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Abstract

Wall-rock assimilation can cause effective sulfide saturation in magmas and lead to the formation of base and
precious metal sulfide deposits. Detailed assessments of how assimilation affects the sulfur content at sulfide
saturation (SCSS) in magmas have been scarce because of the lack of suitable thermodynamic modeling tools.
The Magma Chamber Simulator (MCS) is the first geochemical modeling software that accounts for thermo-
dynamic wall-rock phase equilibrium in open magmatic systems experiencing recharge-assimilation-fractional
crystallization. We used the MCS to model SCSS in a magmatic system corresponding to the parental melt of
the Partridge River intrusion of the Duluth Complex, Minnesota. This intrusion hosts several Cu-Ni deposits
in troctolitic and noritic rocks, which both show evidence of assimilation of the adjacent Virginia Formation
black shale. Our simulations show that the dominantly troctolitic rocks can form via fractional crystallization
if the parental melt is hydrous (21 wt % H20), while gabbroic rocks dominate when the parental melt is HoO
poor (£0.14 wt % Hs0). Formation of norite from the hydrous parental melt requires ~20-30% of selective
assimilation of black shale partial melts or bulk assimilation of stoped blocks. In the fractional crystallization
simulations, increasing the HoO content of the parental melt lowers SCSS. In the hydrous fractional crystal-
lization scenarios, SCSS is lowered further by the depletion of FeO from the residual melt, owing to enhanced
olivine stability. In the assimilation simulations, the residual melt in the magma subsystem becomes enriched
in SiOs, Al2O3, K20, and H2O with simultaneous depletion in FeO, MgO, CaO, and NasO. These composi-
tional changes promote sulfide saturation—an effect that is more pronounced in selective rather than in bulk
assimilation scenarios.

Trace element models, used as a proxy for the efficiency of sulfur assimilation, show that sulfur should behave
as an incompatible element (DWE (S) < 1) to wall rock in the selective assimilation simulations, i.e., enriched in
early-assimilated wall-rock fluids and/or partial melts, in order to fulfill the natural sulfur isotope criteria of the
Duluth Complex. Bulk assimilation may also be efficient enough to modify the sulfur isotope composition, but
it requires a large amount of crystallization in the magma and is, hence, considered less likely to be the main
process for sulfur assimilation. If wall-rock sulfur is effectively transported to the magma, in situ precipitation
of sulfides without notable subsequent upgrading by dynamic processes could produce the sulfide grade of an
average Cu-Ni deposit in the Partridge River intrusion.

Introduction in cotectic proportions, but the concentrations are rarely suf-
ficient for economical exploitation (e.g., Ripley and Li, 2013).

Wall-rock assimilation has been identified as the decisive
process leading to efficient sulfide saturation and formation
of many magmatic Ni-Cu-platinum group element (PGE)
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hypothetical partial melt, and/or fluid are added to the magma
as a bulk component in a single chemical mixing event, often
without considerations of wholesale mass balance (see e.g.,
Ripley and Li, 2013). More often, the effects of assimilation
on SCSS are considered only qualitatively by speculating how
the addition of specific oxide components (e.g., SiOz, K20, or
H>0) would affect the SCSS (Irvine, 1975; Li and Naldrett,
2000; Liu, Y., et al., 2017). While these considerations serve as
a qualitative first-order approximation of how assimilation af-
fects SCSS in magma, they neglect the heat and mass balance,
thermodynamic phase equilibria, and progressive nature of
the assimilation process. In nature, assimilation is inherently
coupled with crystallization, which causes continuous and of-
ten nonlinear solid-melt mass fluxes in the magma (e.g., Bohr-
son et al., 2014; Heinonen et al., 2021). Simultaneously, phase
equilibrium in the progressively heated wall rock dictates the
composition of the assimilated material (e.g., Bohrson et al.,
2014; Heinonen et al., 2021). Recent developments in ther-
modynamically constrained modeling tools for open magmatic
systems (for a review, see Heinonen et al., 2021) has enabled
elaborate assimilation simulations. Only recently, have these
tools been applied to study sulfide saturation in Ni-Cu(-PGE)
crystallizing systems (e.g., Yao and Mungall, 2021).

In this contribution, we use the Magma Chamber Simu-
lator (MCS; Bohrson et al., 2014; 2020) software to simu-
late fractional crystallization (FC), assimilation-fractional
crystallization (AFC), and stoping-fractional crystallization
(SFC) in a magmatic system that corresponds to the well-
studied Cu-Ni—mineralized Partridge River intrusion of the
Duluth Complex, Minnesota. We combine the outcomes of
the MCS simulations with the SCSS model of Smythe et al.
(2017) to show how the SCSS of the magmas going through
FC, AFC, and SFC processes differ from each other. Al-
though we use Partridge River intrusion as our case study,
our purpose is not to create a comprehensive model for its
specific magmatic evolution or mineralization. Rather, we
aim to demonstrate the power and utility of thermodynami-
cally constrained open-system magmatic modeling as ap-
plied to Ni-Cu—critical magmatic systems, in the hope that a
similar approach can be adopted more widely in the research
related to these systems.

Geologic Setting of the Duluth Complex

Igneous rocks and sulfide deposits

The Duluth Complex, Minnesota (Fig. 1), is a large
(>5,500 km?) assemblage of dominantly mafic intrusions
that were emplaced underneath the cogenetic continental
flood basalts of the North Shore Volcanic Group (Miller et
al., 2002). Overall, the magmatic event extended from 1109
to 1084 Ma, but the bulk of the Duluth Complex formed in
less than a million years at ~1096 Ma (Swanson-Hysell et al.,
2021). This main stage of magmatism is manifested by the
Anorthositic and Troctolitic Series layered intrusions (Fig. 1),
named after their characteristic rock types (e.g., Miller et al.,
2002). A variety of ultramafic, gabbroic, and noritic rocks are
also present, and locally dominant, in both the Anorthositic
and Troctolitic Series intrusions (e.g., Rao and Ripley, 1983;
Miller and Ripley, 1996; Miller et al., 2002; Ripley et al., 2007;
Queffurus and Barnes, 2014). Pegmatitic troctolites are also

present locally (Severson and Barnes, 1991; Ripley et al.,
1993; Severson et al., 1996).

The rock names used henceforward comply with the termi-
nology of Phinney (1972), which has been historically widely
applied to the Duluth Complex (e.g., Miller and Weiblen,
1990; Severson et al., 1996; Miller et al., 2002). The Troc-
tolitic Series intrusions formed by emplacement of multiple
consecutive sheets of olivine £ plagioclase-bearing magmas
(Miller and Ripley, 1996; Ripley et al., 2007). The generation
of the associated rock types, from peridotites to various troc-
tolitic and gabbroic rocks, has been attributed to the varying
dominance of fractional crystallization, crystal accumulation,
and equilibrium crystallization (Chalokwu et al., 1993; Miller
and Ripley, 1996; Ripley et al., 2007). The peridotites and
troctolites are meso- and orthocumulates and formed by the
compaction of the olivine + plagioclase phenocrysts, whereas
the gabbroic rocks formed via equilibrium crystallization from
the expulsed residual melt (Chalokwu et al., 1993; Ripley et
al., 2007). The typical crystallization sequence is olivine —
plagioclase + olivine — plagioclase + olivine + clinopyrox-
ene * orthopyroxene (Miller and Ripley, 1996; Miller et al.,
2002). Plagioclase with anorthite (An) content between Anss
and Angs typically constitutes 50-80 vol % of the troctolites
and gabbros (Mainwaring and Naldrett, 1977; Rao and Ripley,
1983; Chalokwu et al., 1993; Lee and Ripley, 1996; Miller et
al., 2002; Ripley et al., 2007). Olivine composes 10-30 vol %
of the troctolites and gabbros and reaches 70 vol % in the
peridotitic rocks. Olivine composition ranges from forsterite
(Fo) content Fori to Fogg (Rao and Ripley, 1983; Lee and Ri-
pley, 1996; Miller and Ripley, 1996; Miller et al., 2002; Ripley
etal., 2007), but the primary forsterite contents were approxi-
mately Foss79 before equilibration with the trapped liquid
(Chalokwu et al., 1993). The clinopyroxene, with Mg# gener-
ally between 40 and 80, is mostly interstitial, and its modal
proportion is typically 0-20 vol %, but in a few meter-scale
layers clinopyroxene is oikocrystic and reaches modal pro-
portions up to 90 vol % (Rao and Ripley, 1983; Miller et al.,
2002; Ripley et al., 2007). Magmatic biotite (up to 8 vol %) is
a common interstitial phase in the intrusions, indicating that
the magmas were hydrous (Weiblen and Morey, 1980; Saini-
Eidukat et al., 1990; Ripley et al., 1993, 2007).

Norites are volumetrically minor, and they are mainly pres-
ent along the contacts to the Virginia Formation black shale
footwall and xenoliths (Rao and Ripley, 1983; Thériault and
Barnes, 1998; Ripley et al., 2007; Queffurus and Barnes, 2014;
Samalens et al., 2017). The presence of black shale footwall
and xenoliths with restitic minerals and recrystallized partial
melt has been taken as evidence that the norites formed when
the Duluth Complex parental melt assimilated black shale
partial melts (Ripley and Alawi, 1986; Thériault and Barnes,
1998; Queffurus and Barnes, 2014; Samalens et al., 2017). The
absence of sharp compositional gradients around the restitic
xenoliths implies that the partial melt assimilation occurred
when the magma was mostly molten and widespread chemical
mixing was possible (Ripley and Alawi, 1986).

Sulfides are common minor constituents of most of the rock
types in the Duluth Complex. The basal Troctolitic Series in-
trusions of the Duluth Complex host ~10 known magmatic
Cu-Ni(-PGE) sulfide deposits (Fig. 1) with a combined ton-
nage of 4.4 billion tons (Gt) at 0.66 wt % Cu and 0.2 wt % Ni
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Fig. 1. A geologic map of the Duluth Complex, Minnesota, and the adjacent bedrock. PGE = platinum group element, PRI
= Partridge River intrusion, SKI = South Kawishiwi intrusion. Modified after Benké et al. (2018).

(Listerud and Meineke, 1977; Miller et al., 2002). Troctolites
host ~70% of the deposits, while the rest are present within
norites and the black shale footwall and xenoliths (Severson
and Barnes, 1991; Miller et al., 2002). Sulfur isotope data sug-
gest that the Virginia Formation black shale acted as a main
source of sulfur for many of the sulfide deposits (Mainwaring
and Naldrett, 1977; Ripley, 1981; Andrews and Ripley, 1989).
The troctolite-hosted disseminated Cu-Ni sulfide deposits in
the Partridge River intrusion have likely formed by selective
assimilation of sulfur-rich fluids and/or melts from the Virgin-
ia Formation black shale (Ripley, 1981; Rao and Ripley, 1983;
Tyson and Chang, 1984; Thériault and Barnes, 1998; Ripley
et al., 2007). The selective nature of sulfur assimilation is evi-
dent as Sr, Pb, and Nd isotope composition of the troctolites
constrains bulk assimilation to <5 wt %, which cannot explain
the sulfur mass balance (Grant and Molling, 1981; Ripley et
al., 1999b). The norite-hosted deposits with disseminated and
massive sulfides show evidence of more extensive assimilation,
and they likely formed by the introduction of sulfides via sili-
cate partial melts from Virginia Formation xenoliths (Théri-
ault and Barnes, 1998; Queffurus and Barnes, 2014; Samalens
et al., 2017). Radiogenic isotopic data of the norites is scarce
compared to the troctolites, but oxygen isotopes indicate

that black shale assimilation is generally more than 20 wt %
(Ripley et al., 2007).

Virginia Formation black shale wall rock

The Virginia Formation black shale (Fig. 1) is mostly com-
posed of kerogen- and sulfide-bearing argillites with quartz,
muscovite, chlorite, and albitic plagioclase as the main min-
erals (Bonnichsen, 1975; Ripley et al., 2001). The Virginia
Formation has been contact metamorphosed by the Duluth
Complex magmas (Bonnichsen, 1975; Severson et al., 1996;
Sawyer, 2014). In the distal part of the contact aureole, bio-
tite and cordierite partially replace muscovite and chlorite
due to subsolidus devolatilization reactions (Sawyer, 2014). A
metatexitic migmatite zone marks the onset of partial melt-
ing of biotite, feldspar, and quartz (Sawyer, 2014). The pri-
mary bedding is mainly preserved in this zone, indicating
that the degree of partial melting was too low for significant
melt percolation (Sawyer, 2014). The degree of partial melt-
ing increases toward the contact in the diatexite migmatite
zone and in the xenoliths, where continuous melt networks
were present (Sawyer, 2014) and partial melt expulsion was
possible. This zone records gradational phase changes, includ-
ing formation of orthopyroxene, complete melting of biotite,
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K-feldspar, and quartz, and finally orthopyroxene (Bonnich-
sen, 1975; Sawyer, 2014). Estimates of the maximum temper-
ature of metamorphism range from ~870 to ~920°C (Holness
and Sawyer, 2008; Sawyer, 2014; Benkd et al., 2015) and pres-
sure from 150 to 300 MPa (Bonnichsen, 1975; Frost et al.,
2007; Sawyer, 2014).

Thermodynamic Modeling

Brief descriptions of the thermodynamic and SCSS modeling
performed in this work are given here and summarized in Fig-
ure 2. A comprehensive description of the modeling software,
reasoning behind each input parameter, and the input and
output files for each simulation are included in Appendices
1 and 2. To simulate the phase equilibria and major element
compositions, we used the MCS (Bohrson et al., 2014, 2020;
Heinonen et al., 2020), which is coupled with the thermody-
namic engine of the rhyolite-MELTS software (Ghiorso and
Sack, 1995; Gualda et al., 2012; Ghiorso and Gualda, 2015; for
a detailed description, see App. 1). All the simulations were
conducted at 200 MPa pressure, which is in the range of esti-
mated emplacement pressures of the stratigraphically lowest
Duluth Complex intrusions (Bonnichsen, 1975; Frost et al.,
2007; Sawyer, 2014). We selected a parental melt composition
KEW-6 (Basaltic Volcanism Study Project, 1981) from the
cogenetic North Short Volcanic Group volcanic rocks for the
troctolite-dominated intrusions of the Duluth Complex (Ta-
ble 1). We conducted 12 closed-system FC simulations with
various initial HO contents (dry, 0.14, 1, and 2.25 wt %) and
oxygen fugacity (fo,) conditions (Fig. 2). The initial fo, buffers,
and hence the FeO/FeOs3 of the parental melt (App. 1, Table
Al), were determined to be at the fayalite-magnetite-quartz
buffer (AFMQ; 0; the lowercase i denotes initial) as well as
at one (AFMQ; —1) and two (AFMQ; —2) log units lower than
the FMQ buffer. The rock types, formed via perfect crystal
accumulation during 80 mass units (m.u.) of crystallization

(total system mass 100 m.u.) in the simulations, are compared
with a stratigraphical column (Fig. 3) from the unit IV of the
Partridge River intrusion representing uncontaminated troc-
tolites (Severson et al., 1996). The chemistry of the solids and
melt in the simulation that we considered the most plausible
for the unit IV of the Partridge River intrusion are compared
with natural cumulate compositions (see below). Similar com-
parisons are provided for three other Duluth Complex paren-
tal melt compositions (Miller and Weiblen, 1990; Chalokwu et
al., 1996; Lee and Ripley, 1996) in Appendix 1.

We used the model of Smythe et al. (2017) to determine
the SCSS in the FC simulations defined in Figure 2. Ripley
and Li (2013) used an S content of 800 ppm for the Duluth
Complex parental melt and considered S as a completely in-
compatible element with respect to the crystallizing silicates
and oxides in the magma. Accordingly, we adopted a parental
melt S content of 800 ppm for our simulations and used a
bulk partition coefficient of 0.001 between the crystallizing
solids and the residual melt. A static bulk sulfide composition
for the simulations (38.2% Fe, 8.6% Cu, 2.9% Ni, and 50.3%
S) was tentatively estimated using the average composition of
the Duluth Complex Cu-Ni deposits (Listerud and Meineke,
1977). Modeling a dynamic sulfide composition would require
knowledge of Cu and Ni contents and partition coefficients
for the phases present in the parental melt and wall rock as
well as incorporation of a thermodynamic model for sulfides,
which is out of the scope of this study.

The parental melt which by visual estimation produced
the best fit with the natural data in the FC simulations (i.e.,
HoO = 1 wt %,fo2 = AFMQ; —2), was selected as the start-
ing composition for both the AFC and SFC simulations (Fig.
2). A representative black shale composition from the Virginia
Formation outside the contact aureole (VF-BS1; Table 1) was
chosen for the wall rock. For the AFC simulations, we tested
wall-rock masses of 50 and 100 m.u. as well as initial wall-rock

| Fractional crystallization simulations |

| Fractional crystallization + assimilation simulations |

[Fiaue s | <«—

v v

Table 1 AFC SFC
| Figure 3 | I
50 m.u. 50 m.u. 100 m.u. 100 m.u. 3x10 m.u. | | 4x10 m.u.

0.14 wt.% H,0 500 °C 600 °C 500 °C 600 °C 700 °C 700 °C

PR > [Fiowe7 | '

Trace element
2.25wt.% H,0 model for sulfur A 4
—)p| SCSS SCSS
v D" (S) = 0.001 model model
Figures 5-6 SCSS
model DY (S)=1
Figures Figures
D"" (S) =100 9A +10A,C 9B + 10B, D

Fig. 2. A flow chart summarizing the conducted Magma Chamber Simulator and sulfur content at sulfide saturation (SCSS)
simulations and illustrations (blue boxes) related to each simulation. Twelve fractional crystallization simulations (green
boxes) were conducted with different H2O contents and initial fo_ conditions. The purple arrows track the parental melt used
in the assimilation-fractional crystallization (AFC) and stoped block bulk assimilation-fractional crystallization (SFC) simula-
tions. The DWE (S) stands for the sulfur bulk partition coefficient between the wall-rock residual and partial melt. FMQ =

fayalite-magnetite-quartz buffer, m.u. = mass unit.
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Table 1. Natural Compositions Used to Determine the Parental Melt and
Wall-Rock Compositions for the Magma Chamber Simulator Simulations

KEW-6! VF-BS12 Black shale (avg)?
SiOg (wt %) 48.52 62.31 60.39
TiO2 0.72 0.70 1.00
Al,O3 17.57 15.02 16.76
Cr203 0.05 n.d. n.d.
Fe O3 2.18 1.60 n.d.
FeO 6.1 4.77 7.90
MnO 0.13 0.0580 n.d.
MgO 8.65 3.05 3.41
CaO 9.44 0.63 0.63
Na2O 2.57 2.05 2.05
K20 0.17 3.09 3.34
P05 0.03 0.132 n.a.
H>O 2.25 3.66 3.92
Corganic n.d4 1.08 n.d.
Cinorganic n.d. 0.13 n.d.
COq 0.00 n.d. n.d.
Total 98.38 98.28 99.40
$ (ppm) 100 3,690 6,000
Ce 6.8 65.2

n.d. = no data available

10livine tholeiite from the North Shore Volcanic Group (Basaltic Volcanism
Study Project, 1981)

2Virginia Formation black shale sample VF-BS1 from drill core MDDP2
(Virtanen et al., 2021)

3Average composition of eight samples from drill core MDDP2 (Rao and
Ripley, 1983)

temperatures of 500° and 600°C (Fig. 2). In these simulations,
the degree of wall-rock partial melting is constrained by the
cooling and crystallizing host magma. The proportion of the
wall-rock partial melt that surpasses the percolation thresh-
old of 10 wt % is introduced to the magma. Only the best fit
simulation is described in detail (Fig. 2), but all the input and
output files from the AFC simulations are available in Appen-
dix 2. In the SFC simulations, the wall-rock material was pre-
heated to 700°C and bulk assimilated to the magma in three
(SsFC) or four (S4FC) stoping events (Fig. 2). Each stoping
event introduced 10 m.u. of wall-rock material to the magma.
The rock sequences formed in the assimilation simulations are
compared with a stratigraphical column from unit I of the Par-
tridge River intrusion, which shows signs of assimilation.

For the SCSS models of the AFC and SFC simulations, we
used the same parental melt parameters as for the FC simula-
tion. An estimated average S content of the Virginia Forma-
tion black shale, 6,000 ppm (Rao and Ripley, 1983; Table 1),
was adopted for the wall-rock material. With the current lack
of comprehensive thermodynamic models for sulfides, we
used the trace element protocol of the MCS (Heinonen et al.,
2020) as a tentative proxy for sulfur mobilization and trans-
portation in the AFC simulations. We selected suitable bulk
partition coefficients between the wall-rock residual (minerals
+ fluid) and partial melt, DV (S), of 0.001, 1, and 100 (Fig.
2). These bulk partition coefficients combine partition coef-
ficients of all phases and are explained in Appendix 1.

Results of the Thermodynamic Modeling

Fractional crystallization simulations

The rock types formed in the FC simulations are described
following the rock classification of Phinney (1972). With dry

parental melt and fo, at AFMQ; 0, a small mass of anorthosite
forms first, which is followed by anorthositic troctolite (+ or-
thopyroxene), and gabbro (Fig. 3). More reducing conditions
at AFMQ; —1 and -2 promote olivine crystallization, which re-
sults in a smaller mass of early anorthosite, followed by either
anorthositic troctolite or troctolite (Fig. 3). The amount of the
dominant gabbro is nearly constant regardless of the initial fo,
conditions (Fig. 3).

The addition of 0.14 wt % H-0 to the parental melt increas-
es the stability of olivine compared to the dry melt with the
same initial fo,. The simulation with fo, at AFMQ; 0 produces
a small mass of anorthosite, which is followed by anorthositic
troctolite, troctolite, and norite before the formation of a large
mass of gabbro (Fig. 3). With AFMQ; -1, olivine joins pla-
gioclase as the first crystallizing phase, and consequently the
early anorthosite is followed by anorthositic troctolite (Fig. 3).
Subsequently, troctolite forms and grades into gabbro (Fig.

3). When the fo, is set to AFMQ; 2, the rock sequence con-
sists of troctohte and gabbro (Fig. 3).

The rock sequence produced with the parental melt with
intermediate HoO content of 1 wt % starts with a small mass
of dunite (Fig. 3). The dunite is followed by troctolite and
then when clinopyroxene stability gradually increases, first by
olivine gabbro and then by gabbro (Fig. 3). Finally, gabbro is
followed by second troctolite, as olivine becomes stable (Fig.

3). The FC simulation with fo_, at AFMQ; —1 produces simi-
lar stratigraphy but with a hi ?her amount of olivine-bearing
rock types (Fig. 3). Because ohvme stability further increases
with AFMQ; -2, augite troctolite disappears from the rock se-
quence (Fig. 3).

All the parental melts with H>O content of 2.25 wt % pro-
duce a rock sequence starting with dunite, which is followed
by troctolite, olivine gabbro, and augite troctolite (Fig. 3).
The amount of dunite, troctolite, and anorthositic troctolite
increases with 1ncrea51ngly reducmg initial fo (Fig. 3). With
the fo, at AFMQ; 0 and -1, intermittent norite forms within
the auglte troctolite (Fig. 3) In the most reduced simulation,
norite is absent, although minor orthopyroxene appears brief-
ly in the rock assemblage within the augite troctolite (Fig. 3).

To summarize the results of the rock types formed in the
FC simulations: the parental melt compositions with 1 and
2.25 wt % of H2O and fo, at AFMQ; -2 produce the most
olivine-rich rocks and hence are the best fits to the natural
lithostratigraphy of the Partridge River intrusion (Fig. 3).
The minerals produced in the FC simulation with parental
melt containing 1 wt % H2O and fo, at AFMQ; -2 are de-
scribed in more detail here. The presented modal proportlons
are rounded to the nearest 5 wt % for simplicity, and minor
spinel is excluded from the mode. Olivine with Fosgs g5 is the
only silicate present in the dunite. The first troctolite contains
70 wt % of plagioclase with anorthite content ranging from
Anrs to Angs and 30 wt % olivine with forsterite content from
Foso to Foss. The amount of plagioclase in the olivine gabbro
is 50 wt %, and its anorthite content progressively decreases
during the simulation from Anzs to Aney. Augite, with Mg#
ranging from 75 to 82, composes 40 wt % of the olivine gab-
bro, while 10 wt % is olivine with composition evolving from
Foss to Forg. The gabbro consists of 45-55 wt % plagioclase
with a compositional range from Angy to An74 and 45-55 wt
% of augite and pigeonite with Mg# from 69 to 75 and 57
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Fig. 3. A natural cumulate sequence of unit IV of the Partridge River intrusion at the Babbitt deposit drill core B1-119 (Sev-
erson et al., 1996) and the rock sequences produced with the fractional crystallization simulations (Bohrson et al., 2020) at 20
wt % residual melt left. The unit I was affected by the assimilation of the Virginia Formation black shale. The parental melt
compositions were varied in terms of initial fo_ and H2O. Simulated rock sequences were constructed with the help of the
Magma Chamber Simulator Visualizer tool (Bozhrson et al., 2020). The simulation results illustrate relative masses for differ-
ent rock types, whereas the drill core illustrates relative volumes—this difference in units has little effect when comparing
such mafic compositions. The rock classification diagram with plagioclase (plg), olivine (ol), and clinopyroxene (cpx) is from
Phinney (1972). FMQ = fayalite-magnetite-quartz buffer, opx = orthopyroxene.

to 68, respectively. Finally, the late troctolitic rocks are com-
posed of 2025 wt % of olivine, 60-70 wt % of plagioclase,
and 5-10 wt % of clinopyroxene. The troctolite olivine com-
positions range from Fos to Fosz, plagioclase composition
from Anss to Angs, and clinopyroxene Mg# from 23 to 66. The
bulk and incremental solid as well as melt compositions from
this FC simulation are shown in Harker diagrams with Al,Os,
FesOstol, MgO, and CaO (Fig. 4), i.e., the dominant major
element oxides controlled by olivine, plagioclase, and clino-
pyroxene. The incremental solid compositions show the com-
position of solids formed in each simulated 5°C fractionation
step, and the bulk composition is a summation of the incre-
mental solids formed.

Sulfide saturation in the fractional crystallization
simulations

In the dry magma, sulfide saturation occurs at 37 m.u. crystal-
lization and at the temperature of 1,215°C (Figs. 5, 6). The
addition of 0.14 wt % H30 to the parental melt shifts the sul-
fide saturation to 29 m.u., and the corresponding tempera-
ture is 1,205°C (Figs. 5, 6). The parental melt with 1 wt % of

HsO reaches sulfide saturation at 13 m.u. crystallization and
at the temperature of 1,170°C (Figs. 5, 6). In the most hy-
drous parental melt with 2.25 wt % HO, sulfide saturation
takes place at 3 m.u. crystallization, while the temperature is
1,145°C (Figs. 5, 6). In summary, with increasing initial HO
both the temperature at sulfide saturation and the amount of
prior crystallization decrease.

The amounts of precipitated sulfides presented here have
been calculated relative to the mass of the whole magma sys-
tem, i.e., solids + melt (see App. 1 for details). The negative
amounts shown in the sulfide precipitation diagram indicate
how much sulfide with fixed composition should be added
to reach sulfide saturation (Fig. 6). Sulfur content in the dry
parental melt exceeds SCSS at 1,215°C, and the amount of
precipitated FeCuNiS sulfides reaches 0.06 wt % at ~1,160°C
(Fig. 6). Then the amount of FeCuNiS sulfide decreases to
0.02 wt % at ~1,110°C after which the amount increases close
to the maximum at ~1,030°C (Fig. 6). In the parental melt
with initial HoO content of 0.14 wt %, the main temperature
interval for FeCuNiS sulfide precipitation is between ~965°
and 1,205°C during which the mass of solids increases from
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Fig. 4. (A-D) Selected solid and melt oxide compositions from the fractional crystallization simulation conducted with the
parental melt containing 1 wt % H»O and initial fo_ at AFMQ; -2 as well as from the natural camulates from the unit IV of the
Partridge River intrusion. The incremental solids indicate the composition of the solids formed within one fractionation step
in the simulation, whereas the bulk composition is the summation of the previous incremental solid compositions. The data
for the unit IV is from Rao and Ripley (1983), Severson (1991), and Grant and Chalokwu (1992). FMQ = fayalite-magnetite-

quartz buffer.

30 to 92 m.u. (Fig. 6). When the initial HoO content of the
parental melt is 1 wt %, the FeCuNiS sulfide precipitation
occurs within temperature and crystal mass intervals from
~815° to 1,170°C and from 13 to 87 m.u., respectively (Fig.
6). In the simulation, where the HyO content of the paren-
tal melt is 2.25 wt %, the amount of precipitated FeCuNiS
sulfide increases the most when temperature decreases from
1,145° to ~800°C while the crystallized mass increases from 3
to 83 m.u. (Fig. 6).

Assimilation simulations

Assimilation-fractional crystallization and SFC simulations
are described for the parental melt with 1 wt % H2O and fo, at
AFMQ; -2, because it produced the most noritic rocks in the
assimilation simulations. The output of the other AFC and SFC
simulations (see Fig. 2) are not described here but are available
in Appendix 2. In the AFC simulation, assimilation starts when
the parental melt cools from liquidus of 1,226° to 1,180°C and
5 m.u. of solids has formed (Fig. 7). Troctolite forms until the
magma has assimilated 20 m.u. of wall-rock partial melt (Fig.

7). At this point, orthopyroxene replaces olivine in the SiOg-
rich magma, and norite forms. When the wall rock and magma
reach equilibrium temperature at 1,040°C, the total amount
of assimilation is 38 m.u. During the subsequent FC steps,
the norite is followed early on by gabbronorite as clinopyrox-
ene becomes stable (Fig. 7). The amount of clinopyroxene
gradually decreases, however, and gabbronorite is followed by
clinopyroxene-bearing norite (i.e., <5% clinopyroxene) when
the magma temperature is 975°C (Fig. 7). At 855°C, olivine
and clinopyroxene replace orthopyroxene in the crystalliza-
tion assemblage, and augite troctolite forms until the simula-
tion halted at 800°C (Fig. 7). The amount of residual melt is
43 m.u. at the end of the simulation (Fig. 7).

In the SFC simulations, the first stoped block is introduced
when the magma temperature is 1,210°C. At this point, the
initial dunite is followed by troctolite (Fig. 7). When the mag-
ma temperature reaches 1,150°C, the second stoped block is
introduced. This leads to the stabilization of orthopyroxene
(Fig. 7). Subsequently, olivine disappears from the crystalliz-
ing assemblage, and norite (+ clinopyroxene) forms, which,
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Fig. 5. The amount of solids versus sulfur content at sulfide saturation (SCSS)
for the fractional crystallization simulations. The initial f‘)o of the parental
melts (PM) is AFMQ; -2, and H»O contents are 0, 0.14, 1, and 2.25 wt %. The
initial sulfur content of the parental melt is 800 ppm, and the amount of sul-
fur in the resident melt is shown with a stippled line. Sulfide saturation as well
as the corresponding amount of solids and temperature of the magma are
indicated with arrows for each simulation. The SCSS is calculated using the
equation of Smythe et al. (2017). FMQ = fayalite-magnetite-quartz buffer.

in turn, is followed by gabbronorite (Fig. 7). When the mag-
ma temperature reaches 1,103°C, the third stoped block is
added. The first rock to form is clinopyroxene-bearing norite,
which is followed by gabbro during the next equilibration step
(Fig. 7). In the simulation with three stoped blocks (SsFC),
the subsequent FC produces a rock sequence, where gabbro
is followed by gabbronorite (994°C), clinopyroxene-bearing
norite (974°C), troctolite (909°C), and finally augite troctolite
(849°C) (Fig. 7). The amount of residual melt is 30 m.u. at
the end of the model (800°C). The additional stoped block in
the simulation with four stoping events (S4FC) is introduced
at 1,059°C, which leads to the replacement of clinopyroxene
in the crystallization assemblage by orthopyroxene and con-
sequent formation of norite (Fig. 7). Clinopyroxene becomes
stable again at 1,111°C, and gabbronorite forms. The gradual
decrease in modal clinopyroxene reintroduces norite (+ clino-
pyroxene) at 976°C, which is followed by augite troctolite at
891°C (Fig. 7). The simulation halts at 800°C, when there is
37 m.u. residual melt left.

Sulfide saturation in the assimilation simulations

To illustrate what controls the SCSS in the melt during as-
similation, selected major element oxide concentrations in the
melt (in the magma subsystem) are compared for the FC and
AFC simulations with initial melt fo, at AFMQ; -2 and 1 wt %
H>0 (Fig. 8). When the assimilation of wall-rock partial melt
starts in the AFC simulation, the SiOs, Al:O3, K20, and H2O
contents of the melt increase, whereas FeO, MgO, CaO, and
NazO contents decrease relative to the FC simulation (Fig. 8).
The compositional changes in the SFC simulations are similar
to the AFC simulations but less pronounced and therefore not

shown here. All the observed changes in the melt composition
of the AFC simulation initially decrease SCSS (Fig. 8), which
makes it easier for the melt to precipitate sulfides. The first-
order reason for these compositional changes is that the as-
similated partial melt has higher concentrations of SiOz, Al,Os,
K50, and Hy0O, which increases the concentration of these
components in the melt while diluting the other oxide com-
ponents. The secondary reason is that instead of crystalliza-
tion of olivine and clinopyroxene, as in the FC simulation (Fig.
3), orthopyroxene crystallizes in the AFC simulation (Fig. 7).
The orthopyroxene-bearing rocks in the AFC simulation are
enriched in FeO compared to the rocks in the FC simulation,
which leads to relative FeO depletion in the residual melt (Fig.
8) and hence decreases SCSS in the AFC simulation.

The SCSS results are shown for the AFC, SsFC, and S4FC
simulations in Figure 9. Melt sulfur content for AFC simu-
lation with sulfur-free wall rock is shown to illustrate the
amount of assimilated sulfur in the scenarios with different
sulfur wall-rock bulk partition coefficients (Fig. 9). In the
sulfur-free wall-rock scenario, the SCSS is reached when
14 m.u. of the magma has solidified and temperature is
1,140°C (Fig. 9). With wall-rock DWE (S) of 100, sulfide satu-
ration occurs as the mass of solids and temperature reach 10
m.u. and 1,150°C, respectively (Fig. 9). In the AFC simula-
tion with DWR (S) of 1 and 0.001, the sulfur content of the
melt exceeds the SCSS when the mass of solids is ~7 m.u. and
temperature is 1,150°C (Fig. 9). In the SFC simulations, the
sulfide saturation occurs as the amount of solids reaches ~2
m.u. and temperature is 1,165°C. The proportions for assimi-
lated sulfur in the melt at the end of assimilation for the dif-
ferent AFC are 6.1 wt % when DWR (S) = 100, 74.0 wt % when
DWR (S) = 1, and 78.9 wt % when DWR (S) = 0.001. In the
SsFC simulation, the proportion of assimilated sulfur in the
melt is 69.2 wt %, and in the S4FC simulation it is 75.0 wt %.

The amount of precipitated FeCuNiS sulfide relative to the
total mass of the system, i.e., solids + melt, is shown during the
formation of 100 m.u. of solids and between 800° and 1,226°C
(liquidus) in Figure 10. In the AFC simulation with the wall-
rock DWR (S) = 100, the amount of precipitated sulfide in the
silicate melt increases to 0.12 wt % during the AFC stage and
furthermore to 0.17 wt % at 100 m.u. of solids (Fig. 10A, C).
When the wall-rock DWE (S) is 1, the amount of precipitated
FeCuNiS sulfide increases to 0.57 wt % during the AFC stage
and to 0.62 wt % at 100 m.u. of solids (Fig. 10A, C). During the
AFC stage of the simulation where wall-rock DWVE (S) is 0.001,
the amount of precipitated sulfide increases to 0.71 wt % and
reaches 0.76 wt % when the amount of solids is 100 m.u. (Fig.
10A, C). In the S3FC simulation, the amount of immiscible
FeCuNiS sulfide is 0.48 wt % at the end of stoping, and at 100
m.u. of solids the amount is 0.55 wt % (Fig. 10B, D). The fourth
stoped block in the S4FC increases the amount of precipitat-
ed sulfide to 0.59 wt %, which further increases to 0.63 wt %
when the solidified mass reaches 100 m.u. (Fig. 10B, D).

Discussion

Implications for the origin of the major rock types of the
Duluth Complex

Formation of the Duluth Complex troctolites by fractional
crystallization: Our main objective is to study how the assimi-
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Fig. 6. Mass of solids (A) and temperature (B) of the parental magma versus the amount of sulfides (wt %) precipitated in
the fractional crystallization simulations. Initial fo_in the simulations is AFMQ —2, and the amount of sulfur in the parental
melt is 800 ppm. The FeCuNi$ phase approximates the average bulk sulfide content of the Duluth Complex Cu-Ni deposits
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from Kullerud et al. (1969). FMQ = fayalite-magnetite-quartz buffer.

lation affects the SCSS, which is essentially controlled by the
residual melt composition in the magma. Thus, we need to
begin by discussing the controls on and patterns of the simu-
lated residual melt compositions. To evaluate how well the
simulated residual melts correspond to the natural system in
the Duluth Complex, we compare the results of the FC simu-
lations with the natural cumulates. Comparing the simulated
FC rock sequences with the reference lithostratigraphy from
the unit IV of the Partridge River intrusion (Severson et al.,
1996) shows that none of the FC simulations perfectly match
the natural rocks (Fig. 3). This is unsurprising given that (1)
the composition of the parental melt is uncertain, (2) gravita-
tional fractionation is less efficient in nature than in the simula-
tions, and (3) equilibration with interstitial residual melt (e.g.,
Chalokwu et al., 1993; Ripley et al., 2007) cannot be modeled
in these simulations. Also, we must acknowledge that there
are uncertainties in the natural lithologies. For instance, the
natural cumulate stratigraphies have mostly been constructed
by visual estimates of modal mineral compositions in hand
samples, which are susceptible to inaccuracies, as pointed out
by Severson et al. (1996). In addition, the natural cumulates
are regionally variable and include olivine gabbro and gab-
bro, which are absent in the reference stratigraphy but which
have been reported from the Troctolitic Series in the Par-
tridge River intrusion by many studies (e.g., Rao and Ripley,
1983; Miller and Ripley, 1996; Ripley et al., 2007; Queffu-
rus and Barnes, 2014). Such gabbros are compatible with our
FC simulations. In addition to the uncertainties mentioned
above, rhyolite-MELTS is not a perfect model and relies on a
limited—although large—set of experimental constraints and
algorithms (e.g., Putirka, 2005; Gualda et al., 2012).

Our FC simulations show that H>O content correlates posi-
tlvely and initial fo, correlates negatively, with the modal ol-
ivine content (Fig. 3). The f02 conditions for the formation

of the Duluth Complex troctolites have been estimated to be
below the FMQ buffer based on Fe-Ti oxide mineral com-
positions (Pasteris, 1985), which agrees with our simulations,
where the most olivine-rich rocks formed with the lowest ini-
tial fo, at AFMQ —2. In previous attempts to simulate the for-
mation of the troctolitic rocks of Duluth Complex, crystalliza-
tion was buffered at low fo, conditions at AFMQ -2 (Ripley
et al., 2007; Ripley and Li, 2013) or at Awiistite-ilmenite +0.5
(Chalokwu et al., 1993). We decided not to buffer the crystal-
lization conditions after the initial fixing of FeO/FesOs, since
buffering basically requires that the melt exchanges free oxy-
gen with its surroundings (wall rocks or cumulates), whereas
unbuffered fo, is controlled by the relative oxygen budgets
between the crystalhzlng solids and the residual melt. The
early and late magmatic oxides record an increase in fo,, from
below to above the FMQ buffer, during the formation of the
Duluth Complex troctolites (Pasteris, 1985), which indicates
that fo, was not buffered in the natural system.

Based on global data sets, mantle-derived melts, especially
in continental settings, are rarely if ever completely anhydrous
(e.g., Kovalenko et al., 2007; Liu, J., et al., 2017). The amount
of HsO required to reach sufficient olivine stability to form
extensive troctolites in our FC simulations (1-2.25 wt % HsO;
Fig. 3) is within the range of H2O contents (1.96 + 1.46 wt %,

= 269) suggested for intracontinental basalts on a global
scale (Kovalenko et al., 2007). Based on the global compari-
son and because the crystallization sequence in our hydrous
FC simulations (i.e., olivine — plagioclase + olivine — plagio-
clase + olivine + clinopyroxene + orthopyroxene) is the same
as the general cumulate sequence reported by previous stud-
ies (Miller and Ripley, 1996; Miller et al., 2002), we suggest
that the parental melt of the Duluth Complex troctolites was
hydrous. This interpretation is also in line with the presence
of magmatic biotite in the troctolitic rocks (Weiblen and Mo-
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Fig. 7. The assimilation-fractional crystallization (AFC) and stoping-fractional crystallization (S,FC) simulation rock sequences
for the Duluth Complex parental melts at 800°C. Each stoped block in the SFC simulations is indicated with an arrow and
S. The parental melt (PM) compositions in the simulations had initial fo_ at AFMQ; -2 and 1 wt % of H20. The total mass of
the magma system is indicated above the stratigraphical columns. Simulated rock sequences were constructed with the help
of the Magma Chamber Simulator Visualizer tool (Bohrson et al., 2020). The rock classification diagrams are from Phinney
(1972). Abbreviations: Cpx = clinopyroxene, FMQ = fayalite-magnetite-quartz buffer, Ol = olivine, Opx = orthopyroxene, Plg

= plagioclase, WR = wall rock.

rey, 1980; Saini-Eidukat et al., 1990; Ripley et al., 1993, 2007)
and the local occurrence of pegmatitic troctolites (Severson
and Barnes, 1991; Ripley et al., 1993; Severson et al., 1996).
In our FC simulation with the parental melt with 1 wt %
H>0 and fo, at AFMQ 2, the troctolite consists of 75 wt % of
plagioclase and 25 wt % of olivine, which is well in the range
of natural troctolite modal compositions with 60—-80 vol % pla-
gioclase and 10-30 vol % of olivine (Rao and Ripley, 1983;
Lee and Ripley, 1996; Miller et al., 2002; Ripley et al., 2007).
In the natural rocks, the primary olivine compositions were
estimated to be Foss_79 (Chalokwu et al., 1993) and the range
of measured compositions is from Fogg to For1. In the simu-
lation, the early olivine compositions are slightly more mag-
nesian than the estimated primary compositions with Fogs,
and the most evolved olivine has a composition of Fos. The

natural plagioclase is compositionally highly variable from
Anss to Angs (Mainwaring and Naldrett, 1977; Rao and Ripley,
1983; Chalokwu et al., 1993; Lee and Ripley, 1996; Miller et
al., 2002; Ripley et al., 2007) and closely reproduced in the
simulation, where plagioclase compositions range from Anss
to Angs. Olivine gabbro and gabbro hosting 35-50 wt % clino-
pyroxene are major rock types in the simulation. Hence, clino-
pyroxene is too abundant in the simulations compared to the
natural cumulates with typically <20 vol % of clinopyroxene,
although minor cumulates with 90 vol % clinopyroxene are
present locally (Rao and Ripley, 1983; Lee and Ripley, 1996;
Miller et al., 2002; Ripley et al., 2007). The clinopyroxene in
the simulation has Mg# from 23 to 82, which is mostly in the
range of natural clinopyroxene having Mg# from 40 to 80 (Rao
and Ripley, 1983; Miller et al., 2002; Ripley et al., 2007). The
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most extreme simulated mineral compositions, however, rep-
resent much smaller mass of the produced crystals relative to
the intermediate compositions, which are within the range of
natural compositions.

The combined solid and melt compositions from the FC
simulation with 1 wt % H2O and fo, at AFMQ; -2 are in good
agreement with the natural compositions from the unit IV
of the Partridge River intrusion (Fig. 4). In the case of the
examined major elements, the natural compositions can be
explained as mixtures of incremental solids and melt for the
most part (Fig. 4). Mixtures between melt and the bulk sol-
ids are not sufficient in producing the natural compositions
(Fig. 4), which implies effective crystal fractionation and ac-
cumulation. The natural cumulate compositions lie closer to
the incremental solid compositions than the melt composition
(Fig. 4), which implies that the amount of trapped liquid was
generally small. This is compatible with the meso- and ortho-
cumulate structures observed in the natural rocks (Chalokwu

et al., 1993). The main difference between the simulations
and the natural samples is that four of the most mafic natu-
ral cumulates have higher Fe;Ostt contents than any of the
incremental solids from the simulation (Fig. 4). While this
could result from Fe-deficient crystals forming in the simula-
tions compared to the nature, it could also be explained by
more effective gravitational accumulation of dense oxides
compared to olivine in nature. In Appendix 1, Figures A2-
A4, we provide similar Harker diagrams for FC simulations
conducted with three other parental melts suggested for the
Duluth Complex (Miller and Weiblen, 1990; Chalokwu et al.,
1996; Lee and Ripley, 1996), which show that the parental
melt composition used here is generally in better agreement
with the natural data.

Our findings collectively suggest that the troctolitic rocks of
the Duluth Complex formed via FC from parental melts, which
were hydrous and initially reduced relative to the FMQ buffer.
However, with 1-2.25 wt % H»0, the HsO/Ce of our parental
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Fig. 9. The amount of solids versus sulfur content at sulfide saturation (SCSS) for the assimilation-fractional crystallization
(AFGC; A) and stoping-fractional crystallization (SFC; B) simulations. The initial fo, of the parental melt is AFMQ; -2 and
H,0 content is 1 wt %. S3FC stands for the simulation with three and S4FC for the simulation with four 10 mass units (m.u.)
stoped blocks, and S, denotes addition of stoped blocks. The initial sulfur content is 800 ppm in the parental melt and 6,000
ppm in the wall rock. The bulk partition coefficients for sulfur [DWR (S)] are given for the wall-rock partial melt relative to
the residual wall rock. SCSS is calculated using the equation of Smythe et al. (2017). FC = fractional crystallization, FMQ =

fayalite-magnetite-quartz buffer, WR = wall rock.

magma would be 1,470-3,300 (Ce content 6.8 ppm: Basaltic
Volcanism Study Project, 1981), which is in the upper range of
the global compositional spectrum for intracontinental basalts
(Kovalenko et al., 2007; Liu, J., et al., 2017). The high HoO/Ce
could either reflect anomalously Ce-poor or HaO-rich mantle
source or incorporation of HoO from devolatilizing wall rocks
early in the magma evolution (see, e.g., Ripley, 1981; Rao and
Ripley, 1983; Tyson and Chang, 1984; Saini-Eidukat et al.,
1990; Thériault and Barnes, 1998; Ripley et al., 2007), which
we consider a more reasonable explanation.

Formation of the Duluth Complex norites by black shale as-
similation: In the AFC simulations, the wall-rock phase equi-
librium differs from the natural system, as cordierite is not
included as a phase in the MELTS algorithms. This slightly
affects the composition and amount of the partial melt assimi-
lated by the magma as a function of wall-rock temperature
(further discussed in App. 1). Regardless of the differences,
the presented AFC simulation has noticeable advantages over
the previous binary mixing approach applied to the Duluth
Complex (Ripley and Li, 2013). For the SFC scenarios with
bulk assimilation, the residual wall-rock phase equilibrium is
insignificant.

The AFC and SFC rock sequences of our simulations (Fig.
7) are compatible with the previous suggestions that the
noritic rocks of the Partridge River intrusion in the Duluth
Complex formed by assimilation of the Virginia Formation
black shale (e.g., Thériault and Barnes, 1998; Ripley et al.,
2007; Queffurus and Barnes, 2014; Samalens et al., 2017). In
the presented AFC scenario, more norite is produced rela-
tive to the SFC scenarios (Fig. 7); this is probably because
the assimilated partial melts are more SiOg rich than the bulk
black shale. The implication that norite formation is more ex-
tensive with assimilation of partial melts is compatible with
the widespread natural evidence of black shale partial melt

assimilation in the Duluth Complex (Ripley and Alawi, 1986;
Thériault and Barnes, 1998; Queffurus and Barnes, 2014; Sa-
malens et al., 2017). The amount of assimilated black shale
(~20-30 wt %) required to form the norites both in the AFC
and SFC scenarios is in excellent agreement with the oxygen
isotope data (Ripley et al., 2007), which indicates >20 wt % as-
similation for magmas that formed the norites in the Partridge
River intrusion.

Uncertainties in the sulfide saturation models

Estimating the parental melt compositions for magmatic sys-
tems is subject to various uncertainties. For this reason, we
have tested a range of H2O contents with the parental melt
KEW-6 and three other parental melt compositions (Miller
and Weiblen, 1990; Chalokwu et al., 1996; Lee and Ripley,
1996) with initial H2O contents and fo, set at 1 wt % and
AFMQ; -2, respectively. These simulations show that, al-
though the parental melt compositions differ considerably for
several major element oxides (see App. 1, Fig. Al), the SCSS
is mostly within 200 ppm, and the sulfide saturation is reached
within 10 m.u. of crystallization (Fig. 11). Compared to the
effects of initial HO content (Fig. 5) and bulk sulfide com-
position (see below) the effect of the chosen parental melt
composition on the SCSS is relatively small. The estimates
for emplacement pressure of the Duluth Complex are also
variable (Bonnichsen, 1975; Frost et al., 2007; Sawyer, 2014),
but the wholesale effect of pressure on the phase equilibrium
and hence on the SCSS is of minor importance under these
conditions (Fig. 11).

To model the SCSS, we used a static sulfide composition
that corresponds to the evaluated average composition of
the Duluth Complex Cu-Ni deposits (Listerud and Meineke,
1977). This is a simplification and likely results in unrealisti-
cally Cu and Ni rich sulfide phase as the composition comes
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Fig. 10. Mass of solids (A, B) and temperature (C, D) of the parental magma versus the amount of precipitated sulfides (wt
%) in the assimilation-fractional crystallization (AFC; A, C) and stoping-fractional crystallization (SFC; B, D) simulations.
The initial fo, of the parental melts is AFMQ; —2, and it contains initially 1 wt % of Hz0. S3FC stands for the simulation
with three and S4FC for the simulation with four 10 mass units (m.u.) stoped blocks, and S, denotes the addition of stoped
blocks. Initial amount of sulfur in the parental melt in all of the simulations is 800 ppm and in the wall rock 6,000 ppm. The
FeCuNiS phase approximates average bulk sulfide content of the Duluth Complex Cu-Ni deposits (Listerud and Meineke,
1977). The bulk partition coefficients for sulfur [DWE (S)] are for the wall-rock partial melt relative to the residual wall rock.
The amount of precipitated sulfides relative to the residual melt is calculated using the equation of Kiseeva and Wood (2015).
The negative values denote the degree of undersaturation for the fixed sulfide composition. The solidi for monosulfide solid
solution (MSS) and intermediate solid solutions (ISS) are from Kullerud et al. (1969). FC = fractional crystallization, FMQ

= fayalite-magnetite-quartz buffer.

from the deposits, which, by definition, are enriched in these
elements. As increasing Cu and Ni contents in the sulfide
phase decrease SCSS (Smythe et al., 2017), our approach like-
ly promotes early sulfide precipitation. To bracket the uncer-
tainty related to the sulfide bulk composition, we compared
the inferred FeCuNi$ bulk composition with pure FeS sulfide
(Fig. 11). This comparison shows that the uncertainty in the
sulfide composition can shift the sulfide saturation much more
dramatically than the choice of parental melt composition. A
more realistic simulation would consider partitioning of Fe,
Cu, and Ni in the magma and the sulfide phase(s) as well as in

the wall rock in the AFC simulation. However, such a simula-
tion would require thermodynamic sulfide phase equilibrium
models, which is beyond the scope of this study.

The relationships of crystallization and assimilation with
sulfide saturation

The effects of H2O on SCSS in the fractional crystallization
simulations: The previous modeling for the Duluth Complex
showed that an increase in initial HO content of the paren-
tal melt lowers the SCSS at liquidus conditions and that the
SCSS decreases faster during crystallization in more hydrous
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Fig. 11. Mass of solids versus sulfur content at sulfide saturation (SCSS) (A) and the amount of precipitated sulfides (B) for
fractional crystallization simulations conducted with different input parameters. For the parental melt KEW-6, simulations
with the FeCuNiS sulfide composition are shown at the pressures of 200, 300, and 400 MPa. For the KEW-6 at 200 MPa, the
results are shown for FeS sulfide as well. The other parental melts are from Miller and Weiblen (1990; M&W90), Chalokwu

et al. (1996; C96), and Lee and Ripley (1996; L&R96).

melts (Ripley and Li, 2013). The reason for the negative cor-
relation between H>O content and SCSS was not discussed
in detail, but it was suggested that possible changes in fo,
due to H20 addition were not of major significance (Ripley
and Li, 2013). The current version of the MCS is not able to
simulate continuous assimilation of fluid phase only, so we
investigated the issue of added H2O by varying the H2O con-
tent of the parental melt and by assimilating H>O in the bulk
stoped blocks or as a dissolved component in the wall-rock
partial melts (see below).

The combined effect of higher initial HoO content in the
parental magma and thus lower liquidus temperature is ev-
ident in our simulations, where the initial SCSS in the dry
parental melt is 1,136 ppm, whereas in the melts with 1 and
2.25 wt % of HsO the SCSS is 1,043 and 974 ppm, respec-
tively (Fig. 5). In addition to these first-order effects, the crys-
tallizing phase assemblage changes as increasing HoO content
(source-related or assimilated) increases olivine stability to
the detriment of clinopyroxene (Fig. 3; cf. Ripley et al., 2007).
This affects the liquid line of descent, most notably by lower-
ing the FeO content and increasing the H>O content of the
residual melt, which in turn considerably lowers the SCSS
and thus increases sulfide stability. This pronounced second-
order effect that H>O has on the liquid line of descent under-
lines that the qualitative first-order approximations of how the
addition of certain wall-rock components (e.g., SiO2, KO, or
H-0) affects the SCSS (Irvine, 1975; Li and Naldrett, 2000;
Ripley and Li, 2013; Liu, Y., et al., 2017) can easily be over-
simplified without investigating the process in terms of phase
equilibria and the full set of major element oxide components.

Effects of black shale partial melt assimilation on sulfide
saturation: Ripley and Li (2013) tested how silicate melt as-
similation could have affected SCSS in the Duluth Complex
parental melt by adding various amounts of generic pelite par-
tial melt or pure SiO; to the initial parental melt composition.
They concluded that selective wall-rock assimilation effec-
tively lowers the SCSS and promotes sulfide saturation in the

contaminated melt. In their simulations, sulfur was neither
concentrated nor diluted by assimilation relative to the pure
FC simulations.

The effects of assimilation of wall-rock partial melts on
SCSS are complex, as the process involves progressive incor-
poration of multicomponent material to the magma (cf. Ri-
pley and Li, 2013). In our simulations, the assimilated black
shale partial melt is enriched in SCSS-decreasing oxide com-
ponents (SiOs, AlsO3, K20, and H2O) relative to the resident
melt, which leads to a gradual increase in these oxide compo-
nents and consequent dilution of many of the typically SCSS-
increasing oxide components (FeO, MgO, CaO, and Na,0O) in
the resident melt (Fig. 8). All the assimilation-induced com-
positional changes in our simulations decrease the SCSS in
the magma (Fig. 8), which should further stabilize sulfide.

Some studies have suggested that selective assimilation
could decrease the SCSS and lead to increased sulfide satura-
tion without the addition of sulfur from the wall rock (Irvine,
1975; Li and Naldrett, 2000; Seat et al., 2009; Ripley and Li,
2013). It is, however, often neglected that assimilation of sul-
fur-free silicate partial melt from the wall rock also leads to
sulfur dilution in the magma (Fig. 9). Our simulations show
that although assimilation of sulfur-free wall-rock partial melt
lowers the SCSS in the magma (Fig. 9), the amount of precip-
itated sulfides relative to cumulate mass is only momentarily
increased compared to the same magma experiencing FC,
which is due to the concurrent sulfur dilution (Figs. 10, 12).
The increase in early sulfide precipitation is so small that ex-
tremely effective extraction of sulfides from the concurrently
crystallizing silicates would be required for economically im-
portant base metal deposits to form in such magmatic systems
where sulfur-free wall rock has been assimilated.

Simulations with sulfur-bearing wall rock

In the Virginia Formation contact aureole, subsolidus devola-
tilization fluids were considered responsible in transporting
most of the assimilated sulfur to the troctolite-hosted deposits
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magma is 800 ppm for all the simulations, and wall-rock sulfur content is 6,000 ppm in the AFC and SFC simulations. Cpx =
clinopyroxene, FC = fractional crystallization, FMQ = fayalite-magnetite-quartz buffer, Ol = olivine, Opx = orthopyroxene,

Plg = plagioclase.

(Ripley, 1981; Rao and Ripley, 1983; Tyson and Chang, 1984;
Thériault and Barnes, 1998; Ripley et al., 2007). The norite-
hosted deposits were suggested to form when black shale
partial melts transported sedimentary sulfides (either solid or
molten) to the magma (Thériault and Barnes, 1998; Queffu-
rus and Barnes, 2014; Samalens et al., 2017). Sulfur mobility
and transportation from the wall rock to the magma depends
on several factors, including sulfide phase equilibrium, reac-
tion kinetics and the ability of fluid or partial melt to migrate
toward the magma. All these processes are currently poorly
known, which hampers simulating selective sulfur assimila-
tion. We treated sulfur as a trace element with different parti-
tion coefficients as a proxy for the different modes of sulfur
mobilization and transportation introduced above. We tenta-
tively use these data to discuss the sulfur assimilation and for-
mation of the troctolite and norite-hosted Cu-Ni deposits of
the Duluth Complex. Ripley (1981) suggested that ~75 wt %
of the sulfur within the troctolitic Dunka Road Cu-Ni deposit
of the Partridge River intrusion was derived from the Virginia
Formation black shale, which we adopt as a target value for
assimilated sulfur. Sulfur isotope composition in the norite-
hosted Cu-Ni deposits at the Babbitt deposit of the Partridge
River intrusion shows a similar affinity to the Virginia Forma-
tion black shale (Arcuri et al., 1998).

The simulation where sulfur is highly compatible with the
wall-rock residual [DWE (S) = 100; Figs. 9, 10] is a proxy for
the scenario where sulfurous fluid in the black shale reacts

with Fe-bearing minerals and forms additional pyrrhotite as
suggested by, e.g., Andrews and Ripley (1989) and Arcuri et
al. (1998). Pyrrhotite has a high melting point at ~1,190°C
(Kullerud et al., 1969); hence, in this scenario only a minor
amount of sulfur, mostly in the form of solid pyrrhotite, gets
transported to the magma via silicate partial melt. In our sim-
ulation, the largest proportion for black shale-derived sulfur
in the melt is ~6 wt % of the total sulfur, which is not compat-
ible with the isotopic criteria (Ripley, 1981). In this scenario,
nearly wholesale melting of the black shale would be required
to supply the magma with enough sulfur. Hence, we consider
this scenario unlikely for the formation of the Cu-Ni depos-
its of the Duluth Complex if selective assimilation of partial
melts dominated over bulk assimilation.

In the AFC simulation where sulfur is highly incompatible
to the black shale residual [DWE (S) = 0.001; Figs. 9, 10], near-
ly all the wall-rock sulfur gets assimilated in the early stage.
In this simulation, sulfur partitions from the wall rock to the
partial melt, but the amount of sulfur assimilated is orders of
magnitude larger than can realistically be dissolved. As flu-
id assimilation at subsolidus conditions cannot be currently
modeled with the MCS, we intend this scenario as a tentative
proxy for the early release of sulfur by wall-rock devolatiliza-
tion fluids (Ripley, 1981; Thériault and Barnes, 1998; Ripley
et al., 2007). Since sulfur mobilization via devolatilization
can occur already at ~400°C (Ripley, 1981; Rao and Ripley,
1983), it could take place possibly without any partial melt
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assimilation and from a larger volume of wall-rock material
than considered in our simulations. Hence, the overly incom-
patible sulfur partition coefficient of DWE (S) of 0.001 might
not exaggerate the overall sulfur mass balance. In this AFC
simulation black shale contributes ~79 wt % of sulfur in the
magma, and ~90 wt % of the sulfides precipitate during the
formation of early troctolitic rocks (Fig. 12). These results
are in excellent agreement with the proposed fluid assimila-
tion for the troctolitic Cu-Ni deposits (Ripley, 1981; Rao and
Ripley, 1983; Tyson and Chang, 1984; Thériault and Barnes,
1998; Ripley et al., 2007).

In the intermediate case with sulfur equally compatible
with the partial melt and residual black shale (Figs. 9, 10), the
amount of assimilated sulfur is again much higher than what
could realistically dissolve into the wall-rock partial melt. This
simulation is intended as a proxy for a scenario where half
of the solid or molten sulfides get selectively transported to
the magma via partial melt assimilated from the black shale
footwall and xenoliths (see Queffurus and Barnes, 2014; Sa-
malens et al., 2017). The proportion of black shale sulfur in
the magma increases to 74 wt % in the simulation, which is
compatible with the sulfur isotope data (Ripley, 1981). Fur-
thermore, ~50 wt % of sulfide precipitation takes place dur-
ing troctolite formation and ~40 wt % during the subsequent
norite formation (Fig. 12), which complies with the sugges-
tion that selective sulfide extraction from the black shale via
assimilated partial melts (Thériault and Barnes, 1998; Quef-
furus and Barnes, 2014; Samalens et al., 2017) is a suitable
process for the formation of both troctolite- and norite-hosted
Cu-Ni deposits of the Duluth Complex.

The SFC simulations correspond to a case where xenoliths
are fully digested by the magma (by melting and/or dissolu-
tion). In the S3FC simulation, the wall-rock sulfur proportion
in the melt is 69.2 wt % and in the S4FC simulation 75.0 wt %.
Hence, bulk assimilation of stoped xenoliths is also, in theory,
a possible mechanism for sulfide assimilation for the norite-
hosted Cu-Ni deposits, but not for the troctolites. Xenoliths
are a considerable heat sink, however, especially if their tem-
peratures are well below their solidi. The introduction of the
second, third, and fourth stoped block in our simulations re-
sults in almost equal mass of crystallization in the magma. In
addition, the 10-m.u. portions of wall-rock material used in
the simulation should each be composed of numerous small
xenoliths with large surface versus volume ratio for the conse-
quences predicted by thermodynamics to be effective.

Implications on sulfide saturation and formation of Cu-Ni
deposits in the Duluth Complex

Unit IV of the Partridge River intrusion, which likely formed
via FC, is variably sulfide bearing with 0.01-0.21 wt % S (Ri-
pley and Alawi, 1986; Severson, 1991; Ripley et al., 2007), but
the distribution and composition of the sulfides are poorly
defined, which makes comparison to our FC sulfide satura-
tion models difficult. Hence, we concentrate on the sulfide
precipitation in the AFC and SFC simulations. In these simu-
lations, sulfide precipitation mostly occurs at temperatures
between the monosulfide solid solution (MSS) and intermedi-
ate solid solution (ISS) solidi (Fig. 10C). The Cu content of
the inferred bulk sulfide phase (47.8 wt % Fe, 12.2 wt % Cu,
3.9 wt % Ni, and 36.1 wt % S) is higher than what can be incor-

porated in MSS (~5 wt %; Kullerud et al., 1969), which implies
coprecipitation of MSS and Cu-rich sulfide melt. The simu-
lations are compatible with the previous studies, which attri-
bute the formation of the Duluth Complex Cu-Ni deposits to
coprecipitation of MSS and immiscible Cu-rich sulfide melt,
of which the latter gravitationally accumulates and fractionally
crystallizes to additional MSS and ISS (Rao and Ripley, 1983;
Thériault and Barnes, 1998; Queffurus and Barnes, 2014; Sa-
malens et al., 2017). The relative proportions of molten and
solid sulfides and subsequent fractional crystallization of the
sulfide melt, however, cannot be evaluated without thermody-
namic modeling of the sulfide system. Knowledge of the sul-
fide melt proportion would be essential for studying base met-
al and PGE partitioning between silicate and sulfide systems,
since these elements partition differently to MSS and sulfide
melt in general (e.g., Fleet et al., 1993; Li and Audétat, 2012).
Here we shortly discuss the timing and degree of sulfide pre-
cipitation as well as the role of dynamic sulfide accumulation
in the light of presented AFC and SFC simulations.

Firstly, we use the average sulfur content of the Duluth
Complex Cu-Ni deposits, 2.64 wt % (Listerud and Meineke,
1977), and our suggested FeCuNiS bulk sulfide composition
(47.8 wt % Fe, 12.2 wt % Cu, 3.9 wt % Ni, and 36.1 wt % S)
to estimate that the deposits contain ~7.3 wt % of sulfides on
average. The thicknesses of the deposits are highly variable
(15-335 m), but their shapes and sizes relative to those of the
whole intrusion were not estimated by Listerud and Meineke
(1977). Hence, we only compare the sulfide contents and the
hosting rock types between the natural settings and the sim-
ulations. The simulated average sulfide contents have been
calculated relative to the solids formed from the moment of
sulfide saturation and until 90 wt % of the total sulfides have
precipitated, i.e., between the yellow and red stars in Figure
12. This approach assumes that silicates, oxides, and sulfides
accumulate with equal efficiency.

In the AFC simulations with sulfur-free wall rock and
DWE (S) of 100, the timing and degree of sulfide precipitation
are nearly identical with 50 wt % of the sulfides precipitated
(relative to the maximum amount at the end of the simula-
tion) at the early stage of norite formation (~20 m.u. solid)
and 90 wt % of sulfides have precipitated, when 70 m.u. of
solids have formed (Fig. 12). Compared to the FC simula-
tion, the amount of precipitated sulfides is slightly increased
early in the AFC stage, but when the AFC system has precipi-
tated 90 wt % of sulfides, the average sulfide content of the
cocrystallized rocks is smaller (0.27-0.32 wt %) compared to
the FC simulation (0.38 wt %) (Fig. 12). With such low sulfide
concentrations, these simulations are highly unlikely to form
economically important sulfide deposits, unless the dynamic
upgrading by physical processes is extremely efficient.

In the AFC simulations with DWR (S) = 0.001, 90 wt % of
sulfides precipitate already within the early troctolite for-
mation stage, where the resulting average sulfide content is
7.43 wt % (Fig. 12), which is nearly identical to the inferred
natural average sulfide content of ~7.3 wt %. This implies
that where the black shale sulfur can be efficiently mobilized
and transported to the magma, dynamic upgrading may be
of secondary importance in generating economically impor-
tant sulfide deposits. In the simulation, where DWE (S) is 1,
~50 wt % of the sulfides precipitate during troctolite formation
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and the system reaches 90 wt % sulfide precipitation during
the subsequent norite formation (Fig. 12). The average sulfide
content within the coprecipitating solids is 2.11 wt % (Fig.
12), which is less than in the inferred ~7.3 wt % sulfides in the
natural deposits. In the S3FC and S4FC simulations, the cu-
mulate portions, within which 90 wt % of sulfide precipitation
occurs, have average sulfide contents of 1.26 and 1.42 wt %,
respectively (Fig. 12). These contents are lower than in the
AFC simulations with DWR (S) < 1, which means that more
effective dynamic upgrading is required to form economically
important deposits if bulk assimilation is the dominant assimi-
lation process. Bulk assimilation also requires more crystal-
lization in the magma compared to AFC, which hinders the
dynamic sulfide upgrading by an efficient flow of magma or
gravitational settling through the silicate cumulates. In the
Duluth Complex, where the Cu-Ni deposits are present at
the proximity of devolatilized and partially molten black shale
footwall and xenoliths (Rao and Ripley, 1983; Ripley and Ala-
wi, 1986; Thériault and Barnes, 1998; Queffurus and Barnes,
2014; Samalens et al., 2017), we suggest that AFC, i.e., selec-
tive assimilation of fluids and partial melts, is the dominant
mode of sulfur assimilation, whereas bulk assimilation is likely
of lesser importance.

Conclusions

The presented MCS simulations aid interpretations of the ob-
served natural cumulate sequences in the contact zone of the
Partridge River intrusion of the Duluth Complex that formed
via fractional crystallization and assimilation processes. The
troctolites are likely formed via fractional crystallization of
hydrous (21 wt % H20) parental melt, whereas formation of
norites requires ~20-30 wt % assimilation of Virginia Forma-
tion black shale. Both the AFC simulation with progressive
assimilation of partial melt and the bulk assimilation model
with stoped blocks are sufficient formation processes for the
norites, although the norites form more extensively in the
AFC simulation.

Our results show that HoO, whether source related or as-
similated, lowers SCSS in the magma both directly and indi-
rectly. In the latter case, olivine stability, which is increased
by higher H2O content, decreases FeO in the residual melt,
thus lowering SCSS. Assimilation of black shale partial melt
can also lower SCSS in the magma, but if the assimilated por-
tion is sulfur poor, sulfide saturation is only moderately in-
creased during assimilation compared to FC, as suggested by
our sulfur trace element simulation, where sulfur is compat-
ible in black shale wall rock during assimilation [DWE (S) =
100]. With moderate mobility [DWE (S) = 1] dynamic sulfide
accumulation still needs to be efficient to form economically
important deposits, but if sulfur is efficiently mobilized and
transported to the magma via devolatilization fluids, the role
of dynamic accumulation may be of lesser importance. Bulk
assimilation can also supply the magma with considerable
amounts of black shale sulfur, but it is considered less likely to
be the dominant assimilation process, as it should be accom-
panied by more efficient dynamic sulfide upgrading in more
crystalline magma.

Even though there certainly is room for improvement in
the presented thermodynamic + geochemical models—for
example, related to considerations of devolatilization, phase

equilibria of the wall rock, and kinetic factors—comparison
to the natural rocks from the Duluth Complex is encouraging
and suggests that the MCS is a useful tool in studying SCSS
and effects of assimilation in open magmatic systems. This
work provides a more nuanced and complete understanding
of how magma interaction with country rock can modulate the
sulfur and metal content of magmas, particularly as compared
to classic binary mixing or bulk assimilation models. Criti-
cally, this work highlights how the MCS can be used to help
understand sulfide precipitation in ore-forming systems and
potentially to predict sulfur emissions from open systems in
modern and extinct volcanic settings. Going forward, studies
of chalcophile metals in ancient and modern settings would
benefit from considering how AFC and SFC might modulate
sulfide and metal availability, especially as many recent stud-
ies have highlighted the importance of early Fe loss (Barber
et al., 2021), magmatic HoO (Rezeau and Jagoutz, 2020), and
sulfur degassing (Wieser et al., 2020) on the metal budgets in
active and ore-forming volcanic systems.
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