not available. 
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chalcopyrite and is more common in the northern deposits. Although 
troilite is not very abundant overall, it is also generally more common in 
the northern deposits and occurs as wavy lamellae in pyrrhotite 
(Fig. 4b). Bornite is generally only present in the W Horizon and occurs 
as individual BMSs or as an assemblage with chalcopyrite. Pyrrhotite is 
common throughout the Eastern Gabbro, but is largely absent in the W 
Horizon. Some chalcopyrite occurs as a replacement of pyrrhotite 
(Fig. 4c) and as intergrowths with hydrous silicates (Fig. 4d), and 
represent primary chalcopyrite that has been remobilized by complete 
dissolution–reprecipitation (Brzozowski et al., 2020a). 

3. Methods 

Microsampling of chalcopyrite and pyrrhotite powders followed the 
established method of Li et al. (2010). Purification of Fe from these 
powders followed the methods of Du et al. (2017) and Brzozowski et al. 
(2021a). A summary of the sampling and purification procedures is 
provided in the Electronic Annex. 

Iron isotope ratios were measured using a Thermo Fisher Scientific 
Neptune Plus MC–ICP–MS at the State Key Laboratory for Mineral De-
posits Research, Nanjing University. Standards and purified samples 
were diluted to ~2 ppm Fe using 2% HNO3, with sample and standard 
concentrations being matched to within 10%. Throughout the analytical 
sessions, the signal intensity of 56Fe at 2 ppm was 12–15 V. Samples 
were introduced at an uptake rate of ~100 μL/min using a self- 

Fig. 3. Box-whisker diagram illustrating the variation in bulk-rock Cu and S of 
the various mineralized zones in the Marathon deposit and the deposits north of 
Marathon. Data represent whole-rock assays from 2-m intervals of drill core. 
Solid lines represent the Cu and content of pure sulfides (Ccp = chalcopyrite, 
Bn = bornite). Dashed lines represent variable mixtures of pyrrhotite and 
chalcopyrite. 

Fig. 4. Reflected-light images of (a) a magmatic chalcopyrite–pyrrhotite–pentlandite assemblage in which pentlandite predominantly occurs as exsolution flames, 
(b) pyrrhotite with wavy arrays of troilite, (c) a disequilibrium assemblage of chalcopyrite–pyrrhotite–pentlandite in which secondary chalcopyrite has replaced 
pyrrhotite, and (d) an intergrowth of secondary chalcopyrite with hydrous silicates. Po = pyrrhotite, Pn = pentlandite, Ccp = chalcopyrite, Tr = troilite. 
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aspirating nebulizer tip and glass spray chamber. The standard–sample 
bracketing approach was utilized for the Fe isotope ratio measurements, 
with each sample being bracketed by a well-calibrated in-house Fe 
isotope standard (GFe), an ultrapure single element standard solution 
produced by China National Standards. Analyses were run at medium 
resolution and consisted of 50 cycles of 4.2 s integrations, with 53Cr and 
54Fe on the L3 and L1 cups, respectively, 56Fe on the axial cup, and 57Fe, 
58Fe, and 60Ni on the H1, H2, and H4 cups, respectively. The isobaric 
interference of 54Cr+ on 54Fe+ was monitored by measuring 53Cr+ dur-
ing each sample analysis and applying a correction to each sample 
measurement. Each sample was analyzed twice due to sample size re-
strictions and to permit analysis of a large population of samples; the 
precision of the set of analyses was, on average, ±0.04‰ with respect to 
δ56Fe, which is well below the Fe isotope variability in the sample set. 
The reported δ56Fe and δ57Fe values are the average of these two ana-
lyses. Long-term reproducibility of δ56Fe and δ57Fe analyses based on 
repeated analyses of Fe isotope reference standards over the course of 
four months is generally better than 0.08‰ and 0.16‰, respectively. 

Iron isotope values are reported in standard delta notation as per mil 
(‰) deviations from IRMM-14: 

δ56FeIRMM14 =
[( 56Fe

/54Fe
)

sample

/( 56Fe
/54Fe

)

IRMM14–1
]
*1000 (1) 

The Fe isotope composition of four reference standards – IRMM- 
0524B, HPS, JM, and GFe – were measured twice during each analyt-
ical session to ensure the accuracy of sample analyses (only IRMM- 
0524B and GFe were measured for the chalcopyrite analyses). Both 
HPS and JM are ultrapure Fe solutions from the University of Wisconsin 
(Beard et al., 2003). The δ56Fe values of the reference standards IRMM- 
0524, HPS, JM, and GFe, and the geologic standards BHVO-2, BIR-1A, 
and BCR-2 are in excellent agreement with the reference values 
(Table B1). 

4. Results 

4.1. Pyrrhotite 

The Fe isotope composition of different pyrrhotite grains within a 
sample block is indistinguishable within error (2σ) (Po 42–45 in 
Table 2), suggesting that the Fe isotope composition of any pyrrhotite 
grain in a sample is representative of pyrrhotite in that sample. The 
δ56Fe of pyrrhotite (δ56FePo) are consistently negative and exhibit a 
range of ~1.3‰, from − 1.48‰ in the Sally deposit (− 1.52‰ in sec-
ondary Layered Series mineralization) to − 0.16‰ in the Footwall Zone 
(Fig. 5). These values are systematically lower than the Fe isotope 
composition of the mantle (− 0.005 ± 0.006‰, Dauphas et al., 2017) and 
exhibit no systematic variation among the mineralized zones (Fig. 5). 

Iron isotopes are compared to Cu/Pd and S/Se for several reasons. 
First, the mantle ranges for both of these elemental ratios has been 
characterized, permitting the identification of processes that may have 
perturbed the mineralizing system (Barnes et al., 2015b, 1993; Eck-
strand and Hulbert, 1987; Palme and O’Neil, 2014). Second, the 
behavior of these elements during various magmatic–post-magmatic 
processes (e.g., contamination, sulfide segregation, variations in R fac-
tor, S loss) is well constrained, allowing for the effects of these processes 
on the mineralizing system to be characterized in detail (Brzozowski 
et al., 2020a; Queffurus and Barnes, 2015 and references therein). 
Lastly, each of the mineralized zones in the Eastern Gabbro is charac-
terized by distinct Cu/Pd and S/Se ratios (Brzozowski et al., 2020a; 
Good et al., 2015). The δ56Fe of pyrrhotite exhibits no systematic vari-
ation with Cu/Pd and S/Se among the mineralized zones in the Eastern 
Gabbro (Fig. 6a, b, Table 2). 

4.2. Chalcopyrite 

The δ56Fe of chalcopyrite (δ56FeCcp) ranges from − 0.65‰ in the W 

Horizon to 1.11‰ in the Footwall Zone (Fig. 5), a variation of ~1.8‰. In 
general, δ56FeCcp decreases from the Footwall Zone to the W Horizon in 
the Marathon deposit, with no notable variation among the northern 
deposits (Fig. 5). Among the mineralized zones in the Eastern Gabbro, 
the δ56Fe of chalcopyrite is, in general, positively correlated with S/Se, 
but not Cu/Pd, with Footwall Zone chalcopyrite having the most posi-
tive δ56Fe (− 0.05‰ to 1.11‰) and highest S/Se (10,500–14,700), and 
W Horizon chalcopyrite having the most negative δ56Fe (− 0.65‰ to 
0.42‰) and lowest S/Se (720–1250) (Fig. 6a, b, Table 2). Within an 
individual mineralized zone, however, there is generally significant 
variability in δ56FeCcp, but only limited variability in Cu/Pd and S/Se 
(Fig. 6a, b). 

5. Discussion 

In the following discussion, variations in Fe isotopes of pyrrhotite 
and chalcopyrite are assessed in the context of suprasolidus and sub- 
solvus processes to determine which processes control the Fe isotope 
composition of BMS, at what stage during the evolution of a sulfide 
liquid this occurs, and whether Fe isotopes can be utilized to assess 
Cu–PGE mineralizing processes. 

5.1. Silicate melt and sulfide liquid composition 

5.1.1. Sulfide segregation 
Segregation of sulfides plays an important role in controlling the 

chalcophile element budget of a silicate melt, with the PGE being more 
strongly affected compared to the base metals (e.g., Cu) due to the PGE’s 
higher sulfide liquid–silicate melt partition coefficients (Dsul/sil ~ 
105–106) (Barnes and Ripley, 2016). Accordingly, sulfide segregation 
leads to significant fractionation of base metal/PGE ratios. Unlike these 
elements, however, the partitioning of Fe and its isotopes between sili-
cate melts and sulfide liquids is comparatively modest (Δ56Fesul–sil =

− 0.4‰, DFe
sul/sil = 13.6) (Ding et al., 2019; Ripley et al., 2002). The effect 

of sulfide segregation on the Fe isotope composition of the silicate melt 
can be simulated using a simple Rayleigh fractional crystallization 
model (after Rollinson, 1993): 

δ56FeL = δ56FeLo ×F(Δsul–sil− 1) (2)  

where δ56FeLo and δ56FeL are the Fe isotope compositions of the original 
silicate melt and the melt after removal of some amount of sulfide, 
respectively, F is the fraction of melt remaining, and Δsul–sil is the Fe 
isotope fractionation factor between a sulfide liquid and silicate melt. A 
range of mantle values between − 0.011‰ and 0.001‰ was used as the 
initial isotope composition of the silicate melt (δ56FeLo) (Dauphas et al., 
2017). A value of − 0.4‰ was used as the Fe fractionation factor between 
a sulfide liquid and silicate melt (Ding et al., 2019). 

Accordingly, at degrees of sulfide segregation that are reasonable to 
Ni–Cu–PGE systems (<0.3%, Barnes and Ripley, 2016 and references 
therein), only limited Fe is removed from the melt (~1.25% Fe removal 
at 0.1% segregation), such that only minor fractionation in δ56Fe is ex-
pected. Assuming that sulfide liquates early in the evolution of the sil-
icate melt (i.e., before the onset of significant crystallization of silicate 
minerals), then to modify the Fe isotope composition of a silicate melt 
outside of the mantle range (at analytically resolvable values) would 
require ~70–94% sulfide segregation assuming a starting silicate melt 
composition in the range of mantle values (− 0.005 ± 0.006‰, Dauphas 
et al., 2017) (Fig. A1, see Electronic Annex for additional details of the 
numerical model). Considering that Ni–Cu–PGE deposits experience 
significantly lower degrees of segregation (<0.3%, Barnes and Ripley, 
2016), sulfide segregation could not have affected the Fe isotope 
composition of the BMS to any significant degree. 

Additionally, as demonstrated by Brzozowski et al. (2020a) based on 
Cu/Pd ratios, only the northern deposits (Four Dams, Sally, and Red-
stone) experienced a prior episode of sulfide segregation, yet the Fe 

M.J. Brzozowski et al.                                                                                                                                                                                                                         



ChemicalGeology576(2021)120282

8

Table 2 
Whole-rock Cu/Pd and S/Se, and δ56Fe and δ57Fe of pyrrhotite and chalcopyrite from the various mineralized zones in the Eastern Gabbro.  

Mineralized 
zone 

Analysis no. Drill hole Northing 
(m) 

Easting 
(m) 

Rock type Cu/Pd S/Se δ56FePo 2σ δ57FePo 2σ δ56FeCcp 2σ δ57FeCcp 2σ Δ56FeCcp- 

Po       

(2-m 
assay) 

(avg. of sulfides in 
sample) 

‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ 

Marathon Cu–Pd deposit 
Footwall zone  

Ccp18 M-05-077 5,404,399 550,264 Two Duck Lake Gabbro 7474 10,503     0.86 0.03 1.27 0.11   
Ccp19(2) M-05-077 5,404,399 550,264 Two Duck Lake Gabbro 7474 10,503     0.91 0.03 1.35 0.09   
Ccp31, Po 6 M-05-077 5,404,399 550,264 Two Duck Lake Gabbro 7474  − 0.44 0.04 − 0.68 0.03 1 0.02 1.45 0.1 1.44  
Ccp31.1(2), 
Po 6 

M-05-077 5,404,399 550,264 Two Duck Lake Gabbro 7474  − 0.44 0.04 − 0.68 0.03 1.11 0 1.64 0.01 1.55  

Ccp63, Po 17 M-09-480 5,404,794 550,585 Two Duck Lake Gabbro 5427 14,738 − 0.85 0.07 − 1.25 0.01 − 0.05 0.03 − 0.05 0.09 0.8  
Po 2 M-05-077 5,404,399 550,264 Two Duck Lake Gabbro 6239 12,782 − 0.69 0.01 − 0.96 0.01       
Po 3 M-05-077 5,404,399 550,264 Two Duck Lake Gabbro 6239 12,782 − 0.51 0.01 − 0.77 0.02       
Po 5 M-05-077 5,404,399 550,264 Two Duck Lake Gabbro 7474 10,503 − 0.48 0.05 − 0.69 0.1       
Po 7 M-05-077 5,404,399 550,264 Two Duck Lake Gabbro 7474 12,151 − 0.44 0.03 − 0.67 0.09       
Po 8 M-05-077 5,404,399 550,264 Two Duck Lake Gabbro 7474 12,151 − 0.42 0.03 − 0.61 0.03       
Po 9 M-05-077 5,404,399 550,264 Two Duck Lake Gabbro 7474 12,151 − 0.42 0.02 − 0.62 0.07       
Po 10 M-05-077 5,404,399 550,264 Two Duck Lake Gabbro 7474 12,151 − 0.48 0.04 − 0.72 0.07       
Po 11 M-05-077 5,404,399 550,264 Two Duck Lake Gabbro 7474 12,151 − 0.6 0.02 − 0.87 0.1       
Po 14 M-05-94 5,405,276 550,448 Two Duck Lake Gabbro 8587 9156 − 0.18 0.1 − 0.28 0.06       
Po 15 M-05-94 5,405,276 550,448 Two Duck Lake Gabbro 8587 9156 − 0.16 0.05 − 0.18 0.01       
Po 16 M-05-94 5,405,276 550,448 Two Duck Lake Gabbro 8587 9156 − 0.22 0.02 − 0.29 0       
Po 18 M-09-480 5,404,794 550,585 Two Duck Lake Gabbro 5427 14,738 − 0.77 0.01 − 1.13 0.01       
Po 1 M-05-077 5,404,399 550,264 Two Duck Lake Gabbro 6239 12,782 − 0.64 0.07 − 0.92 0.09       
Po 4 M-05-077 5,404,399 550,264 Two Duck Lake Gabbro 7474 10,503 − 0.42 0.03 − 0.66 0.06       
Po 47 G-11 5,405,790 550,551 Two Duck Lake Gabbro 7250  − 1.02 0.02 − 1.56 0.21       
Po 48 G-11 5,405,790 550,551 Two Duck Lake Gabbro 7250  − 0.93 0.02 − 1.34 0.06       
Po 49 G-11 5,405,790 550,551 Two Duck Lake Gabbro 7250  − 0.91 0.05 − 1.33 0.1       

Footwall-main zone transition  
Ccp20, Po 20 M-11-514 5,405,197 550,097 Two Duck Lake Gabbro 8301 6265 − 0.29 0.04 − 0.44 0.1 0.76 0 1.16 0.1 1.05  
Ccp21, Po 21 M-11-514 5,405,197 550,097 Two Duck Lake Gabbro 8301 6265 − 0.47 0.06 − 0.7 0.05 0.75 0.05 1.11 0.11 1.22  
Po 19 M-11-514 5,405,197 550,097 Two Duck Lake Gabbro 8301 6265 − 0.79 0.04 − 1.18 0.01       

Main zone  
Ccp1 M-07-306 5,404,393 550,046 Two Duck Lake Gabbro 3571 2351     0.19 0.01 0.24 0.08   
Ccp2 M-07-306 5,404,393 550,046 Two Duck Lake Gabbro 3571 2351     − 0.14 0 − 0.23 0.05   
Ccp6 G-11 5,405,790 550,551 Two Duck Lake Gabbro 2378 3468     0.81 0.09 1.24 0.09   
Ccp7, Po 12 G-11 5,405,790 550,551 Two Duck Lake Gabbro 2378 3468 − 0.91 0.02 − 1.35 0.02 0.78 0.08 1.19 0.13 1.69  
Ccp 8(2) G-11 5,405,790 550,551 Two Duck Lake Gabbro 2378 3468     0.73 0 1.11 0   
Ccp43 M-07-306 5,404,393 550,046 Two Duck Lake Gabbro 3571 2724     0.31 0.03 0.45 0.05   
Ccp44 M-07-306 5,404,393 550,046 Two Duck Lake Gabbro 3571 2724     0.11 0.01 0.15 0   
Ccp62 Surface 

sample   
Two Duck Lake Gabbro  2781     0.13 0.05 0.24 0.07   

Ccp65 G-10 5,405,790 550,605 Two Duck Lake Gabbro  2167     − 0.08 0.03 − 0.13 0.09   
Ccp67 G-11 5,405,790 550,551 Two Duck Lake Gabbro 1740 2146     0.3 0.05 0.42 0.04   
Ccp68, Po 50 G-11 5,405,790 550,551 Two Duck Lake Gabbro 1740 2146 − 0.71 0.01 − 1.02 0.07 0.52 0.03 0.77 0.1 1.23  
Ccp69 G-11 5,405,790 550,551 Two Duck Lake Gabbro 1813 1901     0.06 0 0.05 0.09   
Ccp71 G-11 5,405,790 550,551 Two Duck Lake Gabbro 1813 2376     0.01 0.07 0.03 0.1   
Ccp72 G-11 5,405,790 550,551 Two Duck Lake Gabbro 1813 2376     0.05 0.02 0.06 0.03   
Ccp73, Po 52 M-11-514 5,405,197 550,097 Two Duck Lake Gabbro 10,172 5338 − 0.48 0.03 − 0.7 0.09 0.66 0.06 1 0.06 1.14  
Po 13 G-11 5,405,790 550,551 Two Duck Lake Gabbro 2378 3468 − 0.86 0.04 − 1.28 0.02       
Po 22 M-11-514 5,405,197 550,097 Two Duck Lake Gabbro 8301  − 0.34 0.1 − 0.49 0.17       
Po 51 M-11-514 5,405,197 550,097 Two Duck Lake Gabbro 10,172 5338 − 0.66 0.06 − 0.99 0      

(continued on next page) 
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Table 2 (continued ) 

Mineralized 
zone 

Analysis no. Drill hole Northing 
(m) 

Easting 
(m) 

Rock type Cu/Pd S/Se δ56FePo 2σ δ57FePo 2σ δ56FeCcp 2σ δ57FeCcp 2σ Δ56FeCcp- 

Po       

(2-m 
assay) 

(avg. of sulfides in 
sample) 

‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰  

Po 53 M-11-514 5,405,197 550,097 Two Duck Lake Gabbro 10,172 5338 − 0.74 0.07 − 1.09 0.11       

W Horizon  
Ccp23 M-07-306 5,404,393 550,046 Two Duck Lake Gabbro 123      − 0.01 0.05 − 0.04 0.01   
Ccp50 M-07-369 5,404,189 550,054 Two Duck Lake Gabbro 137 1253     − 0.65 0.06 − 1 0.12   
Ccp51 M-07-369 5,404,189 550,054 Two Duck Lake Gabbro 106 887     − 0.56 0.03 − 0.89 0.02   
Ccp59 Surface 

sample 
5,403,595 549,802 Two Duck Lake Gabbro  724     0.42 0.03 0.6 0.01   

Ccp60 Surface 
sample 

5,403,595 549,802 Two Duck Lake Gabbro  724     − 0.29 0.02 − 0.42 0.04   

Ccp70 Surface 
sample 

5,403,591 549,810 Two Duck Lake Gabbro  1219     − 0.08 0.01 − 0.09 0   

Mt-Ap-Cpx Cumulate  
Po 46 M-08-462 5,403,788 549,682 Apatite (olivine) 

clinopyroxenite 
56,261  − 0.41 0.09 − 0.6 0.02       

Northern deposits 
Four dams  

Ccp28, Po 31 FD-13-34 5,408,836 548,073 Apatite (olivine) 
clinopyroxenite 

56,882 2350 − 0.71 0.09 − 1.03 0.02       

Ccp30, Po 31 FD-13-34 5,408,836 548,073 Apatite (olivine) 
clinopyroxenite 

56,882 2350 − 0.71 0.09 − 1.03 0.02 0.62 0 0.89 0.01 1.33  

Ccp66 FD-13-34 5,408,836 548,073 Apatite (olivine) 
clinopyroxenite 

10,108 1815     − 0.32 0.04 − 0.53 0.1   

Sally  
Ccp33 SL-13-37 5,412,576 537,855 Apatite (olivine) 

clinopyroxenite 
4448 1660     − 0.48 0.02 − 0.73 0.01   

Ccp36 SL-13-37 5,412,576 537,855 Two Duck Lake Gabbro 267 2696     0.9 0.04 1.26 0.08   
Po 34 SL-13-37 5,412,576 537,855 Apatite (olivine) 

clinopyroxenite 
11,748 2398 − 1.48 0.04 − 2.16 0.02       

Po 35 SL-13-37 5,412,576 537,855 Apatite (olivine) 
clinopyroxenite 

11,748 2398 − 0.66 0.05 − 0.98 0.09       

Po 36 SL-13-37 5,412,576 537,855 Two Duck Lake Gabbro 267 2696 − 0.51 0.03 − 0.74 0       
Po 37 SL-13-37 5,412,576 537,855 Oxide melatroctolite 4452 3078 − 0.99 0.01 − 1.5 0.07       
Po 38 SL-13-37 5,412,576 537,855 Oxide melatroctolite 4452 3078 − 1.06 0.06 − 1.59 0.08       
Po 39 SL-13-37 5,412,576 537,855 Oxide melatroctolite 4452 3078 − 0.86 0.01 − 1.25 0.12       
Po 40 SL-13-37 5,412,576 537,855 Two Duck Lake Gabbro 21,333 2541 − 0.61 0.12 − 0.9 0.1       
Po 41 SL-13-37 5,412,576 537,855 Two Duck Lake Gabbro 21,333 2541 − 0.93 0.01 − 1.35 0.07       
Po 42 SL-13-37 5,412,576 537,855 Apatite (olivine) 

clinopyroxenite 
23,037 11,783 − 0.52 0.06 − 0.76 0.03       

Po 43 SL-13-37 5,412,576 537,855 Apatite (olivine) 
clinopyroxenite 

23,037 11,783 − 0.49 0.03 − 0.67 0.16       

Po 44 SL-13-37 5,412,576 537,855 Apatite (olivine) 
clinopyroxenite 

23,037 11,783 − 0.54 0.05 − 0.79 0.1       

Po 45 SL-13-37 5,412,576 537,855 Apatite (olivine) 
clinopyroxenite 

23,037 11,783 − 0.5 0.04 − 0.75 0.06       

Redstone  
Po 32 RS-13-07 5,414,208 535,358 Two Duck Lake Gabbro 45,366 6717 − 0.71 0.01 − 1.02 0.07       
Po 33 RS-13-07 5,414,208 535,358 Two Duck Lake Gabbro 45,366 6717 − 0.72 0.02 − 1.05 0.15       

(continued on next page) 
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isotope composition of pyrrhotite and chalcopyrite in these zones is 
indistinguishable from pyrrhotite and chalcopyrite at Marathon (Fig. 5). 
Accordingly, it is unlikely that sulfide segregation modified the δ56Fe of 
the sulfide liquid from which the pyrrhotite and chalcopyrite in the 
Eastern Gabbro crystallized. 

5.1.2. Silicate melt: sulfide liquid mass ratio (R factor) 
The extent to which a sulfide liquid interacts with a silicate melt (i.e., 

R factor or the silicate melt/sulfide liquid mass ratio) is a critical control 
on the composition and tenor of a sulfide liquid (e.g., high Cu, low PGE 
vs. low Cu, high PGE). This is a result of the discrepancy in sulfide liq-
uid–silicate melt partition coefficients between base metals, such as Cu 
(max Dsul–sil

Cu = 2130) and Se (max Dsul–sil
Se = 2339), and precious metals, 

such as Pd (max Dsul–sil
Pd = 536,000) (Barnes and Ripley, 2016). The effect 

that R factor has on the Fe isotope composition of pyr-
rhotite–chalcopyrite can, therefore, be assessed by comparing observed 
and modeled variations in Fe isotopes, Cu/Pd, and S/Se. The reason for 
this is that, although it is still poorly understood how δ56Fe varies with R 
factor, the behaviors of Cu/Pd and S/Se have been well characterized, 
with both ratios decreasing as R factors increase (Barnes et al., 1993; 
Brzozowski et al., 2020a; Queffurus and Barnes, 2015). Accordingly, the 
Fe isotope composition of a sulfide liquid that interacted with variable 
amounts of silicate melt (δ56Fesul.R) was modeled using the open-system 
equation of Ripley and Li (2003) in which sulfide liquid interacts with 
several pulses of undepleted magma: 

δXsul.R = δXsul.i +R0 ×(δXsil.i +ΔXsul–sil)
/(

1+R0) (3) 

The Fe isotope compositions of pyrrhotite (δ56FePo) and chalcopyrite 
(δ56FeCcp) that crystallized from this sulfide liquid were modeled 
following the method of Ding et al. (2019): 

δ56FePo = δ56Fesul.R −
[
XCcp ×Δ56FeCcp–Po

]
(4)  

δ56FeCcp = δ56Fesul.R −
[
XPo ×

(
− Δ56FeCcp–Po

) ]
(5)  

where δXsul.i and δXsil.i are the initial isotope compositions of the sulfide 
liquid and silicate melt, respectively, δXsul.R is the isotope composition 
of the sulfide liquid after interacting with silicate melt, R0 = Csil/Csul*R 
where Csil and Csul are the concentrations of Fe in the silicate melt and 
sulfide liquid, respectively, and R is the R factor, ΔXsul–sil is the Fe 
isotope fractionation factor between sulfide liquid–silicate melt, 
Δ56FeCcp–Po is the Fe isotope fractionation factor between chalcopyr-
ite–pyrrhotite, and XPo and XCcp are the proportions of pyrrhotite and 
chalcopyrite, respectively. Variations in Cu/Pd and S/Se were modeled 
iteratively using the closed-system R factor equation of Ripley and Li 
(2003), and multiple pulses of uncontaminated and undepleted silicate 
melt: 

Ci
sul.R = Ci

sul.i +
(
R×Ci

sil
)/

1+
(
R
/

Di
sul/sil

)
(6)  

where Ci
sul.R is the concentration of element i in the sulfide liquid after it 

interacted with silicate melt, Ci
o is the original concentration of element 

i in the silicate melt, Di
sul/sil is the sulfide liquid/silicate melt partition 

coefficient for element i, and R is the sulfide liquid to silicate melt mass 
ratio. Details regarding the parameters used are provided in the Elec-
tronic Annex. 

If the Fe isotope composition of pyrrhotite and chalcopyrite was 
controlled by variations in R factor within and among the mineralized 
zones in the Eastern Gabbro, then it should vary systematically with Cu/ 
Pd and S/Se as illustrated by the model curves (Fig. 6). Based on the 
models, variations in R factor should generate significant variability in 
Cu/Pd and S/Se with limited variability in δ56Fe. The opposite, however, 
is observed in the mineralized zones in the Eastern Gabbro, with pyr-
rhotite and chalcopyrite exhibiting significant variability in δ56Fe (up to 
1‰ in the case of pyrrhotite and chalcopyrite in the Footwall and Main 
zones, respectively) and limited variability in Cu/Pd and S/Se (Fig. 6). 
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Although R factor plays a crucial role in controlling the base- and 
precious-metal content of BMSs in Ni–Cu–PGE deposits, it is evident 
here that a simple open-system R factor model is not adequate in 
generating the range of δ56Fe observed in the Eastern Gabbro. 

Ding et al. (2019) argued that a simple R factor model cannot 
accurately reproduce the range of δ56Fe of pyrrhotite (− 1.25 to 
− 0.13‰) in the Lengshuiqing Ni–Cu deposit in China. It is important to 
note that the R factors experienced by BMSs in the Lengshuiqing deposit 
are much lower (<1,000) than those typically suggested for Ni–Cu–PGE 
deposits (1000 to 1000,000; Barnes and Ripley, 2016) and for miner-
alization in the Eastern Gabbro (Brzozowski et al., 2021a, 2020a; 
Ruthart, 2013). That being said, Ding et al. (2019) proposed an alter-
native R factor model to explain the range of δ56Fe in pyrrhotite at 
Lengshuiqing. They suggested that Δ56Fesul–sil and R factor are inversely 
correlated based on the fact that a critical mass of sulfide liquid is 
required to achieve isotopic equilibrium between sulfide liquid and 
silicate melt; they modeled this by decreasing Δ56Fesul–sil by 0.1‰ for 
every increase in R factor of 100. Using this model and the same pa-
rameters as in the above model, the Fe isotope composition of BMSs 
becomes very negative at R factors greater than 1000 (i.e., R factors 
pertinent to the Eastern Gabbro and many Ni–Cu–PGE systems). For 
example, using this model with R factors pertinent to the Footwall Zone 
(~1000), Main Zone (~5000), and W Horizon (~100,000), the Fe 
isotope composition of pyrrhotite is in the range of − 1.70‰, − 5.83‰, 
and − 101.37‰, respectively, whereas chalcopyrite is in the range of 
− 0.37‰¸ -4.50‰, and − 100.04‰, respectively. These isotope compo-
sitions are consistently lower than those exhibited by BMSs in the 
Eastern Gabbro, with the values generated at R factors ≥5000 being 
unreasonably low for terrestrial conditions. Therefore, while such a 
model may be applicable to low-R factor (<1000) Ni–Cu systems, it is 
not applicable to PGE-rich systems in which BMSs are characterized by 
higher R factors (> > 1000). 

An important characteristic of Fe isotope systematics that is high-
lighted by this modeling is that, because of the high sulfide liquid/sili-
cate melt concentration ratio of Fe (~3) in mafic–ultramafic systems, the 
isotopic composition of the sulfide liquid will equilibrate with the iso-
topic composition of the silicate melt that it interacts with at very low R 
factors (~200, Fig. 7); this is distinct from other isotope systems, such as 
S and Cu, which equilibrate to the composition of the silicate melt at 

notably higher R factors (~10,000, Fig. 7). This characteristic is critical 
to interpreting Fe isotopes in magmatic systems because it implies that 
the Fe isotope composition of BMSs does not record suprasolidus pro-
cesses as compositional signatures generated by such processes would 
rapidly be reset by sulfide liquid–silicate melt Fe-exchange and re- 
equilibration. Therefore, although variations in R factor are recorded 
by significant variations in Cu (Brzozowski et al., 2021a) and S isotopes 
(Shahabi Far et al., 2018) in the Eastern Gabbro, they are not recorded 
by Fe isotopes. 

5.1.3. Crustal contamination 
Since mantle-derived silicate melts are typically undersaturated with 

respect to S (Mavrogenes and O’Neill, 1999), some process is required to 
saturate the melts in S and generate an immiscible sulfide liquid. 
Although there are several potential mechanisms by which a silicate 
melt can become S saturated (e.g., fractional crystallization), addition of 
S from S-rich rocks is generally accepted as the most important in the 
formation of economic Ni–Cu–PGE deposits (Ripley and Li, 2013; Robb, 
2004). Despite the ubiquity of Fe in BMSs and the generally isotopically 
light nature of sedimentary rocks compared to igneous rocks (Fig. 1), 
modification of Fe isotopes in Ni–Cu–(PGE) systems by crustal assimi-
lation has only recently been suggested. Fiorentini et al. (2012) sug-
gested that a δ56Fe value of − 0.61‰ in one mineralized sample from the 
Dikoloti Ni–Cu deposit was indicative of assimilation of sedimentary or 
hydrothermal BMSs. Similarly, Hiebert et al. (2016) suggested that δ56Fe 
values as low as − 1.5‰ in mineralization in the Hart komatiite- 
associated Ni–Cu–PGE deposit were indicative of contamination. In 
both of these studies, the mineralization is characterized by relatively 
low R factors (e.g., <100 for the Hart komatiite-associated Ni–Cu–PGE 
deposit, Hiebert et al., 2016). The R factors experienced by BMSs in 
conduit-type Ni–Cu–PGE systems, such as the Eastern Gabbro, however, 
are generally much higher than those experienced in komatiites (Barnes 
and Ripley, 2016; Brzozowski et al., 2020a; >1000, Queffurus and 
Barnes, 2015). The difference in R factors between these two types of 
Ni–Cu–PGE systems is an important distinction to make because inter-
action of sulfide liquid with different amounts of uncontaminated sili-
cate melt will dilute or destroy the contaminant Fe isotope signature (cf. 
Section 5.1.3). 

Considering the sedimentary Δ33S, S/Se, and δ65Cu signatures in 

Fig. 5. Variations in δ56Fe of pyrrhotite and chalcopyrite in the various mineralized zones of the Eastern Gabbro, as well as from the secondary mineralization in the 
Layered Series. The light grey field represents the mantle range for δ56Fe (from Dauphas et al., 2017). Error bars are 2σ. Note that, apart from the low Cu/Pd zone at 
Sally, none of the data points for chalcopyrite and pyrrhotite within a given zone overlap. 
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BMS in the Marathon deposit, and the lack of sedimentary rocks in the 
vicinity of the deposit, contamination must have occurred at depth 
(Brzozowski et al., 2021a, 2020a; Shahabi Far et al., 2018). Thus, it is 
not possible to obtain samples of the contaminant to characterize its Fe 
isotope composition. That being said, it is unlikely that this contami-
nation generated the variability in Fe isotopes. This is because, at R 
factors >100, the Fe isotope composition of the sulfide liquid would 
have completely equilibrated with pulses of uncontaminated silicate 

melt, such that any isotope signatures from the contaminant would have 
been overwhelmingly diluted and homogenized to a value of (mantle 
value - fractionation factor) (Figs. 6 and 7). This is what is observed in 
the δ65Cu–Δ33S (and S/Se) composition of BMSs in the Footwall Zone, 
Main Zone, and W Horizon in the Marathon deposit (Brzozowski et al., 
2021a, 2020a; Shahabi Far et al., 2018), although a range of Cu and S 
isotope values is recorded given their higher sulfide liquid/silicate melt 
concentration ratios (~2000 and ~ 1300, respectively) compared to Fe 

Fig. 6. Binary diagrams illustrating the variation between (a–b) δ56Fe–Cu/Pd–S/Se of pyrrhotite and (c–d) δ56Fe–Cu/Pd–S/Se of chalcopyrite from the mineralized 
zones in the Eastern Gabbro. Error bars (2σ) are generally similar to or smaller than the symbol size. The mantle ranges for δ56Fe, Cu/Pd, and S/Se are from Dauphas 
et al. (2017), Barnes et al. (1993) and Barnes et al. (2015b), and Eckstrand and Hulbert (1987) and Palme and O’Neil (2014), respectively. The curves represent 
modeled variations in δ56Fe, Cu/Pd, and S/Se with respect to varying R factors from 100 to 1000,000 and using different chalcopyrite:pyrrhotite ratios for the 
Footwall Zone, Main Zone, and W Horizon. The full curves and dashed curves represent the isotope compositions of pyrrhotite and chalcopyrite, respectively. Labels 
along the curves denote R factor. Error bars are 2σ. 
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(~3), which allowed them to preserve the contaminant signature to 
variable degrees at low to moderate R factors (Fig. 7) (Shahabi Far et al., 
2018). 

5.2. Fractionation of Fe isotopes by hydrothermal- and/or redox-related 
processes 

It is known that hydrothermal alteration can fractionate Fe isotopes 
in rocks, with δ56Fe potentially increasing with degree of alteration 
(Rouxel et al., 2003). This fractionation can be the result of differences 
in oxidation state between the hydrothermal fluid and the solid phase of 
interest, with the phase containing the higher oxidation state of Fe being 
enriched in the heavier isotopes (Schauble, 2004). Although evidence 
exists for the presence of hydrothermal fluids in the Eastern Gabbro, 
including secondary chalcopyrite that represents remobilization of 
metals at a scale no larger than a mineralized zone (Brzozowski et al., 
2020a), thin (<1 mm) late-stage veins of Fe–Mg phyllosilicates that 
crosscut all of the rocks in the Eastern Gabbro (Brzozowski et al., 2018), 
and localized alteration comprising the replacement of olivine and py-
roxene by chlorite–amphibole–serpentine assemblages (Brzozowski 
et al., 2020a, 2018; Good et al., 2015), it is unlikely that these fluids 
affected the Fe isotope composition of chalcopyrite and pyrrhotite for a 
number of reasons. 

First, although some chalcopyrite are secondary, all of the pyrrhotite 
are primary and are the product of exsolution from MSS (Brzozowski 
et al., 2020a). The Fe isotope composition of the potentially remobilized 
chalcopyrite (0.75 ± 0.05‰, 2σ, n = 2) are indistinguishable from pri-
mary chalcopyrite (0.76 ± 0.00‰, 2σ, n = 2) hosted within the same 
sample (M11–514-484.36, Table 2). Second, with the exception of one 
chalcopyrite–pyrrhotite pair, the Δ56FeCcp–Po (1.05–1.69‰, n = 8, 
Table 2) are within the range of reported values for primary chalco-
pyrite–pyrrhotite pairs in other magmatic Ni–Cu–PGE deposits (Ding 
et al., 2019; Zhao et al., 2019). Further, the degree of alteration in the 
Marathon Series is minor compared to the system-wide alteration 
exhibited by magmatic–hydrothermal deposits (e.g., porphyry–skarn), 
with secondary pyrite (i.e., a common secondary BMS in magma-
tic–hydrothermal systems) being rare (Graham et al., 2004). This 

alteration is variable among the mineralized zones in the Eastern Gabbro 
(Good et al., 2017; Shahabi Far, 2016), yet the Fe isotope composition of 
pyrrhotite among these zones is indistinguishable (Fig. 5). Finally, 
pyrrhotite in secondary mineralization associated with albite and 
actinolite in the Layered Series has an Fe isotope composition that is 
indistinguishable from primary pyrrhotite in the Marathon Series 
(Fig. 5). This evidence strongly argues against a hydrothermal origin for 
the observed Fe isotope variability in the BMS in the Eastern Gabbro. 

Zhao et al. (2019) suggested that the Fe isotope composition of bulk- 
rock samples and chalcopyrite in the Tulaergen Ni–Cu deposit frac-
tionated as a result of a decrease in the Fe2+/Fe3+ ratio of the silicate 
melt as it fractionated Fe2+-bearing minerals and evolved. Such a pro-
cess could not have generated the range of Fe isotopes in pyrrhotite and 
chalcopyrite in the Eastern Gabbro considering that the majority of 
analyses are of BMS hosted by a single rock unit, the Two Duck Lake 
Gabbro, which crystallized from a crystal mush that was replenished by 
multiple pulses of silicate melt rather than having undergone simple 
fractionation (Brzozowski et al., 2021b; Good et al., 2015; Shahabi Far 
et al., 2019). Second, Brzozowski et al. (2021a) demonstrated that 
changes in the proportion of Fe2+/Fe3+ of a silicate melt during melt 
evolution was not important in controlling the Cu isotope composition 
of chalcopyrite in the Eastern Gabbro. It is, therefore, also unlikely that 
the variability in δ56Fe of chalcopyrite was the result of changes in the 
redox state of Fe in the silicate melt. Lastly, since Fe in pyrrhotite largely 
occurs as Fe2+ (Goh et al., 2006), it is also improbable that changes in 
the redox state of Fe in the silicate melt affected the Fe isotope 
composition of pyrrhotite. Therefore, the variability in the Fe isotope 
composition of both pyrrhotite and chalcopyrite in the mineralized 
zones of the Eastern Gabbro were not controlled by hydrothermal and 
redox-related processes. 

5.3. Fractionation within and between monosulfide and intermediate solid 
solutions 

Crystallization of an immiscible sulfide liquid to the BMS assem-
blages present in rocks comprises a series of steps: i) Crystallization of 
MSS (1180–900 ◦C) and generation of a residual Cu-rich liquid; ii) 
Crystallization of ISS from the residual Cu-rich liquid (900–800 ◦C); iii) 
Exsolution of pyrrhotite–pentlandite from MSS and chalcopyr-
ite–bornite from ISS (650–200 ◦C); Exsolution of cubanite from chal-
copyrite (<210 ◦C) and troilite from pyrrhotite (<145 ◦C) (Cabri, 1973; 
Dutrizac, 1976; Ebel and Naldrett, 1996; Kellerud et al., 1969; Lusk and 
Bray, 2002; Tsujimura and Kitakaze, 2004). It is known that Fe isotopes 
fractionate among minerals, with the heavy isotope generally favoring 
the mineral with the greatest bond stiffness (e.g., where Fe occurs in a 
higher oxidation state, where Fe occurs in a low coordination number, 
and where the bonds with Fe are largely covalent) (O’Neil, 1986; 
Schauble, 2004). Accordingly, it is expected that pyrrhotite will be 
isotopically lighter than chalcopyrite as it primarily contains Fe2+, 
whereas chalcopyrite primarily contains Fe3+ (Goh et al., 2006). This is 
what is observed in the Eastern Gabbro (Fig. 5) and in other Ni–Cu–PGE 
systems (Fig. 1). The extent of Fe isotope fractionation between chal-
copyrite–pyrrhotite (Δ56FeCcp–Po) was reported by Zhao et al. (2019) and 
Ding et al. (2019) to be in the range of 1.06–1.77‰. The fractionation 
factors calculated between chalcopyrite–pyrrhotite pairs in this study 
(1.05–1.69‰, except for an outlier of 0.8‰) are in good agreement with 
these values. 

Because MSS crystallizes before ISS and preferentially incorporates 
isotopically light Fe, it will effectively control the amount of 54Fe present 
in the residual Cu-rich liquid and hence the amount available for uptake 
by the later-crystallizing ISS. Therefore, the amount of MSS that crys-
tallizes from a sulfide liquid will control the Fe isotope composition of 
ISS — the more MSS that crystallizes, the higher the δ56Fe of ISS. Based 
on bulk-rock Cu and S contents from 45 drill holes that intersect the 
various mineralized zones in the Eastern Gabbro, and visual estimation 
of mineral proportions under reflected light, the average proportion of 

Fig. 7. Numerical model illustrating the variation in δ56Fe, δ65Cu, and δ34S as a 
function of R factor. The modeling was done in the same manner as for Fig. 6. 
The parameters for modeling Fe isotope variations are provided in the Elec-
tronic Annex, where those for modeling Cu isotope variations are provided in 
Brzozowski et al. (2021a). For modeling of S isotope variations, the initial 
concentrations of S in the silicate and sulfide melt were set to 250 ppm and 36 
wt%, respectively, the initial isotope compositions of the silicate and sulfide 
melt were set to 0‰ and − 1‰ (i.e., within the range of mantle values and 
sulfides in the Marathon deposit, Ripley and Li, 2003; Shahabi Far et al., 2018), 
respectively, and the sulfide liquid–silicate melt fractionation factor was set to 
0‰ (Ripley and Li, 2003). 
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pyrrhotite to chalcopyrite generally decreases in the order Footwall 
Zone > Main Zone ≈ Four Dams ≈ Sally > Redstone > W Horizon 
(Fig. 3). If the Fe isotope composition of chalcopyrite is inherited from 
ISS during exsolution and the Fe isotope ratio is controlled by the pro-
portion of MSS that crystallized from the sulfide liquid, δ56FeCcp should 
decrease in this order, as is observed. The Fe isotope composition of 
chalcopyrite is heaviest in the Footwall Zone and decreases to the Main 
Zone–Four Dams–Sally and then the W Horizon (Fig. 5). 

The effect that MSS crystallization has on the Fe isotope composition 
of chalcopyrite is most evident in the W Horizon samples, which 
generally lack significant amounts of pyrrhotite. Chalcopyrite in these 
samples is characterized by δ56Fe that straddles the mantle range and 
extends to values similar to pyrrhotite (Fig. 5). Accordingly, because the 
abundance of pyrrhotite, and hence MSS, is very low in this zone (Fig. 3), 
54Fe was not sequestered into this early crystallizing phase. The chal-
copyrite that formed from the sulfide liquid in this mineralized zone 
would, therefore, have an Fe isotope composition similar to pyrrhotite. 

If the Fe isotope composition of chalcopyrite in the W Horizon was 
unaffected by fractionation caused by MSS and ISS crystallization, then 
it should be representative of the Fe isotope composition of the sulfide 
liquid, the average of which is − 0.2‰ (Table 2). We can use this sulfide 
liquid isotope composition, the range of calculated Δ56FeCcp–Po values 
(1.05–1.69‰), and the estimated proportions of pyrrhotite in the 
Footwall Zone (68–85%) and Main Zone (46–70%) (25th–75th percen-
tile on Fig. 3), to calculate the expected Fe isotope composition of these 
BMSs in these zones using the mass balance equation of Ding et al. 
(2019) (eqs. 4 and 5). Accordingly, the Fe isotope composition of pyr-
rhotite in the Footwall Zone could range from − 0.74‰ to − 0.36‰ and 
in the Main Zone from − 1.11‰ to − 0.52‰. For chalcopyrite in the 
Footwall and Main zones, the Fe isotope composition could range from 
0.51‰ to 1.24‰ and 0.28‰ to 0.98‰, respectively. These calculated 
isotope compositions fall within a similar range as those measured for 
pyrrhotite and chalcopyrite in the Footwall and Main zones (Table 2), 
supporting the interpretation that MSS crystallization affects the Fe 
isotope composition of ISS and the chalcopyrite that exsolves from it. 

This mass balance approach can be expanded upon by simulating the 
Fe isotope composition of chalcopyrite that crystallized after variable 
amounts of MSS (taken as pyrrhotite for simplicity) crystallization using 
a modified version of the isotopic mixing equation of Lesher and Burn-
ham (2001): 

RFe
Ccp =

RFe
Sul ×

[
XFe

CcpFCcp + XFe
Po

(
1 − FCcp

) ]
− RFe

PoXFe
Po

(
1 − FCcp

)

XFe
CcpFCcp

(7)  

where RSul
Fe , RPo

Fe , and RCcp
Fe are the Fe isotope compositions (δ56Fe) of the 

sulfide liquid, pyrrhotite, and chalcopyrite, respectively, XPo
Fe and XCcp

Fe 

are the amounts of Fe in pyrrhotite and chalcopyrite, respectively, and 
FCcp is the proportion of chalcopyrite in a given mineralized zone. Pyr-
rhotite and chalcopyrite are used to represent MSS and ISS, respectively, 
because they are the dominant BMSs in the mineralized zones of the 
Eastern Gabbro. As described for the mass balance calculation above, the 
Fe isotope composition of the sulfide liquid (RSul

Fe ) for this modeling was 
set to − 0.2‰, which is the average Fe isotope composition of chalco-
pyrite in the W Horizon. The Fe isotope composition of pyrrhotite (RPo

Fe) 
was set to − 0.5‰ to simplify the model; this value is the average δ56Fe of 
pyrrhotite in the Footwall and Main zones (no pyrrhotite was analyzed 
in the W Horizon as it is rare in this zone). Stoichiometric Fe contents 
were used for XPo

Fe and XCcp
Fe . 

The modeling results reproduce the trend of measured δ56Fe of 
chalcopyrite in the W Horizon at the range of MSS/ISS estimated based 
on bulk-rock Cu–S (Figs. 3 and 7). The modeled values for chalcopyrite 
in the Footwall and Main zones, however, are slightly overestimated 
relative to the measured values (Fig. 8). In the model, only pyrrhotite 
was considered as having exsolved from MSS as it is the dominant Fe- 
rich BMS in the Marathon deposit and its Fe isotope composition has 

been characterized. There is, however, minor amounts of pentlandite in 
the Eastern Gabbro (as blebs and flames in pyrrhotite), which also 
exsolved from MSS (Fig. 4a–c). As indicated by bulk-rock Cu/Ni ratios 
(Table 1), the abundance of pentlandite increases from the W Horizon, 
to the Main Zone, to the Footwall Zone. Because the abundance of 
pentlandite is always lower than pyrrhotite in the Eastern Gabbro, and 
pentlandite is isotopically heavier than pyrrhotite (δ56FePn = 0.06 ±
0.08‰, Bekker et al., 2009; Bilenker et al., 2018), formation of MSS that 
recrystallizes to pyrrhotite with minor amounts of pentlandite will in-
crease the δ56Fe of chalcopyrite to a lesser extent than the formation of 
MSS that recrystallizes completely to pyrrhotite. This explains why the 
measured δ56Fe of chalcopyrite in the Footwall and Main zones falls 
below the modeled values, whereas the measured values in the W Ho-
rizon more closely match the modeled values (Fig. 8). Essentially, the 
more pentlandite that exsolves from MSS (W Horizon < Main Zone <
Footwall Zone), the greater the discrepancy between measured and 
modeled δ56FeCcp (W Horizon < Main Zone < Footwall Zone). There-
fore, the ~1.8‰ variation in δ56Fe of chalcopyrite throughout the 
Eastern Gabbro is likely the result of crystallization of variable amounts 
of MSS before ISS from the sulfide liquid. 

The presence of pentlandite can also explain the ~1.3‰ variation in 
δ56Fe of pyrrhotite throughout the Eastern Gabbro. Because pentlandite 
is isotopically heavier than pyrrhotite and exsolves from MSS, it will 
preferentially incorporate 56Fe, lowering the δ56Fe value of the residual 
MSS and, thus, the δ56Fe value of pyrrhotite that also exsolves from MSS. 
Therefore, the Fe isotope composition of pyrrhotite will depend on the 
amount of pentlandite that exsolves from MSS – the more pentlandite 
that exsolves, the lower the δ56Fe of pyrrhotite. Additionally, incorpo-
ration into the pyrrhotite samples of variable amounts of pentlandite, 
which occur as blebs and flames in pyrrhotite (Fig. 4 a–c), and/or 
isotopically light troilite (Williams et al., 2006), which is rare, but can 
occur as wavy exsolutions in pyrrhotite (Fig. 4 b), could also generate a 
certain degree of variability in δ56FePo. 

There is currently no work that has characterized the stage at which 
Fe isotopes fractionate in the evolutionary history of magmatic BMSs 
from sulfide liquid to the minerals that we see in rocks. Given that all 
BMSs of interest in magmatic Ni–Cu–PGE systems contain Fe, an un-
derstanding of the timing of isotope fractionation is vital to under-
standing Fe isotope systematics in these systems. The data presented in 
this study, combined with the fact that pentlandite is typically 

Fig. 8. Numerical model illustrating the Fe isotope composition of chalcopyrite 
that crystallized after varying amounts of pyrrhotite. The colored fields illus-
trate the range of δ56Fe of chalcopyrite in the Footwall Zone, Main Zone, and W 
Horizon, and the range of MSS/ISS ratio in the zones based on the 25th–75th 
percentile of Cu/S ratios in each of the zones. The grey dashed arrows illustrate 
the effect that the presence of pentlandite (Pn) in MSS has on the δ56Fe of later- 
crystallizing chalcopyrite. The numbers above the model curve represent the 
ratio of monosulfide solid solution (MSS) to intermediate solid solution (ISS), 
which are represented by pyrrhotite and chalcopyrite, respectively. 
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isotopically heavier with respect to Fe isotopes than pyrrhotite (Bekker 
et al., 2009), suggests that Fe isotopes fractionate at all stages in the 
evolution of a sulfide liquid – at high temperatures (1100–800 ◦C) when 
MSS and ISS crystallize from a sulfide liquid, and at lower temperatures 
(650–200 ◦C) when pyrrhotite–pentlandite and chalcopyrite–bornite 
exsolve from MSS and ISS, respectively. 

6. Conclusions 

The Fe isotope composition of pyrrhotite and chalcopyrite from a 
series of geochemically distinct zones of Cu–Pd mineralization in the 
Eastern Gabbro of the Coldwell Complex, Canada were characterized to 
determine if Fe isotopes, like Cu and S isotopes, are robust indicators of 
processes critical to the formation of Ni–Cu–PGE deposits. Although the 
δ56Fe of pyrrhotite are consistently negative and exhibit a variation of 
~1.3‰, there is no systematic variation among the mineralized zones or 
with proxies for mineralizing processes, such as Cu/Pd and S/Se. In 
contrast, the δ56Fe of chalcopyrite is generally heavier than the isotope 
composition of the mantle (apart from the W Horizon), and exhibit a 
variation of ~1.8‰ in which δ56Fe decreases systematically among the 
mineralized zones in the order Footwall Zone, Main Zone ≈ Four Dams 
≈ Sally, and W Horizon. 

Based on geological, mineralogical, and geochemical evidence, and 
numerical modeling, variations caused by source heterogeneity, sulfide 
segregation, crustal contamination, R factor, hydrothermal fluids, and 
redox reactions are ruled out as having controlled the Fe isotope 
composition of BMS. The systematic decrease in δ56FeCcp, however, is 
correlated with the amount of MSS that crystallized from the sulfide 
liquid in each of the mineralized zones (i.e., the higher the MSS:ISS ratio, 
the higher the δ56FeCcp). This indicates that the large range in δ56FeCcp is 
due to the amount of MSS that crystallized before ISS, which controlled 
the Fe isotope composition of the residual Cu-rich liquid from which Cu- 

rich sulfides crystallized by preferentially sequestering 54Fe. The large 
range in δ56FePo is likely due to crystallization of variable amounts of 
isotopically heavy pentlandite from MSS, incorporation of pentlandite 
blebs–flames in pyrrhotite samples, or incorporation of troilite exsolu-
tion in pyrrhotite samples; it is likely that all of these scenarios played a 
role in generating the range of δ56Fe in pyrrhotite. These conclusions 
have important implications for the applicability of Fe isotopes in BMS 
to characterizing magmatic Ni–Cu–PGE systems as the Fe isotope 
composition of two of the most common BMS, pyrrhotite and chalco-
pyrite, are not controlled by mineralizing processes, but rather sub-
solidus processes. 
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Appendix A. Appendix

Fig. A1. Binary diagram illustrating the modeled variation in δ56Fe of a silicate melt as a function of the amount of sulfide liquid that segregated. The grey field 
represents the Fe isotope composition of the mantle (from Dauphas et al., 2017). The dotted lines represent ±0.05‰ from the average mantle value (i.e., typical 
analytical precision for Fe isotopes). The color of the curves represents models calculated using different initial silicate melt compositions (δ56FeLo). The numbers 
along the curves denote the percent sulfide segregated.  

Table B1 
Iron isotope composition of reference materials and geologic standards analyzed in this study.  

Reference material Measured δ56Fe Reference value Measured δ57Fe Reference value Reference 

IRMM-524 0.02 ± 0.06‰ − 0.001 ± 0.013‰ 0.03 ± 0.1‰ 0.003 ± 0.019‰ Craddock and Dauphas (2011) 
HPS 0.61 ± 0.08‰ 0.49 ± 0.05‰ 0.87 ± 0.14‰ 0.74 ± 0.07‰ Beard et al. (2003) 
JM 0.30 ± 0.05‰ 0.25 ± 0.05‰ 0.42 ± 0.16‰ 0.39 ± 0.07‰ Beard et al. (2003) 

(continued on next page) 
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Table B1 (continued ) 

Reference material Measured δ56Fe Reference value Measured δ57Fe Reference value Reference 

BHVO-2 0.13 ± 0.09‰ 0.114 ± 0.011‰ 0.18 ± 0.15‰ 0.174 ± 0.016‰ Craddock and Dauphas (2011) 
BIR-1A 0.05 ± 0.01‰ 0.053 ± 0.015‰ 0.07 ± 0.12‰ 0.087 ± 0.023‰ Craddock and Dauphas (2011) 
BCR-2 0.05 ± 0.04‰ 0.091 ± 0.011‰ 0.11 ± 0.07‰ 0.126 ± 0.017‰ Craddock and Dauphas (2011) 

Analytical uncertainties reported for measurements in this study are two standard deviation. 
Analytical uncertainties reported by Craddock and Dauphas (2011) and Beard et al. (2003) are 95% confidence intervals and one standard deviation, respectively. 
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