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ARTICLE INFO ABSTRACT

Keywords: Development of computational modeling tools has revolutionized studies of magmatic processes over the last
Crystallization four decades. Their refinement from binary mixing equations to thermodynamically controlled geochemical
Assimilation

assimilation models has provided more comprehensive and detailed modeling constraints of an array of
magmatic systems. One of the questions that has not yet been vigorously studied using thermodynamic con-
straints is the origin of massif-type anorthosites. The parental melts to these intrusions are hypothesized to be
either mantle-derived high-Al basaltic melts that undergo crustal contamination or monzodioritic melts derived
directly from lower crust. On the other hand, many studies suggest that the monzodioritic rocks do not represent
parental melts but instead represent crystal remnants of residual liquids left after crystal fractionation of parental
melts. Regardless of the source or composition, magmas that produce massif-type anorthosites have been sug-
gested to have undergone polybaric (~1000-100 MPa) fractional crystallization while ascending through the
lithosphere.

We conducted lower crustal melting, assimilation-fractional crystallization, and isobaric and polybaric frac-
tional crystallization major element modeling using two thermodynamically constrained modeling tools, the
Magma Chamber Simulator (MCS) and rhyolite-MELTS, to test the suitability of these tools and to study the
petrogenesis of massif-type anorthosites. Comparison of our models with a large suite of whole-rock data suggests
that the massif-type anorthosite parental melts were high-Al basalts that were produced when hot mantle-derived
partial melts assimilated lower crustal material at Moho levels. These contaminated basaltic parental magmas
then experienced polybaric fractional crystallization at different crustal levels (~40 to 5 km) producing residual
melts that crystallized as monzodioritic rocks. Model outcomes also support the suggestion that the cumulates
produced during polybaric fractional crystallization likely underwent density separation, thus producing the
plagioclase-rich anorthositic rocks. The modeled processes are linked to a four-stage model that describes the key
petrogenetic processes that generate massif-type anorthosites. The presented framework enables further detailed
thermodynamic and geochemical modeling of individual anorthosite intrusions using MCS and involving trace
element and isotope constrains.

Thermodynamic modeling
Melt evolution
Anorthosite

1. Introduction Bohrson et al., 2014, 2020). The MCS can be used to model simultaneous

magma crystallization, magma recharge (and mixing), and crustal

The development of geochemical and thermodynamic modeling
tools has enabled unprecedented advances in studying magmatic sys-
tems (e.g., Heinonen et al., 2021). The humble beginnings of binary
mixing calculations led to assimilation-fractional crystallization equa-
tions (AFC; e.g., Taylor, 1980; DePaolo, 1981), which were later
augmented with rudimentary energy constraints (EC-AFC; Bohrson and
Spera, 2001, 2007; Spera and Bohrson, 2001), and, finally, with pre-
dictions of phase equilibria in the Magma Chamber Simulator (MCS;
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assimilation in an evolving multicomponent-multiphase open magmatic
system (Bohrson et al., 2014, 2020). These advancements have provided
more comprehensive and detailed petrogenetic studies of magmatic
systems of diverse composition, geotectonic affiliation, and age (e.g.,
Borisova et al., 2017; Heinonen et al., 2019; Iles and Heinonen, 2022;
Karenlampi et al., 2021).

Anorthosites and their associated less feldspathic lithologies (i.e.,
anorthositic rocks) exhibit simple modal composition and mainly consist
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Fig. 3. Comparison of selected LLDs (Mg# versus oxide in wt%) produced by MCS-AFC simulations (Table 1) of M1 (a-c), M2 (d-f), M3 (g-i), and M4 (j-1) with
previously suggested 11 high-Al basaltic and monzodioritic massif-type anorthosite parental melts (parents A-K). Best fit magma-wallrock combinations
(M2WR4yig60 and M3WR11yg60) are highlighted with turquoise and Parents A, I, and J used in FC models are indicated in plot a. See section 3.2 for details. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

only iFC model results for MBWR11yg60 and monzodioritic parent I are
illustrated in the manuscript (Figs. 4-7). These compositions represent
end-members in our modeling and were thus chosen to be shown here —
the rest of the modeling results (for M2WR4g60, high-Al basaltic parent

material E.

A, and monzodioritic parent J melts) are illustrated in Supplementary

The global data of monzodioritic rocks show wide variation for some
oxides, but the iFC simulations for model melts M2WR4yg60 and
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Fig. 4. Selected LLDs (Mg# versus oxide in wt%) produced in closed-system isobaric fractional crystallization simulations using M3WR11 model melt after MCS-AFC
(40% of assimilation, Mg# ~ 60, Table 1) compared to compositional evolution trends of global data set of monzodioritic rocks (Fred et al., 2020 and references
therein; Supplementary material A) . See section 3.3 for details.

1=
Tio, ALO; 30 FeOt

LLDs of monzodioritic

124 parent | at pressures of
1000 MPa

©900 MPa

@800 MPa

®700 MPa

@600 MPa

@500 MPa

©400 MPa

©300 MPa

®200 MPa
100 MPa

2-1 r r r T T X Monzodioritic rocks

0 10 20 30 40 50
Mg#

Fig. 5. Selected LLDs (Mg# versus oxide in wt%) produced in closed-system isobaric fractional crystallization simulations using monzodioritic parent I (Table 1)
compared to compositional evolution trends of global data set of monzodioritic rocks (Fred et al., 2020 and references therein; Supplementary material A) . See
section 3.3 for details.
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Fig. 6. Selected incremental cumulate compositions (Mg# versus oxide in wt%) produced in closed-system isobaric fractional crystallization simulations using
M3WR11pg60 model melt after MCS-AFC compared to a data set of anorthositic rocks from the Adirondacks suite and Ahvenisto Complex (Supplementary material
A). See section 3.3 for details.
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Fig. 7. Selected incremental cumulate compositions (Mg# versus oxide in wt%) produced in closed-system isobaric fractional crystallization simulations using
monzodioritic parent I to a data set of anorthositic rocks from the Adirondacks suite and Ahvenisto Complex (Supplementary material A). See section 3.3 for details.
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M3WR11pmge0, and the previously suggested high-Al basaltic parent A,
show similar trends with the main monzodioritic rock trends for many
oxides (Fig. 4; Supplementary material E). For some oxides, such as CaO,
the results are inconclusive. For example, model melt M3WR11pyg60
produces somewhat higher Na;O and lower CaO contents compared to
the monzodioritic rocks. The Al,O3 content of the monzodioritic rocks
shows wide variation (~7-22 wt%), but the entire range is covered well
with the iFC models conducted at different pressures (Fig. 4b). This in-
dicates that crystallization pressure may play a role in the compositional
variation of the monzodiorites.

Simulations using the previously suggested monzodioritic parental
magma compositions I and J do not cover the entire range of mon-
zodioritic rock data (Fig. 5; Supplementary material E). The LLDs
derived from the primitive monzodioritic parent I, however, show
similar trends with more evolved monzodioritic rocks in terms of, for
example, TiO3, Al;03, MgO, and K30 (Fig. 6). On the other hand, the
models show higher SiO, and NayO and lower FeO™ and CaO trends
compared to the natural monzodioritic trends.

In addition to major oxide trend comparisons, we also compiled and
compared the mineral modes and mineral chemistries of the simula-
tions. In the M2WR4y460-iFC simulations >600 MPa, clinopyroxene is
the most abundant phase. In contrast, plagioclase is the most abundant
mineral to crystallize in the simulations <600 MPa and the amount in-
creases from 40 wt% at 1000 MPa to ~55 wt% at 100 MPa (Table 2).
Olivine also occurs as a major phase. In M3WR11y460-iFC simulations,
plagioclase is the most abundant phase at all pressures (40-60%,
1000-100 MPa, respectively), and the plagioclase/clinopyroxene ratio
increases with decreasing pressure; their amounts are almost equal at
1000 MPa (Table 2). The plagioclase/clinopyroxene ratios are similar in
simulations using the previously suggested high-Al basaltic parent A.
With respect to end-member pressures of 1000 and 100 MPa, the
plagioclase An-content ranges from Ansg_o3 to Anyg g1 in M2WR11pg60-
iFC simulations, from Anyg g5 to Anzz o5 in M3WR11yge0-iFC simula-
tions, and Any7_7o to Angg o in simulations using the high-Al basaltic
parent A; the highest An-contents are found at the lowest pressures
(Table 2). The range of plagioclase An-contents in the simulations are in
the global range of plagioclase compositions (Angg_gg) of massif-type
anorthosites (Ashwal and Bybee, 2017).

In the simulations using monzodioritic parents I and J, plagioclase is
the first phase to crystallize at lower pressures (100-300 MPa; Table 2).
In the simulations using the primitive monzodioritic parent I, the
amount of accumulated plagioclase is 60 wt% at 100 MPa compared to
~50 wt% at 1000 MPa (Table 2). In the simulations using the evolved
monzodioritic parent J, the amount of plagioclase increases from 45 wt
% at 1000 MPa to 50 wt% at 100 MPa (Table 2). Other major phases to
crystallize are clinopyroxene (35-15 wt% relative to decreasing pressure
in parent I simulations and 35-25 wt% in parent J simulations) and
spinel (15-5 wt% in parent I simulations and 20-10 wt% in parent J
simulations). The An-content evolves from ~Angg_45 to Angg at 1000
MPa and from ~Ang to Anyg at 100 MPa in simulations using parent I
and J.

The second hypothesis we tested asserts that the cumulates formed
by iFC produce the anorthositic rocks. The incremental cumulate com-
positions of the iFC models were compared to anorthositic cumulate
compositions from the Adirondacks and Ahvenisto complexes (examples
derived from M3WR11y460 and monzodioritic parent I shown in Figs. 6
and 7, respectively; complete results in Supplementary material F). The
modeled incremental cumulate compositions show the composition of
the cumulates removed from the magma at each temperature step dur-
ing the iFC simulations. The wide compositional variation of the
modeled cumulates reflects the changes in what phases are crystallizing
at each specific temperature step. For example, the low Al and high Mg
contents of the earliest cumulates reflects that pyroxene is the only
crystallizing phase (Figs. 6 and 7). The compositional leaps in some
oxides, thus, simply reflect the appearance/disappearance of phases in
the crystallizing assemblage.

Based on of visual inspection, the incremental cumulate composi-
tions of the iFC simulations show wide variations due to the reasons
given above, and therefore the comparison of the visual fits with the
natural anorthositic cumulates should concentrate on comparing to
rocks with similar phase assemblages. The incremental model cumulates
derived from M3WR11yg60 parental melt typically show higher TiO,
FeO™, and MgO and lower SiO,, NayO, and K,O in simulations
compared to natural anorthositic cumulates (Fig. 6). Al,O3 and CaO of
the simulations produce the best fit with natural samples, although still
somewhat lower than observed. In simulations using the primitive
monzodioritic parent I, the incremental cumulate compositions are more
similar to the natural samples in general, with Nap,O showing the best fit
(Fig. 7). Aly03 and CaO contents are somewhat lower than in the sim-
ulations using model melt M3WR11ygg0 (Figs. 6 and 7).

3.4. Polybaric fractional crystallization modeling and comparison to the
mongodioritic rocks

Finally, we also studied the effects of polybaric fractional crystalli-
zation for the model melts M2WR4yg60 and M3WR11yg60 and high-Al
basaltic parental magma A using rhyolite-MELTS. The models were
run from the liquidus temperature with 5 °C temperature decrement
using different starting pressures (1000 and 500 MPa) and dP/dT
(13-26). All of these pFC models were compared to the global dataset of
monzodioritic rocks to test the hypothesis that these rocks represent
residual melts compositions left after anorthosite fractionation (e.g.,
Ashwal, 1982; Bybee et al., 2015; Emslie et al., 1994; Fred et al., 2020;
Heinonen et al., 2010; McLelland et al., 1994; Mitchell et al., 1996).

In Fig. 8, the Al;03 content of the pFC simulations was chosen for
more detailed examination, because Al,03 shows wide variation in the
monzodioritic rocks and in the iFC simulations at different pressures
(Fig. 4). All the polybaric simulations that cover the entire pressure
range used in the iFC simulations (1000-100 MPa) give higher Al,O3
contents compared to the main monzodioritic trend (Fig. 8). In the
simulations where the previously suggested high-Al basaltic parent A
was used, the simulation with a pressure decrease from 500 to 120 MPa
gives the best fit (Fig. 8a). The best fit for the simulations using MCS-AFC
model melts was produced by the M3WR11yg60-pFC simulations with a
pressure decrease from 500 to 210 MPa (Fig. 8c).

Cumulate compositions for the complementary pFC simulations were
not calculated, but the crystallizing phases are similar to those of the iFC
simulations. In the simulations using high-Al basaltic parent A, the
major crystallizing phases are plagioclase, clinopyroxene, orthopyrox-
ene, and olivine and in the simulations using the model melts
M2WR4pg60 and M3WRI11ygeo the major crystallizing phases are
plagioclase, clinopyroxene, olivine and spinel. Similar to the iFC models,
plagioclase and clinopyroxene are the most abundant phases and their
ratio varies as a function of pressure and temperature range.

4. Discussion

We used different thermodynamically constrained modeling ap-
proaches (lower crustal melting, AFC, and isobaric and polybaric FC) to
study some of the hypotheses presented for the petrogenesis of massif-
type anorthosites: 1) production of the anorthosite parental melts by
direct melting of the lower crust, 2) production of the anorthosite
parental melts by assimilation-fractional crystallization, and 3) pro-
duction of the anorthositic cumulates and monzodioritic rocks by frac-
tional crystallization during magma ascent through the crust (1000-100
MPa; Fig. 1).

4.1. Composition and source of the anorthosite parental magmas
Our partial melting modeling conforms with the hypothesis that

production of melts similar to the previously suggested high-Al basaltic
parental magma compositions of massif-type anorthosites would require
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Fig. 8. Examples of LLDs produced in pFC simulations using a) previously
suggested high-Al basaltic parent A and model melts b) M2WR4yg60 and c)
M3WR11pgeo after MCS-AFC at Mg# ~ 60 (Table 1) compared to the mon-
zodioritic data set (Fred et al., 2020 and references therein). See section 3.4
for details.

the lower crustal material to melt almost completely or completely (>70
wt%; Fig. 2; Table 2). For such high-degree of melting, ambient tem-
peratures of 1240-1380 °C at 1000 MPa would be required, which is
unfeasible without simultaneous partial melting of the mantle taking
place. For example, experimental solidus temperatures of 1190-1270 °C
at 1000 MPa for different ambient dry peridotitic mantle compositions
have been documented (Kiefer et al., 2015). Also, the volume of crust
needed to produce the parental magmas of suites such as the Nain
Plutonic Suite would be enormous (see Bybee et al., 2014b), and melting
that much lower crust without compensatory melt input from the mantle
would have a dramatic effect on the stability of the crust (Ashwal and
Bybee, 2017).

In contrast, the results of the MCS-AFC models suggest that melts
with similar compositions to the previously inferred high-Al basaltic
compositions can be produced by crustal contamination of hot primitive
mantle melts. The (initial) liquidus temperatures of the melts at 1000
MPa (1360-1600 °C) suggest that the mantle must have been anoma-
lously hot — ambient upper mantle temperatures in the early Proterozoic
were potentially only 100 °C higher than today (Ganne and Feng, 2017).
The high mantle temperature implied by our modeling could be
explained by a mantle plume or warming of the mantle by supercon-
tinent insulation, which can lead to an increase of mantle temperature in
excess of 100 °C (Coltice et al., 2007, 2009). Indeed, many massif-type
anorthosites are temporally associated with supercontinents, and a

connection between supercontinent closing and opening cycles with
massif-type anorthosites has been suggested (e.g., Mukherjee and Das,
2002). Such high temperatures promote melting of the mantle and thus
could explain the large amounts of molten material needed to produce
the largest AMCG suites. A key outcome of our modeling is that the
amount of melt left after the AFC at 1000 MPa is still high (generally
~70%), and, thus, can provide the required mass to generate the
observed large volumes of anorthositic rocks. The success of the MCS-
AFC models strongly suggests that the source for the parental magmas
of massif-type anorthosites is the mantle with significant mass contri-
butions also from assimilation of lower crustal material. Producing the
parental melts by AFC also addresses for the aforementioned stability
issue of the direct lower crustal melting hypothesis, since the mass loss
from the lower crust is replaced by the crystallizing cumulates.

Based on high-pressure experimental work and previously published
rudimentary FC and AFC calculations, it has been suggested that crys-
tallization of mantle-derived melts with or without assimilation cannot
produced either the high-Al basaltic or monzodioritic melts and that
they can only be produced by melting of crustal material (Longhi, 2005;
Longhi et al., 1999). These studies did not consider extensive assimila-
tion of the lower crust, however. As stated above, our thermodynamic
modeling suggest that high-Al basaltic melts can indeed be produced by
AFC at high pressures and on many occasions, this requires large amount
of assimilation of lower crust. The thermodynamic models do not
exclude the possibility of producing the high-Al basaltic melts by
melting lower crustal material only, but this is considered improbable
for the reasons stated above. Nevertheless, assimilation plays major role
in the early stages during anorthosite petrogenesis, and we emphasize
the important role of lower crustal melting in production of the observed
compositions in massif-type anorthosite suites.

The LLDs produced in our MCS-AFC models point toward assimila-
tion with mafic rather than felsic lower crustal material (Fig. 3), which is
in contradiction to the suggestions of Ashwal and Bybee (2017), who
speculate that the assimilants would mostly be of granitic compositions.
As is well known, the crust is compositionally heterogeneous and when
deciphering the parental magma compositions for individual suites, the
composition of the assimilant needs to be investigated in the light of the
case-specific crustal architecture. In addition to the heterogeneity pro-
vided by the composition of the crust, the amount of assimilation will
also vary, based on a number of factors (e.g., geothermal gradient and
crustal composition), which naturally affects the compositional evolu-
tion of the melts. This is also evidenced by our models where the amount
of assimilation generally varies from 20 to 70% in simulations using
different magma-wallrock combinations.

The trace element and isotope compositions are specific for each
anorthosite suite and their treatment is thus outside of the scope of this
study. They have also played an important role in the debate on the
source for the anorthosite parental magmas (e.g., Bybee et al., 2014a;
Hannah and Stein, 2002; Heinonen et al., 2010, 2015; Mitchell et al.,
1995; Schiellerup et al., 2000) and generally support our suggestion that
the parental magmas to anorthositic rocks are mantle-derived melts that
have undergone lower crustal contamination. Whereas isotope data
rather clearly suggest a mantle origin for some suites (e.g., Bybee et al.,
2014a; Heinonen et al., 2010; Mitchell et al., 1995), some other systems
show strong crustal signatures, which has led to the hypotheses of lower
crustal origin (e.g., Scharer et al., 1996; Schiellerup et al., 2000).
Furthermore, introduction of energy constraints into the AFC models
and the ability to model partial melting of the wallrock, has shown that
mantle-derived magmas can inherit strong crustal radiogenic isotope
signatures even with low amounts (<20%) of assimilation (e.g., Fowler
et al., 2004; Heinonen et al., 2016). Assimilation of crustal material by
mantle-derived primitive melts could thus result in crust-like isotopic
signatures and varying amounts of crustal assimilation can lead to
similar or much larger variations in isotopic data compared to those
resulting from source heterogeneity (Fowler et al., 2004; Hannah and
Stein, 2002). Our MCS-AFC models suggest that the amount of
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assimilation could be up to 70 wt% of mafic lower crustal material and,
hence, would lead to a strong crustal trace element and radiogenic iso-
topic signatures.

Our MCS-AFC models further suggest that the massif-type anortho-
site parental magma compositions are represented by the previously
suggested high-Al basaltic and not monzodioritic compositions (Figs. 2
and 3). Further examination of melt evolution by fractional crystalli-
zation of these parents suggests that the LLDs produced in FC simula-
tions show similar trends in some oxides with the monzodioritic rocks,
and, thus, that the monzodioritic rocks represent derivatives of the high-
Al basaltic parental magmas, i.e., residual melt compositions (Figs. 4
and 5). The global monzodioritic dataset, however, shows wide
compositional variation. This and the evolution of the monzodioritic
magmas are discussed in more detail in the following section. The level
of exposure in different suites varies, and hence in some intrusions only
more evolved rocks are observed. The compositions of the parental melts
evolves continuously during the (assimilation-) fractional crystallization
of the anorthositic cumulates, and hence the melts that the more evolved
anorthositic cumulates crystallized from, most likely were already more
similar in composition to the primitive monzodioritic rocks than to the
high-Al basaltic parental compositions.

4.2. Origin of the monzodioritic rocks: Implications for crystallization and
accumulation processes in different anorthosite suites

We examined the geochemistry of monzodioritic rocks and the
evolution of the associated melts by comparing the pressure-dependent
Al,O3 contents of some of the individual intrusions included in the
global data set (Fig. 9). In several cases, the monzodioritic whole-rock
data form a rather concise trend, but in others the data are more
dispersed. In the Ahvenisto complex and Korosten intrusion, most of the
monzodioritic rocks form a trend that closely follows the modeled LLDs
at lower pressures (<500 MPa), whereas few samples plot on LLDs at
higher pressures (Fig. 9). In the Laramie intrusion and especially in the

26 26

Adirondacks data set, the monzodioritic rocks are spread over the LLDs
of the whole pressure range (100-1000 MPa), whereas the monzodior-
itic rocks of the Norwegian intrusions plot on LLDs at lower pressures
(<500 MPa, Fig. 9).

There are several options that could explain the dispersion of the
data from these whole-rock samples, including polybaric crystallization
of the monzodioritic rocks or accumulation of plagioclase; that is, some
of the samples may actually represent monzodioritic or anorthositic
cumulates or at least contain some cumulus plagioclase (see Fred et al.,
2020). Examination of Figs. 5, 8, and 9 shows that 90% of the mon-
zodiorite data plot on or close to the simulated LLDs at lower pressures
(100-500 MPa). This indicates that the monzodioritic rocks could
represent the residual melt compositions left after the fractionation of
anorthositic cumulates at relatively low pressures (<500 MPa).

In Fig. 9, the monzodioritic rocks are plotted with LLDs produced in
iFC models (100 and 1000 MPa) together with plagioclase accumulation
trends and incremental cumulate compositions with Mg# < 70 of
M3WR11yg60-iFC (100-1000 MPa). As stated for the whole mon-
zodioritic data set in section 3.4, the main trend of the monzodioritic
rocks plots close to the lower pressure (500-200 MPa) polybaric FC
trend, indicating crystallization at lower pressures. The samples with
higher Al;03 and CaO of individual intrusions are in the range of
plagioclase accumulation trends, and also fit quite well with incremental
cumulate compositions (Fig. 9), indicating that these samples more
likely represent cumulate varieties of the monzodioritic rocks or mon-
zodioritic rocks with cumulate plagioclase or even in some cases anor-
thositic cumulates, rather than fine-grained monzodioritic rocks of near-
melt compositions crystallized at higher pressures. Thus, the Adir-
ondacks dataset might include more samples with cumulate plagioclase,
which explains the dispersed data. Although, as mentioned in section 1,
there are several other hypothesis presented for the origin of the mon-
zodioritic rocks based on the modeling results and discussion shown
here together with previous contributions (e.g., Ashwal, 1982; Morse,
1982; Duchesne, 1984; Owens and Dymek, 1992; Emslie et al., 1994;
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Fig. 9. Mg# versus whole-rock Al,O3 (wt%) of monzodioritic rocks of individual AMCG suites from a) Laramie, Wyoming, USA, b) Korosten, Ukraine, ¢) Rogaland,
Norway, d) Egersund-Ogna, Norway, e) Adirondacks mountains, New York, USA, and f) Ahvenisto complex, Finland compared to LLDs of M3WR11yge0-iFC
(1000-100 MPa), incremental cumulate compositions (Mg# <70) of M3WR11yg60-iFC (1000-100 MPa), and calculated plagioclase accumulation trends. The added
plagioclase composition is plagioclase model compositions at the step corresponding to Mg# of the M3WR11yg60-iFC simulation. See section 4.2 for details.
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McLelland et al., 1994; Mitchell et al., 1996; Vander Auwera et al., 1998;
Dymek and Owens, 2001; Markl, 2001; Heinonen et al., 2010; Bybee
et al., 2015, Fred et al., 2020) the residual melt hypothesis is the most
propitious.

One of the main arguments against the residual melt hypothesis is the
lack of negative Eu-anomalies in some of the monzodioritic rocks, for
example primitive monzodioritic parent I, which suggest the melts have
not gone through plagioclase fractionation. However, not all of the
monzodioritic rocks lack the negative Eu-anomalies and many of them
show at least small negative Eu-anomalies (e.g., Owens et al., 1993;
Mitchell et al., 1996; Duchesne et al., 2017). For example, in the
Ahvenisto complex, only the most primitive monzodioritic rocks lack
Eu-anomalies while the more evolved ones show a negative Eu-anomaly,
which is expected due to removal of plagioclase from the melts (Fred
et al., 2020). Many of the monzodioritic rocks that lack the Eu-anomalies
still show strong Sr depletion, which is another indicator of fractionation
of plagioclase (e.g., Vander Auwera et al., 1998). As is discussed above,
many of these monzodioritic rocks may also contain cumulate plagio-
clase and that would affect the compositions of whole-rock analysis of
such rocks, which could also lead to diminished Eu-anomalies.

The variation of monzodioritic compositions in different suites most
likely also reflects the differences in parental magma compositions and
the modes of the whole-rocks that were analyzed. Emplacement level
might play a role as well and can be further investigated by examining
pressure constraints from other phases such as clinopyroxene. These
results also highlight the critical importance of publishing modes for all
of the massif-type anorthosite suites. The monzodioritic data from in-
trusions in Norway show more evolved compositions compared to the
other suites (Ahvenisto, Laramie, Korosten, and Adirondacks; Fig. 9),
and whereas the monzodioritic data from the other suites exhibit
decreasing Al;O3 content with decreasing Mg#, the more evolved Nor-
way samples (Mg# < 40) show increasing Al,O3 with decreasing Mg#.
Importantly, also the modeled melts show a slight inflection toward
increasing Al;O3 content between Mg# ~35-25.

4.3. Origin of the anorthosites: Cumulate compositions, sinking of mafic
cumulates, and flotation of plagioclase

The modal amount of plagioclase in the iFC models is lower (40-60
wt%) compared to what is observed from natural anorthositic cumulates
(65-90 vol%), but the range of An contents (20-80) is within the range
in anorthositic rocks (Ansg_gp; Ashwal and Bybee, 2017 and references
therein). The amount of clinopyroxene is higher in the iFC models
compared to natural samples, and usually the more common pyroxene to
crystallize in the anorthositic rocks is orthopyroxene (Ashwal and
Bybee, 2017). Experimental work suggests that basaltic magmas crys-
tallize a maximum of 50-60 vol% plagioclase in the crystallizing
assemblage at high pressures (Miintener and Ulmer, 2006). Massif-type
anorthosites usually contain 10-15 vol% of mafic minerals (Bybee et al.,
2014a) and are believed to lack 30-40 vol% of mafic cumulates crys-
tallized from the basaltic parental magmas (e.g., Charlier et al., 2010;
Emslie et al., 1994). The work of Arndt and Goldstein (1989) has shown
that when mafic magmas pond, crystallize, and assimilate lower crustal
material, the crystallizing mafic phases would sink back into the mantle
due to their negative buoyancy. Our MCS-iFC models show that the
mafic phases are denser and plagioclase less dense compared to the melt
(Fig. 10), suggesting that the mafic cumulates would sink and plagio-
clase float, which is in line with previous observations (e.g., Bybee et al.,
2014a).

When the compositions of modeled cumulates with similar phase
assemblages are compared to natural anorthositic cumulates, the
modeled cumulates show, for example, lower Al,O3 and higher FeO'*
but similar CaO compared to natural samples (Figs. 6 and 7). MCS in
itself does not take into account sinking or flotation of the solid phases,
which would be plausible based on the aforementioned density differ-
ences. If the hypothesis that at least some of the mafic cumulates sink is
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Fig. 10. Examples of density differences between phases (melt, plagioclase,
clinopyroxene, and olivine) in iFC simulations at 1000 MPa using a) model melt
M3WR11pgeo and b) high-Al basaltic parent A. Abbreviations are Ol = olivine,
Cpx = clinopyroxene, and Plg = plagioclase. See section 4.3 for details.

correct, then the amount of plagioclase relative to the mafic phases in-
creases, leading to relatively higher Al,03 and lower FeO'" contents and
possibly yielding a better fit between the modeled cumulate composi-
tions and the natural anorthosite samples. A recent study suggests that
plagioclase floats more easily than previously thought (Krattli and
Schmidt, 2021). Another explanation for the mismatch between the
observed and modeled cumulate compositions may be the limitations of
rhyolite-MELTS to accurately model plagioclase crystallization in these
kinds of melts (see section 4.4). For example, the incremental cumulate
compositions of M3WR11yg60-iFC show lower Al;03, CaO, and Nay0
and higher FeO™" compared to natural anorthositic rocks (Fig. 6). This
could reflect the issue that plagioclase is not the liquidus phase as would
be expected in anorthositic rocks, and hence more effective crystalli-
zation of clinopyroxene leads to enrichment of FeO'" and depletion of
Al;,03 and NayO in the cumulates.

Further crustal contamination of the parental magmas could also
increase plagioclase stability by increasing the Al;03, NapO, and SiOq
contents of the magma (Ashwal, 1993). It has also been suggested that
crustal assimilation combined with magma replenishment could
enhance plagioclase saturation and lead to production of intermediate
plagioclase compositions (Ashwal, 1993). This could also enhance
crystallization of orthopyroxene that is known to crystallize from
anorthosite parental magmas (e.g., Ashwal and Bybee, 2017), but is only
a minor phase in our models. Isotopic evidence of gabbroic and anor-
thositic rocks in AMCG suites suggests that the high-Al gabbroic rocks
show less-contaminated signatures compared to anorthositic rocks (He
et al., 2021), indicating that assimilation has also occurred after the
massif-type parental magmas of high-Al basaltic compositions were
formed. Detailed modeling of this process is outside of the scope of this
study, but we encourage future endeavors in this matter.

Finally, based on previous work (e.g., Emslie, 1978; Emslie et al.,
1994) and our results we present the following general model for the
petrogenesis of massif-type anorthosites (Fig. 11). First (stage 1),
mantle-derived partial melts ponded at the crustal-mantle boundary (at
~1000 MPa) and started to crystallize. The heat derived from crystal-
lizing mantle-derived magmas partially melted the surrounding mafic
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Fig. 11. A schematic petrogenetic model for massif-type anorthosites including four stages: 1) AFC at crust-mantle-boundary, 2) FC at ~1000 MPa and sinking of
mafic phases and floating of plagioclase, 3) polybaric FC and ascent of anorthositic mushes through the crust, and 4) final FC of the anorthositic rocks and EC of the
monzodioritic residual melts (see Fred et al., 2020) at emplacement levels in the upper crust. See section 4.3 for details.

lower crust, and the produced crustal partial melts were mixed with the
mantle-derived magmas (the MCS-AFC models). This AFC led to the
production of high-Al basaltic massif-type anorthosite parental melts.
Next (stage 2), the basaltic parental melts started to crystallize (FC at
~1000 MPa) and due to density differences, crystallizing mafic phases
sank and plagioclase floated producing anorthositic mushes (the iFC
models). These mushes then rose through the crust while crystallizing
polybarically (stage 3) leaving behind residual melts of monzodioritic
composition (the pFC models). The fractional crystallization (stage 4) of
the anorthositic rocks occurred at final emplacement levels in the upper
crust (~300-200 MPa) and was accompanied by equilibrium crystalli-
zation of the monzodioritic residual melts (see Fred et al., 2020).

4.4. Model limitations and future prospects

As with all models, MELTS and MCS have their limitations. One
possible issue in the presented models might be delayed crystallization
of plagioclase at high pressures, which has also been observed to be an
issue in some other studies (see Fred et al., 2020; Putirka, 2005). This
might play a role in the minor mismatch of the model results with nat-
ural data, but as discussed in section 4.3, there are also other potential
explanations for this mismatch. Also, rhyolite-MELTS is built on
collected data of thermodynamic models for silicate liquid, mineral, and
fluid phases, with the liquid-phase properties derived partly from
experimental liquid-solid phase equilibrium data and, hence it is
affected by limitations of incomplete data coverage, inconsistent data,
and inadequacies of the thermodynamic solution theory (Ghiorso and
Gualda, 2015). The peculiar compositions of the high-aluminum
orthopyroxene megacrysts typical to massif-type anorthpsites are not
incorporated in the MELTS database, and thus might raise concerns
about the suitability of the used tools to model massif-type anorthosite
petrogenesis. Rhyolite-MELTS, however, is able to incorporate several
weight percents of AlyOs in the crystallizing orthopyroxene in our MCS-
AFC models. Hence, we consider the use of rhyolite-MELTS and MCS
justified for the purpose, although highest Al;O3 content found in nat-
ural orthopyroxene megacrysts (up to 9 wt%) are not produced by the
models.
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As mentioned in section 4.3, assimilation of lower crustal material by
massif-type anorthosite parental magmas could lead to enhanced sta-
bilization of plagioclase. Since the MCS can model simultaneous
recharge-assimilation-fractional crystallization (RAFC) processes, one of
the future prospects would be to use MCS to study the effect of crustal
assimilation of the anorthosite parental magmas combined with magma
recharge to investigate if added crustal mass would address the differ-
ences in the modes (e.g., plagioclase-clinopyroxene-ratio) and the
associated mismatch of modeled versus observed compositions.

The goals of our modeling were to test the suitability of the used
modeling tools and to investigate the broad spectrum of processes that
contribute to the petrogenesis of massif-type anorthosites. The model
outcomes support the four-stage petrogenetic model presented (Fig. 11).
In this study, we used major element and phase equilibria data and
focused on AFC and FC processes. However, several of the hypotheses
for the petrogenesis of massif-type anorthosites base their arguments on
isotopic compositions (e.g., mantle vs. crustal source) of individual
suites (e.g., Schiellerup et al., 2000). The success of the modeling we
have done strongly implies that more detailed thermodynamic and
geochemical modeling, including the addition of suite-specific trace
element and isotope data, could be used to study the petrogenesis of
individual massif-type anorthosite suites as well as other igneous suites.
We strongly recommend such modeling in the future. For example,
crystallization of apatite plays an important role especially in the evo-
lution of the most evolved monzodioritic rocks and has a significant
effect on the trace element compositions. P2Os is not included in our
models due to lack of data for some of the used starting compositions.
Preliminary test simulations show that addition of P3Os5 has only minor
effect on the main outcomes of our models. Nevertheless, it is clear that
P,05 needs to incorporated in future modeling of individual intrusions
when trace elements are considered.

Assimilation plays an important role in anorthosite petrogenesis, and
for example in the Voisey's Bay Intrusions in Nain Plutonic Suite, the
crucial factor leading to sulfide saturation is the composition of the
assimilant, which is a sulfide-bearing gneissic rock (e.g., Li et al., 2000).
Combined with a suitable sulfide saturation model, MCS could also be
used to study ore-forming processes in massif-type anorthosites. Sulfide
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saturation might be a more common process during massif-type anor-
thosites than is generally assumed (Hannah and Stein, 2002). Cumulate
rocks with anomalous compositions, such as the Fe-Ti-P-enriched oxide-
apatite-gabbronorites (OAGNs) and nelsonites (Dymek and Owens,
2001) have also been reported to occur in massif-type anorthosite suites.
The incremental cumulate compositions of our models (Supplementary
material F) suggest that similar anomalous low Si (~30 wt%) and high
Fe (>30 wt%) and Ti (>10 wt%) can be produced by fractional crys-
tallization of massif-type anorthosite parental magmas. MCS could,
therefore, also be used to study the crystallization of these peculiar
cumulates.

5. Conclusions

The results of this study are promising, and the following outcomes
are, thus, proposed, with the caveat that all models have limitations, and
model outcomes should be used to inform addiotional hypotheses
testing. Our petrological modeling suggest that massif-type anorthosite
high-Al basaltic parental magmas were generated when hot, primitive,
mantle-derived magmas assimilated mafic lower crustal material at
Moho depths. In contrast, the production of the parental melts by
directly melting the lower crust requires the crust to melt to a high de-
gree or completely (>70 wt%), which would destabilize the crust and
would be impossible without associated mantle magmatism. Our models
do not support the suggestion that the monzodioritic rocks are parental
to anorthosites. Instead, fractional crystallization of the high-Al basaltic
parental melts produce similar LLDs to the general evolutionary trend of
the monzodioritic rocks, suggesting that the monzodioritic rocks most
likely represent the residual melts after fractional crystallization. An-
orthosites represent selective cumulates from this fractionating process;
that is, density separation of mafic phases (i.e. sinking) and plagioclase
(i.e. floating) are suggested to produce the high plagioclase mode of the
anorthosites. We link our modeling to a four-stage petrogenetic model
for the massif-type anorthosites: 1) AFC at Moho levels producing high-
Al basaltic anorthosite parental magmas, 2) high-pressure FC of the
anorthosite parental magmas and sinking of mafic phases and plagio-
clase flotation, 3) polybaric FC of the ascending plagioclase-rich mushes,
and 4) low-pressure crystallization of the anorthositic cumulates and
monzodioritic residual melts. Our results suggest that this four-stage
model quite well represents the general process for the evolution of
massif-type anorthosite suites and can be used as framework for more
detailed modeling of individual suites with MCS and rhyolite-MELTS
tools in the future.
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