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G E O L O G Y

Mafic slab melt contributions to Proterozoic 
massif- type anorthosites
Duncan S. Keller1*, Cin- Ty A. Lee1, William H. Peck2, Brian D. Monteleone3, Céline Martin4,  
Jeffrey D. Vervoort5, Louise Bolge6

Massif- type anorthosites, enormous and enigmatic plagioclase- rich cumulate intrusions emplaced into Earth’s 
crust, formed in large numbers only between 1 and 2 billion years ago. Conflicting hypotheses for massif- type 
anorthosite formation, including melting of upwelling mantle, lower crustal melting, and arc magmatism above 
subduction zones, have stymied consensus on what parental magmas crystallized the anorthosites and why the 
rocks are temporally restricted. Using B, O, Nd, and Sr isotope analyses, bulk chemistry, and petrogenetic model-
ing, we demonstrate that the magmas parental to the Marcy and Morin anorthosites, classic examples from North 
America’s Grenville orogen, require large input from mafic melts derived from slab- top altered oceanic crust. The 
anorthosites also record B isotopic signatures corresponding to other slab lithologies such as subducted abyssal 
serpentinite. We propose that anorthosite massifs formed underneath convergent continental margins wherein 
a subducted or subducting slab melted extensively and link massif- type anorthosite formation to Earth’s thermal 
and tectonic evolution.

INTRODUCTION
Anorthosites are intrusive igneous rocks composed of ≥90% plagio-
clase feldspar that represent accumulated crystals concentrated from 
a crystallizing magma (1). On the modern Earth, where mafic mag-
matism occurs in oceanic spreading centers, above subducting slabs, 
and at intraplate hotspots, anorthosites form only as minor lenses, 
layers, or intrusions closely associated with their parental magmas 
(1, 2). In contrast, an enigmatic style of anorthosite magmatism op-
erated between 2.6 and 0.5 billion years ago (Ga). Only during this 
period did massif- type anorthosites, composite intrusions of plagio-
clase cumulates separated from their parental magma chambers and 
intruded into the continental crust, form worldwide. Between 1.8 
and 0.9 Ga, during the assembly and persistence of the superconti-
nents Nuna and Rodinia, numerous massifs, including the largest 
known, were generated (Fig. 1). The largest massifs reach up to at 
least 42,000 km2 in preserved extent and several kilometers in thick-
ness (3), making them comparable to the texturally similar compos-
ite granitoid batholiths generated at modern convergent margins. 
The spatiotemporal patterns of anorthosite occurrence on Earth hint 
at fundamental changes in Earth’s geodynamic and magmatic styles 
through time, but why massif- type anorthosites are restricted in 
time remains debated (2, 4–6). Factors such as interplays between 
mantle temperatures and lithospheric strengthening (4), slower plate 
velocities (5), and effects from long- lived supercontinents and high 
mantle heat flow during the Proterozoic (2, 6) have each been pro-
posed as mechanisms favorable to the generation of the long- lived, 
voluminous mafic magmas parental to massif- type anorthosites.

Some key aspects of massif- type anorthosite genesis are well- 
constrained. Their primary mineralogy of intermediate- composition 

plagioclase (~An30–70) with or without pyroxenes, olivine, and 
oxides, and little to no primary amphibole points to crystallization 
from mafic parental magmas with relatively low water activities (1, 4, 
7, 8). Restricted ranges of plagioclase composition at the massif scale 
(e.g., ~An47±8 for the Marcy and Morin) suggest compositional buff-
ering of the magmatic system, perhaps through recharge of long- 
lived parental magma chambers (9). The anorthosite bodies were 
emplaced into the continental crust, apparently in multiple pulses, as 
evidenced by the cross- cutting generations of anorthosite cumulates 
that can be observed in outcrop in many massifs (e.g., Fig. 2A). Em-
placement of some massifs is well- constrained to mid-  to upper- 
crustal depths (1, 7, 10). However, barometric constraints such as 
from high- Al pyroxene megacrysts formed at ~9 to 13 kbar that were 
entrained by ascending anorthositic mushes (Fig. 2, B and C) (7, 11) 
suggest that plagioclase crystallization was a multistage process that 
happened, at least in part, at the base of the continental crust. These 
observations, as well as the observation that there is apparently in-
sufficient preserved fossil mafic magma in or around the massifs to 
be complementary to the anorthosite cumulates, have led to the 
hypothesis that the anorthosites formed from ascending crystal- rich 
batches derived from a deeper system (1). Numerical modeling of 
these systems shows that buoyant rise of thick plagioclase cumulate 
mush piles could transport the anorthosites upward through the 
crust (12).

Despite these constraints on massif- type anorthosite formation, 
debate continues regarding the origins of the parental magmas and 
the tectonic setting(s) in which they were generated. Some studies 
argue for mafic parental magmas derived mostly from mantle sourc-
es [e.g., (2, 8, 9, 13)], while other studies argue for mostly crustal 
sources [e.g., (7, 14, 15)]. Both divergent and convergent tectonic 
settings have been inferred to produce the massifs’ parental magmas 
[see reviews in (1, 2)], but most hypotheses invoke mantle melting 
through upwelling asthenosphere as the heat and/or melt source for 
anorthosite generation [e.g., (16)].

Recent geochronological studies have shown that some massif- 
type anorthosites were formed over time intervals of up to ~120 mil-
lion years (9, 13, 17). These are unusually long time intervals for 
magmatism associated with plumes or divergent settings but are 
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similar to geochronologic constraints for convergent settings. These 
findings have inspired the hypothesis that massif- type anorthosites 
are the products of long- lived magmatic systems underneath conti-
nental volcanic arcs (9, 13). Phanerozoic continental arcs do not gen-
erate massif- type anorthosites, so if a convergent margin hypothesis 
is correct, then the profound implication is that Proterozoic conti-
nental arcs must have operated differently from those of the Pha-
nerozoic (Fig. 1).

Here, we combine geochemical and petrological approaches to 
study the magmas parental to the Marcy and Morin anorthosites of 
the North American Grenville Province and test hypotheses of the 
massifs’ formation. Because a convergent margin setting has been 
the focus of several recent studies of other massifs, we pair analyses 
of B and O stable isotopes, which are sensitive to subduction- related 
processes, with analyses of Nd and Sr radiogenic isotopes, which are 
sensitive to source reservoir age. Boron and O stable isotope analy-
ses are particularly useful for detecting input from low- temperature 
altered oceanic crust (LTAOC; the pillow basalts and sheeted dikes 
in the upper kilometer of the oceanic crust altered by seawater at 
≤400°C). Assimilation of LTAOC by the Marcy and Morin parental 
magmas has been hypothesized (18) but has not been tested using B 
isotopes. The combination of a major element stable isotope system 
(O) that accounts for a large fraction of the rock’s mass with a trace 

element stable isotope system (B) that is highly sensitive to source 
lithology offers complementary information on magma sources. 
We integrate the B, O, Nd, and Sr isotope data with numerical mod-
eling of magma crystallization and bulk rock chemistry to constrain 
the origins and evolution of the magmatic systems that produced 
the anorthosites.

RESULTS
Geologic background and samples
The Marcy and Morin massifs have well- documented geological his-
tories and crop out within the Southern Grenville Province of 
eastern North America (fig. S1). Both massifs have emplacement ages of 
~1155 million years ago (Ma) and comprise anorthosite, plagioclase- 
rich mafic rocks (e.g., leucogabbro and leuconorite), volumetrically 
minor gabbros and oxide- rich gabbros, and rare ultramafic lenses. 
Following their emplacement into the crust, both massifs were meta-
morphosed during the Ottawan phase of the Grenville Orogeny at 
~1050 Ma (19–21). As indicated by rock textures and mineralogy, 
metamorphism was largely dry and isochemical, and in many rocks, 
original igneous features such as intercumulus relationships and ex-
solution textures are evident (Fig. 2, D and E). The consistency of 
anorthosite oxygen isotopic compositions at the massif scale further 
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points to broadly closed- system behavior and limited fluid flow 
during metamorphism (18, 22). For example, anorthosites from two 
lobes of the Marcy, constituting roughly half of its surface exposure, 
were estimated to have average δ18O values of +9.3 ± 0.2 per mil 
(‰) [relative to Vienna Standard Mean Ocean Water (VSMOW); 
N = 14, 1σ SD] and + 9.6 ± 0.6‰ (VSMOW; N = 23, 1σ SD) from 

analyses of plagioclase megacrysts (22). Other than samples proxi-
mal to country rock contacts, including those with anomalously low 
δ18O due to interactions with meteoric water during anorthosite em-
placement (10), 83 of the 93 total Marcy anorthosites and leucogab-
bros/leuconorites that have been previously analyzed have δ18O 
values between +8 and +11.2‰ (VSMOW) (22). Plagioclase from 
48 representative rocks sampled from various parts of the western 
lobe of the Morin Complex, where the Morin samples of this study 
are also from, has an average δ18O of +9.58 ± 0.67‰ (VSMOW; 1σ 
SD) (18). The known range of δ18O values for the Morin western 
lobe is +8.5 to +12.1‰ (VSMOW) (18).

Rock samples for this study are Marcy and Morin anorthosites 
and leucogabbros. Sample locations are given in fig. S2. The Morin 
samples are from the relatively undeformed western lobe of the in-
trusion and were previously described and analyzed for oxygen iso-
topes (18). All rock samples contain coarse, glassy, igneous plagioclase 
up to ~4 cm that can show polysynthetic twinning and exsolution of 
K- feldspar and/or fine oxide particles. Labradorescence is visible in 
some plagioclase. Variable amounts of clinopyroxene and orthopy-
roxene, as well as oxide minerals, are present as intercumulus phases. 
Many pyroxenes show exsolution lamellae of Fe- Ti oxides and/or 
pyroxene (Fig. 2E). Also present are high- Al pyroxene megacrysts, 
which can contain exsolution lamellae of plagioclase and pyroxene 
(Fig. 2C). Such exsolved megacrysts, which have also been reported 
with oriented garnet lamellae (23), are thought to represent an early 
high- pressure pyroxene stable at ~10 kbar (7, 11). Minor garnet and 
amphibole (<5 vol %), most commonly as coronal textures around 
pyroxene and Fe- Ti oxide, are present in some samples and are inter-
preted as metamorphic phases resulting from granulite facies meta-
morphism that postdated anorthosite intrusion by ~100 Ma (20). 
Some plagioclase shows minor alteration to fine- grained hydrous 
silicates along grain boundaries and cleavages (variably accompanied 
by amphibole and biotite), but these examples are visually apparent 
and were avoided when selecting materials for both in situ analysis 
and mineral separation.

Boron stable isotopes
Boron stable isotope analysis is a powerful tool for studying magmas 
formed at convergent margins because boron systematics can reveal 
inputs from the underlying subduction zone (24, 25). Unaltered de-
pleted mantle and mid- ocean ridge basalt (MORB) have δ11B values 
of −7 ± 0.9‰, and the bulk continental crust has a δ11B value of 
roughly −9 ± 0.4‰ (24, 26). Rocks altered by seawater at low tem-
peratures, such as LTAOC [δ11B ≈ −4 to +25‰, 0.2 to ~100 parts 
per million (ppm) B] and the abyssal serpentinites underlying the 
oceanic crust (δ11B ≈ +2 to +41‰, 2 to ~100 ppm B), are mostly 
enriched in B and have more positive δ11B signatures relative to un-
altered mantle and MORB (Fig. 3A) (24, 26). Fluids and melts de-
rived from dehydrating slab- top materials impart distinctly enriched 
and/or isotopically heavy B signatures to modern arc magmas com-
pared to bulk mantle and crustal reservoirs (Fig. 3A). Altered oce-
anic crust can also develop an isotopically lighter δ11B signal than 
unaltered MORB after extensive subduction dehydration. As the 
slab top warms in the arc magma generation window between ~2 
and 3 GPa, the fluids released by breakdown of hydrous silicates 
preferentially remove 11B from the rock, resulting in the residual de-
hydrating slab becoming isotopically lighter (27, 28). Forearc ser-
pentinites and rocks from exhumed subduction zone mélanges with 
δ11B signatures close to or below 0‰ are interpreted as metasomatic 

Fig. 2. Anorthosites and leucogabbros in outcrop and thin section. (A) Marcy 
outcrop (Wolfjaw Mountain) with a leucogabbro block (leuco) in anorthosite 
(Anorth), showing that multiple generations of cumulate mushes coalesced to form 
the pluton. (B) cluster of orthopyroxene megacrysts ~1 m in size in the Marcy anor-
thosite (Woolen Mill locality). (C) clinopyroxene megacryst in thin section showing 
exsolved plagioclase (sample 98MA1A, crossed polars). (D) coarse Marcy plagio-
clase in thin section (sample 14Ad9A, crossed polars). (E) Pyroxene (Pyx) and pla-
gioclase (Plag) in a Morin gabbroic anorthosite (sample 95MR115, crossed polars).



Keller et al., Sci. Adv. 10, eadn3976 (2024)     14 August 2024

S c i e n c e  A d v A n c e S  |  R e S e A R c h  A R t i c l e

4 of 17

B

A

This study

Modern
seawater

Depleted
mantle
Continental
crust (bulk)

Siliciclastic
ocean sediments

Altered oceanic
crust Arc lavas

Abyssal
serpentinites

Morin
plagioclase

Marcy 
plagioclase

Morin
pyroxene

Marcy
pyroxene

Orthopyroxene
megacryst

Literature data

Mantle wedge
 serpentinites

Clinopyroxene
megacryst

Mt. Shasta melt inclusions

SIMS

LA-MC-ICP-MS

B

Low-K High-K AOC eclogite

Dehydrating, high-K AOC eclogite

Dehydrating, low-K AOC eclogite

−35

−25

−15

−5

5

15

25

35

45

10 20 40
B (ppm)

−25

−20

−15

−10

−5

0

5

10

15

20

25

2 4 6 8 10 12 14 16 18

Megacrystic pyroxene

Plagioclase
Pyroxene

y-axis histogram

0

11
B

 (
‰

)

30

11
B

 (
‰

)

B (ppm)

Inferred
magma sources

Melting of dry
oceanic crust

Wetter slab
materials

Mixed melts of
mantle and
dehydrating

slab

Abyssal serpentinites

AOC

Siliciclastic
ocean sediments

Arc lavas

Mantle wedge
serpentintes

Fresh MORB and
depleted mantle

Mt. Shasta
melt inclusions

Modern
seawater

Continental
crust (bulk)

Siliciclastic
ocean sediments

Abyssal serpentinites

AOC

Mantle wedge
serpentintes

Mt. Shasta
melt inclusions

Fresh MORB
and depleted
mantle

Continental
crust (bulk)

Arc lavas

Symbol
border:

Fig. 3. Boron isotope systematics of the Marcy and Morin anorthosites. Symbols are averages of multiple measurements for each grain (tables S1 and S2). error bars 
show ±2σ Se. dehydration trends of eclogite are from (28); other references are given in Materials and Methods. Marginal histograms were calculated from grain averages 
using the default kernel smoothing in MAtlAB (v.2020b); interlaboratory comparisons on the same grain were averaged for histograms. (A) Plagioclase and nonmegac-
rystic pyroxene show significantly higher and lower δ11B values than bulk depleted mantle and continental crust and overlap with subduction zone lithologies. Pyroxene 
megacrysts can reach values similar to abyssal serpentinites. Plagioclase values closely resemble dehydrated slab eclogite and its melt(s) (28, 33). tie lines connect results 
for the same grain from SiMS and lA- Mc- icP- MS. (B) detail of (A)’s left edge.
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products formed by these slab- released fluids [e.g., (29, 30, 31, 32)]. 
The residual high- temperature, volatile- poor eclogite is predicted to 
have a δ11B signature ranging from −5 to −40‰ but very low B con-
tents similar to those of unaltered MORB (28). This dehydrated 
eclogite can then impart its δ11B signature to arc magmas during 
slab melting. For instance, olivine- hosted melt inclusions in Quater-
nary basaltic andesite from Mt. Shasta with δ11B values ranging 
from −0.9 to −21.3‰ and low B concentrations of ≤1.6 ppm are 
interpreted as reflecting magma input from melting of dehydrated 
subducting oceanic crust in the hot Cascadia subduction zone (33).

To test for the presence of geochemical signals from subduction 
zone processes and lithologies, we analyzed the B concentrations 
and isotopic compositions of Marcy and Morin plagioclase, intercu-
mulus pyroxenes, and pyroxene megacrysts. Subduction zone sig-
nals would be expected if the magmas parental to the anorthosites 
were generated above a subduction zone (such as in a continental 
arc system) but would not be expected from melting of mafic lower 
crust or melting of the mantle unrelated to subduction. In situ anal-
yses were made on thin sections and pyroxene megacryst fragments 
mounted in epoxy using secondary ion mass spectrometry (SIMS) 
at Woods Hole Oceanographic Institution and laser ablation multi-
collector inductively coupled plasma mass spectrometry (LA- MC- 
ICP- MS) at the Lamont- Doherty Earth Observatory. All analytical 
procedures are given in Materials and Methods. The B isotope data 
for grain averages plotted in Fig. 3 are in table S1, and the individu-
al analyses used to calculate grain averages are in table S2.

The B isotope systematics of Marcy and Morin igneous minerals 
are distinct from those of unaltered depleted mantle and bulk conti-
nental crust (Fig. 3). Clean, unaltered plagioclase is B poor (<2 ppm) 
and has δ11B values ranging from ~0 to −25‰. This range of δ11B 
values matches subducting eclogite at varying stages of dehydration 
(28) and melts thought to be derived from dehydrated slab eclogite 
(33). Unaltered pyroxene megacrysts show values between approxi-
mately −5 and +21‰, similar to AOC, siliciclastic ocean sediments, 
and abyssal serpentinites. Nonmegacrystic pyroxenes are enriched 
in B compared to plagioclase (~1 to 5 ppm) and have δ11B values 
between approximately −3 and +12‰, overlapping with both pla-
gioclase and megacrystic pyroxenes. The δ11B values of an approxi-
mately +33‰ altered pyroxene megacryst, and a +12‰ pyroxene 
was reproduced within analytical uncertainty by both SIMS and LA- 
MC- ICP- MS analyses on the same grain, confirming that both 
methods return similar results (table S1).

We also measured the major element compositions of plagioclase 
and pyroxene grains analyzed for B isotopes by SIMS using electron 
probe microanalysis (EPMA; Materials and Methods). The EPMA 
analyses were made within ~100 μm of SIMS spots. The EPMA anal-
yses showed that each grain in tables S1 and S2 not labeled as 
“altered or uncertain” has a primary, unaltered composition within the 
expected ranges of primary plagioclase and pyroxenes from the 
Marcy or Morin (tables S3 and S4) (1, 16, 23, 34–37). This is strong 
evidence that the grains plotted in Fig. 3 are unaltered and represen-
tative samples from the two massifs.

Nd, Sr, and O isotopes
As additional tests of possible slab contributions to the anorthosite 
parental magmas, we also analyzed radiogenic neodymium and 
strontium isotopes and stable oxygen isotopes of plagioclase. These 
systems have previously been applied to the Marcy and Morin, as 
well as to other massif- type anorthosites, to constrain the influence 

of mantle and crustal lithologies on their parental magmas (10, 18, 
22, 38, 39). We build upon this previous work with new Nd, Sr, and 
O isotope data for Marcy and Morin plagioclase separates. Following 
mineral separation, analyses of Nd and Sr isotopes were conducted 
using MC- ICP- MS at the Radiogenic Isotope and Geochronology 
Laboratory (RIGL) at Washington State University. Analyses of O 
isotopes were conducted using laser fluorination at the University of 
Wisconsin- Madison. Analytical techniques and notation details are 
given in Materials and Methods. Neodymium, Sr, and O isotope data 
for Marcy rocks are in table S5 and for Morin rocks are in table S6.

Because the Marcy and Morin intrusions both formed at ~1155 Ma 
(20, 21), their radiogenic isotope systematics can be directly com-
pared. Anorthosites, leucogabbros, and gabbros from both massifs 
have εNd values between +1 and +5 that approach, but are somewhat 
lower than, depleted mantle values at the age of formation (+5.4) (40), 
suggesting that the parental magmas were influenced by both mantle 
and crustal sources (Fig. 4A) (18). Many of the rocks have only slight-
ly lower εNd values than oceanic crust ~200 Ma older than the anor-
thosites, such as might be present in a subducting slab. Strontium 
systematics show a similar pattern with some samples plotting near 
200 Ma older LTAOC and others showing variable spread toward 
more evolved values (Fig. 4B). Particularly for the Rb- Sr system, this 
spread may be the result of resetting during the Ottawan orogeny 
~100 Ma after anorthosite emplacement (38).

Analyzed plagioclase separates from Marcy and Morin anortho-
sites and gabbroic anorthosites have δ18O values of +8.6 to +10.7‰ 
(VSMOW), consistent with prior studies of these massifs (18, 22, 41). 
Marcy gabbros have δ18O as high as +9‰ but also show primary 
igneous values as low as +6.5‰ (22). The dominant plagioclase sig-
nature of roughly +9‰ δ18O is much higher than the ~+5.75‰ 
value expected for basaltic melt derived from an unaltered upper 
mantle source, and small O isotope fractionations at high tempera-
tures preclude magmatic derivation from mantle rocks alone (42). 
High δ18O values ≈ +9‰ are consistent with input from rocks al-
tered by seawater at ≤400°C, such as slab- top LTAOC (18, 43). The 
oxygen isotopic composition of plagioclase, the dominant mineral in 
the rock, approximates the oxygen isotope ratio of the whole rock.

The O isotopic compositions of the Marcy and Morin show little 
variation at the massif scale other than local anomalies at contacts 
with country rock, which is evidence that the parental magmas to 
the plagioclase cumulates did not acquire their δ18O signatures dur-
ing emplacement but rather inherited them from the deeper mag-
matic system that fed the intrusions (18, 22). Our O and Nd isotope 
data cluster tightly with results from previous studies (18, 22, 38) 
and, although the Sr isotope data show some spread and possible 
metamorphic resetting, the most juvenile values cluster in a similar 
manner to the Nd data (Fig. 4B). Measured Rb and Sr contents of 
Marcy and Morin plagioclase (tables S5 and S6) are consistent with 
the extensive published bulk rock analyses for these massifs (35, 36, 
44). Although many fewer Sm and Nd data are available for the 
Marcy and Morin, our results are consistent with published plagio-
clase ranges (35, 38, 45). This is further evidence that our samples 
are representative.

Evaluating possible parental magmas
Previous studies have used Nd, Sr, and O isotopic signatures to iden-
tify possible sources of—and contaminants to—the magmas paren-
tal to different anorthosite massifs by modeling source mixing and/
or crustal assimilation [e.g., (18, 38, 46–50)]. To evaluate possible 
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contributions from LTAOC to the Marcy and Morin parental magmas, 
we combined the Nd, Sr, and O isotope data with compiled lit-
erature data on bulk rock chemistry from these massifs. We com-
pared these data to results from numerical modeling of magma 
crystallization and wallrock assimilation using both the Magma 
Chamber Simulator software, which tracks bulk composition, cu-
mulate mineralogy, isotopic composition, and physical properties 
(51, 52), and classical algebraic assimilation- fractional crystalliza-
tion (AFC) models (53, 54) to evaluate processes that could have 
produced the observed systematics. All simulations were conducted 
at 10 kbar; our analysis focuses on the mineralogy and chemistry of 
the cumulus phases and the magma from which they crystallized at 
near- Moho depths and does not address later fractional crystalliza-
tion or polybaric processes during anorthosite emplacement. We 
focus on the early lower- crustal magmatic evolution of the system 
because of the evidence that the parental magmas acquired their 
isotopic signatures at this stage (18, 22) and because the entrain-
ment of high- Al pyroxene megacrysts in the anorthosites indicates 
plentiful plagioclase crystallization at pressures near 10 kbar (7, 11). 
Our approach follows previous work that showed that the petro-
logical evolution of massif- type anorthosite parental magmas, in-
cluding those of the Marcy, can be explained by assimilation of the 
lower crust at ~10 kbar followed by polybaric fractional crystalliza-
tion with lesser assimilation as the magmas and cumulates ascend 
(8). Details of modeling setups are given in Materials and Methods.

To model the Nd, Sr, and O isotopic signatures of the magmas 
parental to the anorthosites, we treated the mantle, crustal, and 
LTAOC lithologies and their melts as distinct, but homogeneous, 
isotopic reservoirs (table  S7). This approach is justified because 
even accounting for different temperatures of melting along slab 
depth, the Nd, Sr, and O isotopic characteristics of LTAOC are 
thought to change minimally during metamorphism, as evidenced 
by preserved AOC- like signatures in Archean eclogite xenoliths 
erupted by kimberlites (55). However, the B isotopic composition 
of LTAOC is extremely sensitive to the extent of devolatilization 
during subduction (28), and possible reservoirs such as serpenti-
nite can show a wide range of δ11B values and B concentrations 
[e.g., (32)]. Because the different lithologies that might contribute 
B to the parental magma cannot be treated as homogeneous reser-
voirs in the geologic scenarios relevant to massif- type anorthosite 
formation, we did not include B isotopes in our numerical model-
ing. However, more complex B modeling could be explored in fu-
ture work.

We tracked the AFC evolution of four different candidate parental 
magmas: a pure mantle- derived basalt endmember capable of pro-
ducing massif- type anorthosite mineralogy (8) (#1), a mixed magma 
consisting of 50% LTAOC melt and 50% mantle- derived basalt (#2), 
a mixed magma consisting of 70% LTAOC melt and 30% mantle- 
derived basalt (#3), and a pure LTAOC melt endmember (#4). The 
major element, trace element, and isotopic compositions of these pa-
rental magmas and the assimilated wallrocks are given in table S7. 
Wallrock compositions were taken from a global compilation of 
lower crustal xenoliths that have been analyzed for major and trace 
element chemistry and oxygen isotopes (table S8) (56). The LTAOC 
represents the altered upper kilometer of subducting ocean crust 
(e.g., pillow basalts and sheeted dikes), chosen to be 200 Ma older 
than the anorthosite parental magmas to represent plausible seafloor 
that would have been subducting during Grenville convergence. The 
LTAOC has slightly lower εNd than basaltic magma derived from 

1155 Ma depleted mantle because of its older age and has higher 
δ18O and 87Sr/86Sr because of its low- temperature alteration by sea-
water (43). All magmas were placed into contact with a Paleoprotero-
zoic dioritic wallrock, calculated from the average of lower crustal 
xenoliths of intermediate SiO2 content (56). The isotopic evolution, 
major element chemistry, and cumulus plagioclase properties of the 
four candidate parental magmas can be compared across Figs. 4 and 
5. We also modeled the Nd- Sr- O evolution of these magmas using an 
algebraic AFC approach that does not consider thermodynamics and 
dynamic phase equilibria (53, 54). This approach produces extremely 
similar isotopic evolutions of the parental magmas to the Magma 
Chamber Simulator results (fig. S3 and table S7). Further details of 
model setups are given in Materials and Methods. Tables S10 to S15 
contain the Magma Chamber Simulator run inputs and outputs, in-
cluding major element, trace element, and isotopic compositions 
(the Supplementary Materials).

The isotopic evolution of candidate parental magmas #2 to #4 
during AFC best reproduces the Nd- Sr- O systematics of the Marcy 
and Morin anorthosites, leucogabbros, and gabbros. Without LTA-
OC input, none of the average lower crustal wallrock compositions 
(mafic, intermediate, and metasedimentary/felsic) can raise the pa-
rental magma δ18O to +9‰ (figs. S4 and S5).

Figure 5 shows the magma major element composition and cu-
mulus plagioclase properties of candidate parental magmas #1 to 
#4 during fractional crystallization and wallrock assimilation. The 
starting magma compositions of the four candidate parental mag-
mas are all basaltic (47 to 53 wt % SiO2) and Al- rich (17 to 20 wt % 
Al2O3) and closely resemble suggested Marcy parental magmas in-
ferred to have ~52 wt % SiO2 (34). A 52% partial melt of a MORB- 
like eclogite from an experimental study of high- T MORB melting 
(57), used here to represent extensive melting of AOC that has un-
dergone prograde dehydration, plots within the composition range 
of Marcy and Morin gabbros and represents candidate parental 
magma #4. We tested a mafic melt of a MORB source because of the 
similarities between the Nd, Sr, and O isotopic compositions of 
Marcy and Morin anorthosites, leucogabbros, and gabbros and 
those of LTAOC (Fig. 4). Together with mafic bulk compositions 
and B isotopic compositions reflecting influence from AOC, these 
traits point to a mafic parental magma with geochemistry similar to 
oceanic crust. Parental magmas containing a 50 to 100% LTAOC 
melt component that undergo fractional crystallization and wall-
rock assimilation can produce gabbros, gabbroic anorthosites, and 
anorthosites matching Morin and Marcy compositions in terms of 
major elements, trace elements, and Nd, Sr, and O isotopes (Figs. 4 
and 5, A and B). Plagioclase Nd and Sr concentrations are also 
closely reproduced by the AFC evolutions of candidate parental 
magmas #2 to #4 (fig. S6). The highest plagioclase Nd concentra-
tions can be explained by mixing of recharging magma batches 
with fresh magma or equilibration during late- stage fractional 
crystallization.

Addition of LTAOC melt also influences the onset of plagioclase 
crystallization and plagioclase chemistry and so has implications 
for the buoyancy of plagioclase cumulates necessary to facilitate 
massif- type anorthosite formation. Candidate parental magmas #2 
to #4 produce plagioclase cumulates matching the observed com-
position ranges of the Marcy and Morin. The mineral and melt 
densities from these simulations show that the plagioclase cumu-
late is positively buoyant relative to the coexisting magma at the 
simulation pressure of 10 kbar (Fig. 5C). This is likely the result of 
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a higher Na/Ca ratio in the parental magmas containing eclogite 
melt, which stabilizes plagioclase with lower An content and there-
fore lower density, earlier in the crystallization sequence. Simula-
tions #2 to #4 crystallize plagioclase of the appropriate composition 
when the magma chamber still contains >50% magma, which 
should enable plagioclase to float and form anorthosite.

DISCUSSION
Interpreting the B and O isotope data
We consider it appropriate to interpret the δ11B compositions of the 
Marcy and Morin minerals in the same way that modern B system-
atics are interpreted because marbles both in contact with the Marcy 
anorthosite in the Adirondack Highlands and in the nearby Adiron-
dack Lowlands have δ11B values within the range of modern oce-
anic carbonate (58). This suggests that the seawater in which the 
Adirondack metasedimentary protoliths formed had a generally 
similar δ11B composition to modern seawater and therefore that the 
B isotopic signatures of seafloor hydrothermal alteration should be 
broadly similar.

Both SIMS and LA- MC- ICP- MS analyses show pyroxene and 
plagioclase in the same thin section with δ11B values differing by 
20‰ or more. At least for sample 14AD9A, in which the largest 
number of grains was analyzed, the δ11B variability within single 
plagioclase and pyroxene grains is less than the variability among 
grains of that mineral in the sample. These pieces of evidence sug-
gest that diffusional B exchange between mineral grains was ineffi-
cient, even during the granulite facies metamorphic overprint of the 
Ottawan orogeny (20). This could be the result of large grain sizes 
and scarcity of grain boundary fluids during mostly dry metamor-
phism that restricted B transport to solid- state intragranular diffu-
sion, which should be slower than diffusion through fluids or melts. 
It is also possible that the trace B in the silicate structures is coupled 
to slow- diffusing species or diffuses slowly itself. Similar behavior 
has been observed for Li in quartz associated with substituted Al 
(59) and for P in garnet, which can remain immobile even during 
metamorphism at ≥1050°C in the absence of fluid- mediated recrys-
tallization (60, 61). In the absence of published experimental con-
straints on B diffusion in plagioclase and pyroxene, further study is 
required to understand B mobility in these phases.

The equilibrium preference of 11B for trigonal coordination and 
10B for tetrahedral coordination causes the proportion of trigonally 
coordinated and tetrahedrally coordinated B in a mineral to affect its 
B isotopic composition (62, 63). Boron in plagioclase is thought to 
be dominantly tetrahedrally coordinated and accommodated by the 
reedmergnerite substitution of B for Al, which is tetrahedrally coor-
dinated (64). Although B in inosilicates has also often been assumed 
to be tetrahedrally coordinated, spectroscopic study of synthetic di-
opside has shown a strong dominance of trigonally coordinated B, 
which would produce an enrichment in 11B and a higher δ11B value 
because of the tendency of trigonal coordination to favor the incor-
poration of 11B over 10B (62, 63). This effect has not yet been docu-
mented in orthopyroxenes. At the high magmatic temperatures 
relevant to the crystallization of the plagioclase cumulates that 
formed the anorthosites (~900° to 1250°C), the magnitude of the 
temperature- dependent equilibrium isotope effect is estimated to be 
≤ ~5‰ (62). Incorporation of trigonally coordinated B in pyroxenes 
but not in feldspars likely helps to explain the generally higher δ11B 
values of pyroxenes relative to feldspars but appears insufficient to 

explain the ranges of values observed within plagioclase, intercumu-
lus pyroxenes, and megacrystic pyroxene populations and cannot 
explain the ~40‰ range observed overall (Fig. 3). Instead, material 
sourced from different reservoirs related to a subduction zone, 
which can have δ11B signatures that differ by this magnitude or more 
(24, 32, 65), appears to be required.

Metasomatism of the subarc mantle by slab- derived fluids alone 
cannot explain the Marcy and Morin δ18O signature because of the 
extreme water- rock ratios that would be required to raise the subarc 
mantle δ18O to roughly +9‰. The low water activity of the anor-
thosite parental magmas indicated by plagioclase compositions and 
lack of magmatic amphibole (1, 8) means that only small amounts 
of fluids could have been integrated into the parental magmas. 
High magma water contents would also limit plagioclase buoyancy 
and, therefore, anorthosite formation, by reducing magma density. 
Moreover, massif- type anorthosites do not form in modern settings 
where mantle metasomatism by slab- derived fluids is thought to be 
common, implying that mantle metasomatism is not a causative 
mechanism for massif- type anorthosite formation.

Synthesis of observations
Overall, we interpret the B isotope data as indicating input from sev-
eral lithologies expected in a subduction zone environment, mostly 
corresponding to AOC- like signatures and slab- top siliciclastic sedi-
ments but also including serpentinites (Fig. 3). The range of plagio-
clase δ11B values is nearly identical to that observed in olivine- hosted 
melt inclusions interpreted as mixed melts of dry, subducted oce-
anic crust and a mantle wedge above a hot subduction zone (Fig. 3) 
(33). Metasomatism of the subarc mantle by slab- derived fluids 
probably affected the B isotopic compositions of the parental mag-
mas but cannot by itself explain the observed δ18O signatures of the 
cumulus phases and the low water activity of the parental magmas. 
Texturally early pyroxene megacrysts with δ11B values ranging from 
−5 to +21‰ may reflect early influence of slab- derived fluids on the 
mantle wedge and/or magmatic system.

Scenarios without LTAOC melt in the parental magma (e.g., candi-
date parental magma #1 in Figs. 4 and 5), regardless of wallrock type, 
fail because they cannot produce the approximately +3 εNd, +9‰ δ18O 
anorthosites and gabbros, and/or fail to match the observed mafic, yet 
high δ18O, gabbros (Figs. 4 and 5 and figs. S4 and S5). Metasediments 
with δ18O >> 10‰ could theoretically sufficiently raise parental mag-
ma δ18O, but more than ~10% mass input from melts of any common 
metasedimentary rock types into the parental magma is incompatible 
with the mineralogy and bulk compositions of the anorthosites and re-
lated rocks (Fig. 5A). Even if large amounts of metasediment with δ18O 
of +20‰ had been present in the lower crust during parental magma 
crystallization, close to 40% of the parental magma’s volume would 
have to be derived from this material to produce anorthosites with 
δ18O of +9 to 10‰. Furthermore, to reproduce the observed natural 
data, the metasediment would have to have an εNd signature similar to 
that of the depleted mantle at 1155 Ma, which is improbable. Large in-
put from siliciclastic metasediments, which are generally enriched in 
Rb (table S8), is also precluded by the low Rb contents of the Marcy 
(table S5) (22) and Morin (table S6) plagioclase. Candidate parental 
magma #1 with only mantle- derived basalt also does not produce pla-
gioclase cumulates corresponding to the compositions observed in the 
Marcy and Morin (~An39 to An56) that float in the parental magma 
(Fig. 5C). Any scenarios without LTAOC also must explain the range of 
observed plagioclase δ11B values spanning ~0 to −25‰ (Fig. 3).



Keller et al., Sci. Adv. 10, eadn3976 (2024)     14 August 2024

S c i e n c e  A d v A n c e S  |  R e S e A R c h  A R t i c l e

10 of 17

We conclude that mixing of mantle wedge melts with basaltic 
melts derived from LTAOC that had already undergone some pro-
grade dehydration, accompanied by minor fluid input from other 
subduction zone lithologies, is the simplest explanation that satisfies 
the constraints from the radiogenic and stable isotope systematics and 
bulk compositions of the magmas parental to the Marcy and Morin.

A slab melting model for massif- type anorthosite genesis
The Marcy and Morin share several characteristic traits with most 
other massif- type anorthosites (4, 34). They are dominated by anor-
thosite and anorthositic gabbros, norites, and/or troctolites with pla-
gioclase between An30 and An60, contain rare pyroxene megacrysts 
variably containing exsolved plagioclase (±pyroxene and garnet), have 
few to no primary hydrous phases, show multiple cross- cutting anor-
thosite generations in outcrop, and were emplaced into a Proterozoic 
convergent margin. Although the Marcy and Morin have higher δ18O 
values than most other massifs (41), we conclude—because of the 
many other similarities—that the processes that formed the Marcy and 
Morin were probably similar to those that produced many other mas-
sifs and contemporaneous felsic plutons (the Mangerite- Charnockite- 
Granite association with anorthosite). Building upon evidence that 
mafic melts of slab- top LTAOC are required to explain the isotopic and 
major element systematics of the Marcy and Morin, we present a mod-
el for massif- type anorthosite genesis that can be tested for other mas-
sifs worldwide (Fig. 6).

Massif- type anorthosites predominantly formed during assem-
bly of Proterozoic supercontinents or underneath supercontinents 

that had not yet broken apart (Fig. 1). The Marcy and Morin formed 
along a convergent margin during assembly of the supercontinent 
Rodinia (16), a setting that could facilitate both mantle and slab 
melting. Formation of the Marcy and Morin, and that of other mas-
sifs, has long been linked to tectonically driven disruptions to back-
ground geotherms, such as asthenospheric upwelling (1, 16). We 
propose that processes capable of bringing upwelling aestheno-
sphere into contact with a slab, such as lithospheric delamination, 
slab rollback, or slab breakoff, may have been key to producing 
massif- type anorthosites. Some of these processes may have been 
triggered by interactions or collisions of multiple slabs underneath 
an assembling supercontinent, as would be expected if a “subduc-
tion girdle” brought slabs into contact along the supercontinent’s 
edges (66). Thermal insulation by the supercontinent (67) would be 
expected to raise the temperatures of subducting slabs and could 
help explain why massif- type anorthosites predominantly formed 
during supercontinent assembly. Slowdown of tectonic plate speeds, 
inferred during the Proterozoic (5), could also have facilitated hot-
ter slab tops by enabling more efficient thermal equilibration of the 
downgoing plate with the mantle.

We propose that a distinctive tectonic regime or conditions asso-
ciated with Proterozoic subduction might be responsible for the gen-
esis of massif- type anorthosites, but note that melt generation above 
subducting slabs in the Proterozoic could still produce arc magma-
tism similar to Phanerozoic examples. For example, basement rocks 
to the Marcy and Morin anorthosites are typical 1.4 to 1.3 Ga calc- 
alkaline tonalites and granodiorites with arc affinities (68, 69), and a 
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bimodal calc- alkaline suite of 1.20 Ga plutons marks the closure of 
the Trans- Adirondack back- arc basin immediately preceding 1.15 Ga 
anorthosite magmatism (70). The spatial and temporal associations 
between these rock types suggest that anorthosite magmatism in the 
Adirondacks may represent either a thermal disruption to typical 
arc- related magmatism or perhaps may have been related to its ter-
mination.

For the Marcy and Morin, we posit that lithospheric delamina-
tion or slab rollback is a better fit than slab breakoff for initiating 
mantle upwelling because of the large amount of high- δ18O material 
present in their source(s). Slab breakoff would likely expose a deeper 
cross section of the slab to melting, which would produce magmas 
with a lower integrated δ18O by sourcing melts from both LTAOC 
(high- δ18O) and deeper, unaltered (mantle- like δ18O) oceanic crust 
(43). Many massifs have δ18O of approximately +7‰ (41); these 
could be explained by slab melting that sampled a deeper transect of 
oceanic crust. Because even small amounts of AOC or serpentinite-  
or sediment- derived fluids assimilated into the parental magma can 
shift δ11B values outside of the mantle range [e.g., (65)], B isotope 
studies of more massifs can test this hypothesis.

The deep parental magma chambers to massif- type anorthosites 
were probably refilled by multiple recharge pulses, which would 
explain the observed longevity of some anorthosite- producing sys-
tems (9, 13), the enormous volumes of plagioclase cumulates with a 
restricted range of anorthite contents (An39 to An56) (71), and some 
of the observed spread in Nd- O isotope systematics (Fig. 4A). Melt-
ing of slab- top LTAOC that had undergone various stages of dehy-
dration would produce the observed range of plagioclase δ11B values 
(Fig. 3), although mixing of cumulate populations from different 
melt batches could also produce a range of δ11B values. The presence 
of a subducting slab underneath the anorthosite- forming system 
may have provided a continual influx of fresh material to melt over 
the duration of magmatism. Mixing of hot, buoyantly upwelling 
fresh magma injections with fractionally crystallizing residual mag-
ma might have provided a physical impetus for plagioclase diapir 
ascension.

Implications for Earth’s evolving magmatic regimes
While slabs may melt to small or even moderate degrees along mod-
ern subduction zone thermal regimes (72, 73), our results point to 
much larger degrees of melting during the Proterozoic, a time when 
plate tectonics likely resembled modern regimes, but the upper man-
tle was hotter [e.g., (74, 75)]. This could explain a longstanding mys-
tery about massif- type anorthosites: their restriction to the middle 
part of Earth’s history. Our findings imply that massif- type anortho-
sites would be expected to form on a tectonically active planet with a 
hot mantle where subducting slabs undergo intense melting under-
neath continental crust. High upper mantle temperatures should 
produce efficient devolatilization of the subducting slab at shallow 
depths, resulting in relatively dry slab melts at subarc depths. Al-
though common in Proterozoic convergent settings during super-
continent assembly, massif- type anorthosites do not appear to have 
formed during the Phanerozoic assembly of Pangea or since. If slab 
melting made massif- type anorthosites, then their production should 
have declined as the mantle cooled and oceanic crust in subduction 
zones melting thoroughly enough to produce basaltic magmas be-
came rare or ceased entirely. The absence of massif- type anorthosites 
older than the Neoarchean may be the result of a different style 
of tectonics [e.g., (75, 76)] or of differences in plate thickness, 

temperature, and/or velocity (4, 5). Any one of these factors would 
likely affect the mechanics of convergent margins and the feasibil-
ity of long- lived mafic magma systems at approximately Moho 
depths with lifetimes long enough to segregate large plagioclase 
cumulate accumulations.

MATERIALS AND METHODS
Samples
Rock samples of anorthosite and associated plagioclase- rich rocks 
(e.g., leucogabbro) were sourced from material collected for prior 
work (77, 78).

Boron isotope analysis and sample preparation
For B isotope analyses, petrographic thin sections were prepared 
using alumina grit rather than diamond paste due to the B con-
tamination hazard posed by diamonds (79). Before SIMS analysis, 
1″ diameter polished sections were cleaned in an ultrasonic bath 
first with deionized water and then with Milli- Q H2O for 10 min at 
each stage and then dried in an oven at ~40°C before gold coating.

One set of boron isotope analyses was performed at Woods Hole 
Oceanographic Institution using the Cameca IMS 1280 SIMS in the 
Department of Geology and Geophysics. Analytical methods fol-
lowed those in (79). Analyses used a 12- keV 16O− primary ion 
beam, ~50-  to 80- nA beam current, 10- kV secondary acceleration 
voltage, a 4000 μm by 4000 μm field aperture, and produced a ~50-  
to 100- μm- diameter beam spot. Sample surfaces were presputtered 
for 300 to 500 s before analysis, followed by counting 10B+(15 s), 
11B+ (5 s), and 28Si++ (1 s) over 40 cycles in monocollector mode 
using an electron multiplier. Total analysis time for each spot was 
32 min. The relatively high primary beam current was necessary for 
transmitting sufficient signals of 10B+ and 11B+ to generate counting 
statistics for adequately precise ratios on grains with B (<1 μg/g). 
The strong primary beam, combined with a relatively long presput-
tering time, sputtered through potential surface B (contamination) 
before measurement. In addition, the 4000 μm by 4000 μm field ap-
erture blocked the transmission of secondary B+ ions from outside 
of the innermost 40 μm by 40 μm from the center of the crater dur-
ing analysis, thereby minimizing the transmission stray surface B+ 
ions from the crater periphery. Analysis of Boron- free Herasil glass 
on the standard mount produced <5 counts/s 11B+ ions and <1 
count/s 10B+, demonstrating that the analytical setup effectively ne-
gated surface background contamination on cleaned, well- polished 
surfaces. The primary standard used between samples was GOR132 
in session one and StHs6/80 in session two, with GOR132, GOR128, 
B6, StHs6/80, and NIST612 used as standards for calibrations. Com-
parison of instrumental mass fractionation factors between mafic 
GOR128 and GOR132 and andesitic StHs6/80 shows no matrix de-
pendence on instrumental mass fractionation, as previously demon-
strated (79). Fractionation factors of these three glasses were within 
error and reproducible to 1.2‰ relative standard deviation (RSD; 
2σ). Fractionation factors were smaller than those previously deter-
mined by SIMS for a range of glasses and salts concluded to repre-
sent negligible matrix effects (80). The NIST612 standard, which 
was also used for LA- MC- ICP- MS analyses (see below), has been 
confirmed to produce similar δ11B values by SIMS and positive ther-
mal ionization mass spectrometry (81). Analyses of megacrysts in 
all samples except 14AD9A were conducted from crystal fragments 
mounted in epoxy with standards; all other analyses were conducted 
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in situ using 1″ round thin sections. Standards produced identical 
results within analytical uncertainty when analyzed in the epoxy 
mount compared to an indium mount. Using the SiO2 contents 
measured by EPMA, B concentrations of unknowns were calculated 
relative to the 11B+/28Si2+ ion yields from the standard used to 
bracket samples (26, 79).

A B isotope dataset which included duplicate analysis on some 
grains analyzed by SIMS was collected using an LA- MC- ICP- 
MS. Analyses were made using a New Wave UP- 193- FX ATL ex-
cimer laser attached to a Thermo Fisher Scientific Neptune Plus 
MC- ICP- MS located at Lamont- Doherty Earth Observatory. Ana-
lytical methods followed those in (82). Operating conditions for all 
analyses were 10- Hz repetition rate, 3- μm/s stage speed during the 
linear scans, and a He flow of 1.45 liters/min. Spot sizes were cho-
sen to produce similar strength of 11B signal across phases with dif-
fering B contents: 10 to 80 μm for pyroxene megacrysts, 100 μm for 
nonmegacrystic pyroxene, and 150 μm for plagioclase. Laser flu-
ence was dependent on spot size and ranged from ~28,000 mJ/cm2 
(150- μm spot) to ~1,000,000 mJ/cm2 (25- μm spot). Analysis loca-
tions were pre- ablated with a spot size ~20 μm larger in diameter 
before analysis. Calculated δ11B values were corrected on the basis 
of spot size following the approach in (82); in all cases, this resulted 
in a change of ≤2.5‰. B concentrations (c) were estimated semi-
quantitatively using the following relationship, where I represents 
the sample intensity and Ø represents the spot size (82)

Boron stable isotope data are presented as δ11B, the ratio of 11B to 
10B relative to that of the SRM951 standard as a per mil (‰) 
value (83)

The NIST612 glass standard was used as a bracketing standard be-
tween groups of five unknown analyses. The calibration curves used 
to calculate final δ11B values were constructed from analyses of 
the NIST612 standard using different spot sizes. NIST612 and the 
in- house MVE04- 4- 3 pyroxene, plagioclase, and amphibole stan-
dard were used to monitor and validate measured δ11B values of 
unknowns. NIST612 yielded δ11B = +0.98 ± 2.91‰ (2 SD, n = 34), 
consistent with previously published values of +0.68 ± 3.31‰ (2 SD) 
(82) and −0.51 ± 0.52‰ (84), both using the same analytical in situ 
method. This analysis also agrees with the wet chemistry values rang-
ing from −1.07 ± 0.85‰ (minimum value) (81) to +0.10 ± 0.40‰ 
(maximum value) (85). MVE04- 4- 3 yielded δ11B = −13.79 ± 4.19‰ 
(2 SD, n = 7), in agreement with the previously published value of 
δ11B = −13.80 ± 1.71‰ (30).

Results for the three grains analyzed by both SIMS and LA- MC- ICP- 
MS agree closely between the methods, as has been shown by previous 
work (30, 82). Analyses of grains 14AD9A_littlepyx and 14AD9A_
HAOM1 gave δ11B values and B concentrations overlapping within 2σ 
SE uncertainty between the techniques (table S1 and Fig. 3). Grain aver-
ages determined for grain 98MA1A differ by 5.5‰, but this may reflect 
the inherent variability of both B concentrations and δ11B values mea-
sured within some single pyroxene megacryst grains (table S2).

Oxygen isotope analysis and sample preparation
For O isotope analyses, rock and plagioclase megacryst samples 
were crushed and then sieved. About 2 mg mineral separates of 
samples with a 14AD-  prefix was handpicked by K. Varga; all other 
samples were handpicked by W.H.P. Plagioclase separates were ana-
lyzed for oxygen isotopes by laser fluorination in the Department of 
Geoscience at the University of Wisconsin- Madison following the 
methods in (41, 86). Precision of standards and duplicate samples 
on the days of analyses was ≤±0.18‰ (2σ). Oxygen isotope data are 
presented as δ18O, the ratio of 18O to 16O relative to that of the VSMOW 
standard as a per mil (‰) value

Neodymium and strontium isotope analysis and 
sample preparation
For Nd and Sr isotope analyses, plagioclase separates were pre-
pared from rock samples at Rice University. Rock fragments with 
coarse, glassy plagioclase were selected and washed. The rocks were 
wrapped in clean paper and coarsely crushed by hand using a clean 
hammer. Fragments with the largest plagioclase crystals were then 
wrapped in new paper and crushed to a finer grain size using a 
pestle or hammer. This fine crushed fraction was sieved using a 
1- mm mesh sieve and hand- picked using tweezers under an illu-
minated binocular microscope. Only plagioclase fragments with-
out overgrown inclusions of other minerals (e.g., pyroxene) were 
selected. Crystal fragments were rinsed with ethanol after separa-
tion. All tools were washed between samples and then cleaned with 
deionized water and ethanol. Plagioclase separates for each sample 
were crushed using a CoorsTek 99.5% alumina mortar and pestle 
(#60374), which was washed, and then cleaned with deionized wa-
ter and ethanol, between samples. Approximately 500 mg to 1 g of 
crushed plagioclase was prepared from each sample.

Neodymium and Sr isotope analyses were performed in the RIGL 
at Washington State University. Both Nd and Sr isotope composi-
tions were determined on the same sample aliquots. For each aliquot, 
approximately 0.25 g of finely ground whole- rock powder was dis-
solved in high- pressure, steel- jacketed Teflon bombs at 150°C for 
7 days using a ~10:1 mixture of concentrated HF and HNO3. After dis-
solution and conversion to chloride form using H3BO3, sample solu-
tions were spiked with a mixed 149Sm-  150Nd tracer, heated in sealed 
Savillex capsules to facilitate sample- spike equilibration, and passed 
through initial columns filled with 8 ml of Dowex AG50W- X8 cation 
exchange resin. This column isolates Sr from the light rare earth 
elements, Sm and Nd. Sr was subsequently purified using microcol-
umns with 0.18- ml Eichrom Sr spec resin. Sm and Nd were isolated 
using columns with 1.7- ml Eichrom Ln Spec resin.

The isotopic compositions of Sr and spiked Sm and Nd solutions 
were determined using RIGL’s Thermo Fisher Scientific Neptune 
Plus MC- ICP- MS. Samarium and Nd concentrations and Sm/Nd 
ratios were determined by isotope dilution. Rubidium and Sr con-
centrations and Rb/Sr ratios were determined on aliquots of the ini-
tial sample solution before column chemistry on RIGL’s Element2 
high- resolution ICP- MS. Samarium and Nd isotope ratios were cor-
rected for interference, spike subtraction, and mass bias using an 
off- line, in- house data reduction program. Strontium isotope com-
positions were interference-  and mass bias–corrected online as part 
of the Neptune Plus analysis. During the period of the analyses, the Nd 

[c]sample = [c]standard ×
Isample

Istandard ×
(

�sample

�standard

)2

δ11B =

(

11B∕ 10Bsample

11B∕ 10BSRM951

− 1

)

× 103

δ18O (VSMOW) =

(

18O∕ 16Osample

18O∕ 16OVSMOW

− 1

)

× 103
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and Sr isotope standards JNdi- 1 [143Nd/144Nd = 0.512115 (87)] and NBS 
987 Sr [87Sr/86Sr = 0.710248 (88)] gave 143Nd/144Nd = 0.512090 ± 
4 (2 SD) and 87Sr/86Sr = 0.710281 ± 13 (2 SD), respectively, in line 
with long- term RIGL averages. All Nd and Sr isotope values were 
normalized relative to these published standard values based on 
these small differences.

Initial Nd and Sr isotope compositions were calculated using the 
147Sm decay constant of 6.524 × 10−12 year−1 (89) and the 87Rb de-
cay constant of 1.3972 × 10−11 year−1 (90). Epsilon Nd values, the 
143Nd/144Nd compositions relative to the chondritic uniform reser-
voir (CHUR) at the same age, were calculated using the model in 
(40) and the Sm- Nd CHUR parameters of 147Sm/144Nd =  0.1960 
and 143Nd/144Nd = 0.512638 (91).

Further details on relevant chemical and analytical procedures 
can be found in (92, 93).

Electron probe microanalysis
Analytical conditions
EPMA was conducted using a JEOL JXA 8530F Hyperprobe in the 
Rice University, Department of Earth, Environmental and Planetary 
Sciences. The instrument is equipped with a field emission assisted 
thermo- ionic (Schottky) emitter, a silicon drift electron dispersive 
spectrometry detector, and five wavelength dispersive spectrome-
ters (WDS). The WDS EPMA spots used to measure mineral chem-
istry were placed within ~100 μm of SIMS pits.
Quantitative WDS analysis
The WDS major and minor element analyses for all minerals used 
conditions of 15- kV acceleration voltage and 20- nA beam current. 
An x- ray counting time of 20 s was used for each element, with 10 s 
used for the peak and 5 s each for upper and lower backgrounds. One 
analytical recipe was used to analyze inosilicates, and another recipe 
was used to analyze plagioclase. Pyroxene analyses used a focused 
beam spot (~250 nm), and plagioclase analyses used a 20- μm- diameter 
beam to avoid loss of Na and K during analysis. Primary and second-
ary standards of pyroxenes and feldspars were analyzed as unknown 
and yielded reproducibility errors below 1% and ~2 to 5% for major 
and minor elements, respectively. Primary natural mineral standards 
sourced from SPI Supplies were used in calibrations before analysis: 
SiO2: olivine (inosilicates) and plagioclase (plagioclase); TiO2: rutile; 
Al2O3: almandine (inosilicates) and plagioclase (plagioclase); Cr2O3: 
chromite; FeO: olivine; MnO: rhodonite; MgO: olivine; Na2O: pla-
gioclase; CaO: plagioclase; and K2O: biotite (inosilicates) and ortho-
clase (plagioclase). A JEOL Phi- Rho- Z (PRZ) matrix correction was 
applied to inosilicate analyses, and a ZAF method was used for pla-
gioclase. Mineral formulas presented in tables S3 and S4 were calcu-
lated by normalizing to 6 oxygen atoms for pyroxenes and 8 oxygen 
atoms for plagioclase.

Numerical modeling of magma crystallization
We took two approaches to modeling changes to magma chemistry 
from assimilation of wallrock and fractional crystallization. The 
first used the Magma Chamber Simulator software (the version 
available in March 2023 downloaded from the Magma Chamber 
Simulator homepage (https://mcs.geol.ucsb.edu/) (51, 52). The 

Magma Chamber Simulator software calculates phase equilibria by 
energy minimization using one of several updated versions of the 
MELTS thermodynamic engine (94). We performed calculations 
using rhyolite- MELTS v.1.2.0 (95, 96), which incorporates an up-
dated fluid mixing model.

Starting bulk compositions of parental magmas were calculated 
by binary mixing of LTAOC melt and mantle- derived basalt par-
ents, to which 0.5 wt % H2O and 0.5 wt % CO2 were added. Water 
and CO2 were added to approximate a realistic magma that could be 
derived from LTAOC that had not completely dehydrated. The 
“Parent C” high- Al basalt from (8) was used as the mantle wedge 
basalt endmember, and eclogite melt A221K (20 kbar, 1325°C) from 
(57) was used as the LTAOC melt endmember. These compositions 
were then renormalized to 100.00 wt % to obtain the parental mag-
ma starting composition used in the run. Wallrock mass was set in 
a 1:1 ratio to magma mass. Wallrock bulk compositions were taken 
from the averages of the mafic, intermediate, and sedimentary/
metasedimentary groups in (56) and references therein (97–102). 
A total of 0.25 wt % H2O was added to the mafic and intermediate 
wallrock compositions before normalization, while 1 wt % H2O was 
added to the sedimentary/metasedimentary wallrock composition 
before normalization. Minor elements, MnO, Cr2O3, and P2O5, 
were omitted from bulk compositions for modeling. All simulations 
were performed at 10 kbar.

At any temperature step where >7.5% melt mass fraction was 
present in the wallrock, the excess melt was added to the parental 
magma. Runs proceeded until thermal equilibrium between wall-
rock and magma was reached, but results are plotted only until the 
magma exceeded 56 wt % SiO2, as this is more silicic than the ob-
served bulk chemistries for Marcy and Morin anorthosites, gabbroic 
anorthosites, and gabbros.

The published Marcy and Morin chemical data to which model 
results are compared in Fig. 5, as well as the xenolith chemical data 
from which wallrock compositions were taken, are given in table S8. 
Bulk compositions of Marcy rocks are from (35), and the composi-
tion of Marcy An46 plagioclase is from (71). Bulk compositions of 
Morin rocks are from (36, 44). Previously published oxygen isotope 
values of Marcy rocks plotted in Fig. 5B are from (22).

Following phase equilibria calculations, isotopic evolution of the 
system was modeled using the Magma Chamber Simulator Trace 
Element engine. Partition coefficients were set to the default recom-
mended values in the MCS_TraceElement_Isotopes_PC file, which 
are given in the run summaries for each run and are consistent 
across runs (table S7).

Wallrock Nd and Sr concentrations and O isotope values were 
taken from the original references cited in (56) and references there-
in (97–102). The 143Nd/144Nd and 87Sr/86Sr ratios of assimilated 
wallrock were calculated by assuming a 2 Ga age of the rock and 
calculating its radiogenic isotope composition at 1155 Ma.

For the LTAOC melt, Nd and Sr concentrations used the “hot” 
AOC melt in (73). The MORB from which it was derived originated 
with a depleted mantle- like radiogenic isotope signature (38) 200 Ma 
before the anorthosite emplacement age. Seawater alteration was as-
sumed to raise the LTAOC 87Sr/86Sr ratio but not affect its 143Nd/144Nd 
ratio (103). The initial oxygen isotope composition was set to +10‰ 
(103, 104).

For the mantle- derived basalt, Nd and Sr concentrations were set 
slightly lower than a modern primitive Cascades tholeiitic basalt 
(105) to account for high degrees of partial melting. A depleted 

εNd(T) =

(

143Nd∕ 144Ndsample(T)

143Nd∕ 144NdCHUR(T)
− 1

)

× 104
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mantle 143Nd/144Nd value was assumed, and a 87Sr/86Sr value slightly 
elevated from a depleted mantle value was assumed to account for 
subduction- related enrichment. The initial oxygen isotope composi-
tion was set to +5.75‰ (42).

We also conducted algebraic AFC modeling to compare with the 
Magma Chamber Simulator results. This approach does not con-
sider the thermodynamic evolution of the system but is a classic 
way to study the isotopic effects of AFC processes [e.g., (53)]. Mod-
eling followed the approach in (54), modified to track isotopes by 
tracking the two masses for the isotope system in question sepa-
rately and recalculating the isotopic ratio after the AFC calcula-
tions. For a given system, masses of the individual isotopes were 
calculated from the initial isotopic ratio and the element’s concen-
tration (parts per million by mass). As a simplifying assumption, 
bulk partition coefficients were set at constant values for the dura-
tion of the AFC process and were estimated from the values in (106) 
assuming 50% clinopyroxene, 25% garnet, and 25% plagioclase as 
crystallization products. These proportions are similar to those pro-
duced by the Magma Chamber Simulator simulations (table S9). A 
bulk Nd partition coefficient was calculated to be 0.16 from values 
of 0.21 for clinopyroxene, 0.087 for garnet, and 0.16 for plagioclase. 
A bulk Sr partition coefficient was calculated to be 0.53 from values 
of 0.067 for clinopyroxene, 0.0011 for garnet, and 2 for plagioclase. 
Oxygen partitioning was assumed to be equal between melt and cu-
mulus phases (D = 1). These bulk partition coefficients produce an 
isotopic evolution trend of the magma extremely similar to that of 
the Magma Chamber Simulator runs (fig. S4).

Figure 3 data sources
Literature data for δ11B values and B concentrations of serpenti-
nites, altered oceanic crust, slab- top silicic sediments, arc magmas, 
seawater, the depleted mantle and MORB, and the bulk continental 
crust are from the following references: (25, 26, 30, 33, 65, 104,  
107–127).
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Figs. S1 to S6
tables S1 to S6
legends for tables S7 to S15
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