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Abstract

Deep crustal cumulates in arcs offer a window into the chemistry and crystallization conditions (P-T-H,0-f0O;) of primitive basalts in
the upper mantle and lower crust and can be studied in ancient exhumed terranes or in xenoliths erupted in young arc lavas. Here, we
expand on previous studies and thoroughly characterize the extensive xenolith suites erupted from the Mt. Moffett and Mt. Adagdak
volcanic centers (Adak Island, Central Aleutians), which range from primitive ultramafic cumulates to more evolved amphibole gabbros
and hornblendites. We present detailed petrography as well as in situ trace and major element mineral chemistry. We use these data to
calculate pressure, temperature, and fO, estimates for the xenoliths, and compare these findings to experimental results to understand
the crystallization sequence and P-T-H,O0-fO, under which the cumulates formed. The Moffett crystallization sequence is defined
by early amphibole fractionation and an abrupt shift in oxide compositions from chromite to magnetite, while the Adagdak suite
is characterized by simultaneous saturation of amphibole+plagioclase and oxide compositions that become increasingly aluminous
before magnetite saturation. Olivine-spinel oxybarometry of the Adagdak xenoliths indicates that they are oxidized relative to mid-
ocean ridge basalt (MORB:FMQ +0.1 to +2.1). Highly fractionated REE and elevated Sr/Y ratios are observed in clinopyroxene from the
most primitive cumulates, consistent with a contribution from a basaltic eclogite melt. This basaltic eclogite melt is hypothesized to
come from partial melting of the slab or through melting of basalt introduced into the subarc mantle through forearc subduction erosion.
These signatures are greatly diminished in the more evolved lithologies, which can be explained through fractionation of plagioclase
and amphibole. Our findings support the presence of a complex magmatic plumbing system beneath Adak, with Mt. Moffett and Mt.
Adagdak volcanic centers tapping compositionally distinct sources. More broadly, our results are consistent with studies suggesting
that low-degree basaltic eclogite melts through slab melting or forearc subduction erosion contribute to arc magmas in the Aleutians,
although the associated geochemical signatures are easily obscured by differentiation in the crust.
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INTRODUCTION

Partial melting of subducted oceanic crust has long been evoked
in models pertaining to the origin of convergent-margin magmas
(Ringwood & Green, 1966; Green & Ringwood, 1968; Kay, 1978,
1980; Defant & Drummond, 1990; Drummond & Defant, 1990).
Experimental studies show that low-degree partial melting of
oceanic basalts metamorphosed to eclogite facies produces mag-
mas with fractionated rare earth element (REE) patterns (La/Yb
40-55), depletions in high field strength elements (HFSE, Nb/La
0.1-0.4), and high Sr concentrations (800-1500 ug/g) (Rapp et al.,
1999). These signatures are attributed to the presence of garnet
and rutile and lack of plagioclase in the eclogitic protoliths (Rapp
etal., 1999; Sisson & Kelemen, 2018). However, numerical modeling
studies in the 1990s questioned both the capacity of dehydrated
ocean crust to melt under conditions relevant to the subduction

channel (Davies & Stevenson, 1992; Peacock et al.,, 1994; Yasuda
et al., 1994) and the effectiveness by which these melts could
segregate from their residues (Vigneresse et al., 1996).

Thermal modeling (van Keken et al., 2002; Peacock et al., 2005;
Wada & Wang, 2009; Syracuse et al., 2010; Peacock, 2020), however,
suggests that slab-top geotherms may intersect the wet-solidus of
basaltic eclogite (Supplemental Data Figure S1, Schmidt & Poli,
1998; Poli & Schmidt, 2002; Sisson & Kelemen, 2018). Further-
more, refined models of partial melts of eclogite reacting with
mantle wedge peridotite can reproduce major and trace element
characteristics of primitive arc magmas (e.g. Sisson & Kelemen,
2018). Recently, Turner & Langmuir (2022a, 2022b) supported a
general model, accounting for global variations in arc magma
geochemistry, in which subducted altered oceanic crust (AOC) and
sediment ubiquitously melt and are mixed into a mantle wedge
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that varies in composition from a depleted MORB source to an
enriched mantle. In this model, variable degrees of melting of
these hybridized mantle compositions account for geochemical
variations across and within arc systems. Slab melt signatures
may also be introduced into the mantle wedge through subduc-
tion erosion, a process in which crustal material from the upper
plate is eroded and brought to the subarc mantle via the subduc-
tion channel. Metamorphism and partial melting of this material
with increased pressure and temperature may also create ‘slab-
melt’ signatures (Bourgois et al., 1996; Goss & Kay, 2006; Jicha &
Kay, 2018; Kay et al., 2019).

The Aleutians have been extensively studied to understand
the contribution of subducted slab melts and forearc subduction
erosion to the geochemistry of lavas and plutonic rocks (Kay, 1978,
1980; Kay & Kay, 1994; Yogodzinski et al,, 1994; Yogodzinski &
Kelemen, 1998; Kelemen et al, 2003a; Yogodzinski & Kelemen,
2007; Yogodzinski et al.,, 2017; Jicha & Kay, 2018; Kay et al., 2019;
Bezard et al,, 2021). Slab melts in the source region of magmas
have been inferred both from the presence of primitive high
magnesium andesites (i.e. adakites; Kay, 1978; Yogodzinski et al.,
1994; Yogodzinski & Kelemen, 1998; Kelemen et al.,, 2003a) and
from studies of primitive lower crustal cumulates with adakite-
like trace element signatures (e.g. fractionated REE patterns, high
Sr/Y; Yogodzinski & Kelemen, 2007). Although primitive adakites
rarely erupt in the central arc around Adak and are not observed
in the eastern arc, some authors have suggested that some degree
of slab melting may be common across the entire arc (Kelemen
et al., 2003a; Yogodzinski et al., 2015).

Lower crustal, ultramafic cumulate xenoliths from Mt. Moffett
on Adak Island have been used to support the inference that slab
melting has occurred in the central Aleutians by Yogodzinski &
Kelemen (2007), who analyzed trace elements in clinopyroxene
from two olivine+amphibole clinopyroxenite xenoliths and found
that they had elevated Sr/Y (5.1-47.2) and La/Yb (1.2-2.6) ratios
which were positively correlated with Mg#. They proposed the
correlation between high Sr/Y, La/Yb, and Mg# suggested that the
slab melt component was strongest in the parental melts to the
most primitive xenoliths, but was then diluted by reactions within
the mantle or mixing with diverse melts within the crust or upper
mantle (similar to inferences from previous studies: Kay, 1978,
Yogodzinski et al., 1994; Kelemen et al., 2003a). Others have used
the plutonic record on Adak Island to suggest that slab melting
signatures on Adak may reflect subduction erosion and partial
melting of mafic forearc material, at least locally (Jicha & Kay,
2018; Kay et al., 2019). Pairing pluton Ar/Ar ages with trace element
chemistry, Jicha & Kay (2018) and Kay et al. (2019) showed that arc
migration, a feature associated with periods of increased forearc
subduction erosion (Stern, 1991; von Huene & Scholl, 1991; Kay &
Kay, 1994; Kay et al., 2005; Goss et al., 2013), coincided with the
emplacement of the plutonic units with the strongest adakite-
like signatures. In summary, while it is generally agreed that the
geochemical characteristics of high-Mg andesites and xenoliths
found on Adak necessitate mixing/reaction with partial melts of
a basaltic eclogite, different possible sources for this end-member
component have been proposed in the literature.

Here, we further explore the origin and characteristics of the
parental magmas to xenoliths found in lava flows from Mt. Mof-
fett and Adagdak volcano on Adak Island and their chemical
evolution during differentiation. Although the mineralogy and
chemistry of the xenoliths have been studied in the past (Conrad
& Kay, 1984; Debari et al., 1987), we characterize a larger suite
of Adak xenoliths than previously described, including a previ-
ously undocumented mantle xenolith, in terms of major (Mof-

fett: n =12, Adagdak: n =34) and trace element (Adagdak: n=15,
Moffett: n=6) mineral chemistry. With these data, we calculate
crystallization conditions (P, T, H,O, fO,) and parental melt trace
element compositions. We then model the origin of the parental
melts through basaltic eclogite melt-peridotite reactions and dis-
cuss the effect of fractional crystallization on the geochemical
signatures of these hybridized melts. As the processes of slab
melting and forearc subduction erosion should create melts with
the same major and trace element characteristics, and the data
we present here are not suitable to distinguish between the two
processes, we use the term basaltic eclogite melt to refer to
situations in which the source of this endmember component is
ambiguous and could have resulted from either (or both) of these
processes.

GEOLOGIC SETTING AND PREVIOUS WORK
Adak Island

Adak Island is part of the Andreanof crustal block in the central
Aleutian arc (Fig. 1a) (Geist et al., 1988). The island has two young
stratovolcanoes, Mount Moffett and Mount Adagdak, which are
located in the northern part of the island ~5 km apart (Fig. 1b).
Mount Moffett has erupted in the Holocene (Jicha & Kay, 2018),
and Mount Adagdak was active during the Pleistocene (Baten
Soyini, 2002). Lavas from Adagdak and Moffett range from high-
Mg basalts to dacites (Coats, 1956). Plutonic rocks exposed on
Adak Island include the ~38 Ma Finger Bay pluton in the north-
central part of the island, the ~35-31 Ma Hidden Bay pluton to
the south, and the ~14 Ma Kagalaska pluton on the far eastern
terminus of the island (Kay et al,, 1990, 2019; Kay & Kay, 1994;
Jicha et al., 2006). The Finger Bay pluton comprises amphibole-
poor tholeiitic gabbros with subordinate quartz monzonites,
and (quartz) monzodiorites (Kay et al., 1983), whereas the larger
Hidden Bay and Kagalaska plutons consist of amphibole-
rich calc-alkaline gabbros, diorites, granodiorites, and minor
leucogranodiorite (Fraser & Snyder, 1959; Citron et al.,, 1980; Kay
etal., 2019).

Adak Island xenoliths—geologic context and
previous work

The Moffett xenolith suite was collected from a ~ 100 m thick lava
flow on the north/northeastern slopes of Mount Moffett (Coats,
1956; Conrad et al., 1983; Conrad & Kay, 1984). A bulk-rock analysis
of the xenolith-bearing flow is provided in the appendix of Kay
& Kay (1994) (sample MFHOS). The Mount Adagdak xenoliths
are exposed in an olivine-phyric, high-MgO (11.8 wt %) Holocene
basaltic flow on the western slopes of the volcano (Debari et al.,
1987; Fig. 1b). Xenoliths from the Moffett and Adagdak flows
have been the subject of thorough petrographic and geochemical
studies (Conrad et al., 1983; Conrad & Kay, 1984; Debari et al., 1987)
with additional trace element studies from two Moffett xeno-
liths documented by Yogodzinski & Kelemen (2007). We briefly
describe these previous studies and their findings to establish
a baseline for our further investigation of these xenoliths. The
petrography and mineral chemistry of Adak xenoliths provided
by these earlier works is summarized in Table 1.

Mount Adagdak

Debari et al. (1987) described the petrography and major element
mineral chemistry of 10 cumulate xenoliths from Mount Adagdak,
including dunites, wehrlites, clinopyroxenites, and hornblendites
(Table 1). Reported olivine and clinopyroxene Mg# varied from
83.2t086.6 and 75 to 92, respectively. Debari et al. (1987) suggested
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Fig. 1. a) Geological map of the Aleutian Arc. b) Enlarged map of Adak Island. The locations where the xenolith suites from 1) Mount Moffett (51°58.01"
N, 176°43.55" W) and 2) Mount Adagdak (51°58.78' N, 176°37.36' W) were collected are designated with circles.

that the parental magma to these cumulates was similar to the
host basalt and that the xenoliths represent the deep crustal
(>0.8 GPa) cumulate complements to low-Mg, high-Al basalts
typically found in the Central Aleutian arc.

Mount Moffett

Conrad et al. (1983) divided the xenoliths from Mount Moffett
into (1) cumulate textured xenoliths, (2) cognate inclusions (i.e.
megacrystic minerals crystallizing either within the host lava or
entrained from deeper in the crust), and (3) ‘composite’ xeno-
liths (i.e. inclusions of quenched magmas of a different origin
than the host). Conrad & Kay (1984) present mineral analyses
for seven cumulate xenoliths, including two ultramafic and five
gabbroic samples. In this study, we focus exclusively on cumu-
late xenoliths which have been classified into three petrologic
groups: (1) olivine pyroxenites (xamphibole); (2) hornblende gab-
bros (+olivine); and (3) orthopyroxene-bearing gabbros (+olivine)
(Conrad & Kay, 1984). Xenoliths in groups 1 and 2 were inter-
preted as part of a cogenetic crystallization sequence result-
ing from the differentiation of a primary hydrous basalt in the

lower crust. Yogodzinski & Kelemen (2007) measured trace ele-
ment abundances in clinopyroxene from two olivine clinopyrox-
enites (MM-102 and MM-43) (Table 1), as well as clinopyroxene
phenocrysts from a magnesian andesite (MM79A) in the Cor-
nell collection. Trace element characteristics of clinopyroxenes
from Mount Moffett xenoliths, such as elevated Sr/Y and Nd/Yb
ratios, resembled phenocrysts from primitive, enriched high-Mg
andesites described by Kay (1978). Yogodzinski & Kelemen (2007)
found that these eclogite-melt trace element characteristics were
strongest in most magnesian clinopyroxenes.

METHODS

Olivine, clinopyroxene, amphibole, plagioclase, and spinel major
element mineral chemistry from 46 samples from Mt. Adag-
dak (n=34) and Mt. Moffett (n=12) from the Cornell collection
was obtained with a JEOL JXA-8200 electron microprobe at Cal-
tech. Analytical conditions were a 15-kV acceleration voltage,
25 nA beam current, and a 1- to 10-um beam diameter (1.0 pum
for olivine, pyroxene, spinel, and plagioclase; 10 um for amphi-
bole). Detection limits for all analyzed elements were consistently
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Table 1: Summary of data from previous studies of the Adak xenolith suites

Sample Lithology Modal abundance of cumulate phases
ol Cpx Opx Spin Mag Amph Plag Glass
Adagdak
30 Dunite 95 4 1
39 Dunite 92 8 minor minor
35 Dunite 90 9 1
32 Wehrlite 50 50 <1 minor
DR Milxed dumte‘ and 50 50 1
clinopyroxenite
ADAG81-X 01-1v1ne . 40 60 <1 minor
clinopyroxenite
34 Olivine 35 65
clinopyroxenite
8 Clinopyroxenite 2 95 3
ADG-1 Hornblendite 2 7 90 1
ADAG82-18 Amphibolite 100
Moffett
MM-102 Olivine X X X X
clinopyroxenite
MM-43 Olivine X X X
clinopyroxenite
MM-76BB OPX gabbro X X X X X
MM-78C OPX gabbro
MM-78F Hornblende gabbro X X X X
MM-DK Hornblende gabbro X X X X X
MM-7610 Hornblende gabbro X X X X
MMG Olivine pyroxenite X X X X X
Mineral chemistry Crystallization sequence Ref.
Sample
Fo Ol Mg# CPX Cr# Spin Sy/Y CPX
Adagdak
30 86 89 35 [1]
39 86 92 32 [1]
35 86 92 36 [1]
32 87 89 22 [1]
DR 86 88 43 [1]
ADAG81-X 83 87 27 [1]
34 86 88 [1]
8 83 86 [1]
ADG-1 75 [1]
ADAG82-18 [1]
Moffett
MM-102 87-92 80-91 60-85 5.6-47.2 Crm, [2,3]
Ol + Cpx — Amph
MM-43 79-91 3.8-14.6 [3]
MM-76BB 69 74 Ol — Mt, Plag, 2]
Opx 4+ Cpx
MM-78C 74 67 Mt, Cpx +Opx, Plag+  [2]
Qtz
MM-78F Mt, Amph, Cpx + Plag 2]
MM-DK 76-80 77-78 Mt, Ol+Cpx — Plag+  [2]
Amph + Mt
MM-7610 Mt, Amph +/— Cpx, [2]
Plag
MMG 84-90 88 76 Crm, Ol +Cpx, [2]

Mt+ Cpx — Amph

X =phase present. [1] Debari et al., 1987; [2] Conrad & Kay, 1984; [3] Yogodzinski & Kelemen, 2007
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under <0.02 wt %. For 11 of the more primitive Adagdak xeno-
liths, spinel compositions were analyzed separately following the
methods of Wood & Virgo (1989) and recently revisited by Davis
et al. (2017) (Supplemental Data Table S6). Each 150 to 200 spinel
analyses were bracketed by analyses of standards whose Fe**/SFe
ratios (Fe3*/[Fe3* + Fe?*]) are known with Mdssbauer spectroscopy
(Wood & Virgo, 1989; Bryndzia & Wood, 1990). The bracketing pro-
cedure consisted of three core analyses from each of our 11 spinel
standards. Adagdak spinels Fe*/ZFe ratios were then adjusted
using the Wood & Virgo (1989) correction (detailed in the Sup-
plemental Data, Table S7). High-precision measurements of cal-
cium in olivine cores for 15 of our most primitive xenoliths were
obtained in a separate session (Supplemental Data Table S2) using
a 10 kV accelerating voltage, 200 nA beam current, 10 um spot
size, and counting for 1200 seconds. Core and rim major element
averages and standard deviations of olivine, pyroxene, amphibole,
plagioclase, and spinel analyses are given in Supplemental Data
(Tables S2-S6). Clinopyroxene, amphibole, and plagioclase trace
element concentrations were obtained via Laser Ablation Induc-
tively Coupled Plasma Mass Spectrometry (LA-ICP-MS) at Rutgers
University using a Photon Machines 193 nm excimer laser coupled
to a Thermo Scientific iCAPQc. All measurements represent grain
cores that had previously been analyzed for their major element
chemistry via electron microprobe analysis. Core trace element
averages and standard deviations of clinopyroxene, amphibole,
and plagioclase are given in the Supplemental Data (Tables S8-
510). A more detailed description of these methods is given in the
Supplemental Data (Appendix 1).

RESULTS

A total of 59 xenoliths from Adagdak (n=42) and Moffett (n=17)
were studied in thin section. Modal mineralogy and petrographic
descriptions of each sample are given in Table 2 and Figures 2
and 3. Representative thin sections photomicrographs are pre-
sented in Figure 4. We highlight the salient features of each
lithology below and provide detailed descriptions of each sample
in the Supplemental Data.

Adagdak petrography

Lherzolite: ADG-CB-9 is the only lherzolite in the Adagdak sample
suite. By volume, the xenolith consists of olivine (77%), clinopy-
roxene (14%), orthopyroxene (8%), and spinel (1%) and has a
protogranular texture (Fig. 4a). Spinel occurs both interstitially
and poikilitically within clinopyroxene.

Dunites: Dunites (n=3) have protogranular textures and are
composed of olivine (93-94%), spinel (3-4%), and clinopyroxene (2—-
3%). Spinel is present both interstitially and as poikilitic inclusions
in clinopyroxene and olivine.

Webhrlites: Wehrlites (n=8) are composed of olivine (40-83%),
clinopyroxene (14-58%), and spinel (0-7%). Textures vary from
adcumulate to protogranular. Clinopyroxene varies considerably
in size from 0.10 to 4.5 mm across. When present, spinel is
interstitial or poikilitically included in clinopyroxene or olivine
(Fig. 4b).

Olivine clinopyroxenites: These xenoliths (n="5) contain clinopy-
roxene (62-88%), olivine (12-37%), and spinel (~1%) and have
adcumulate to protogranular textures. Except for ADG-32, which
contains olivine up to 9.8 mm across, olivines in these xenoliths
generally range from 0.10 to 2.2 mm in diameter. Traces of amphi-
bole are observed as veins in samples ADG-CB-7, ADG-8, and ADG-
32 along clinopyroxene grain boundaries.
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Clinopyroxenites: Clinopyroxenites (n = 2) contain clinopyroxene
(93-94%), olivine (5-6%), and spinel (~1%). Sample ADG-82-15
has a protogranular texture and ADG-82-1 has an adcumulate
texture. Small (<10 pm) euhedral spinels are interstitial in both
samples. Sample ADG-82-15 contains thin veins of amphibole
along clinopyroxene grain boundaries.

Amphibole gabbros: These xenoliths (n=19) are composed of
plagioclase (8-53%), amphibole (24-64%), clinopyroxene (1-55%),
Fe-Ti oxides (0-9%), and traces of olivine (0-3%), with adcumulate
(n=8) and mesocumulate (n=11) textures. Plagioclase is gener-
ally elongate (0.10-8.0 mm long); however, three samples contain
distinct poikilitic plagioclase enclosing amphibole and clinopy-
roxene (Fig. 4c). In most samples (n=13), amphiboles poikiliti-
cally enclose plagioclase, clinopyroxene, and Fe-Ti oxides (Fig. 4d).
Amphibole grains are generally elongate and euhedral although
anhedral intercumulus amphibole is observed in sample ADG-
22a. In samples ADG-4, ADG-38, ADG-73, and ADG-82-6, anhedral
clinopyroxenes are surrounded by 0.2 to 1 mm amphibole rims
(Fig. 4d). Most xenoliths (n =15) contain two petrographically dis-
tinct Fe-Ti oxides populations: (1) small (10-150 um) euhedral Fe-
Ti oxides present as inclusions in amphibole or clinopyroxene, and
(2) larger (0.10-1.2 mm) anhedral, interstitial Fe-Ti oxides.

Hornblendites: Hornblendites (n=4) have modal amphibole
abundances exceeding 70% and contain amphibole (79-95%),
clinopyroxene (3-14%), plagioclase (0-11%), and Fe-Ti oxides
(~1%). In samples ADG-26 and ADG-52, some amphiboles (~35-
50%) poikilitically envelope rounded 0.1 to 1.8 mm clinopyroxenes,
small (<0.02 mm) Fe-Ti oxides, or other distinct amphibole grains,
while amphiboles in samples ADG-CB-10 and ADG-82-18 are
mostly inclusion free. Plagioclase is only present in samples ADG-
52 and ADG-CB-10, where it occurs as a continuous intercumulus
fill without defined grain boundaries. Small (<0.25 mm) Fe-Ti
oxides occur interstitially in all samples or as poikilitic inclusions
in amphibole and clinopyroxene.

Moffett petrography

Olivine clinopyroxenites (+ amphibole): These samples (n=6) are
comprised of clinopyroxene (32-81%), olivine (9-36%), and oxide
phases (0-3%) with orthocumulate textures. Samples MM-77-35,
MM-77-76, and MOF-81X-G, also contain amphibole (modally 32—
48%) (Fig. 4e). Amphiboles from samples MM-77-67 and MM-77-
35 have 25- 125-um-thick opaque rims (Fig. 4e). Most amphiboles
(>60%) in these samples are euhedral and prismatic, although
some display an intercumulus texture around pre-existing
olivines and clinopyroxenes. Amphiboles from MOF-81X-G are
anhedral and interstitial, often present as veins at the interface
between olivine and clinopyroxene, and do not show opaque rims.
MOF-81X-C and MM-77-35 contained Fe-Ti oxides and samples
MM-77-67, MM-CB-2, and MOF-81X-A contain Cr-spinel.

Clinopyroxenites: These xenoliths (n=2) have orthocumulate
textures and contain clinopyroxene (90-97%) olivine (3-9%) and
Fe-Ti oxides (~1%). Small Fe-Ti oxides (<40 pum) occur intersti-
tially or as inclusions in olivine and clinopyroxene.

Amphibole gabbros: These samples (n=4) contain plagioclase
(42-68%), amphibole (23-43%), clinopyroxene (0-21%), and Fe-
Ti oxides (0-10%) and show orthocumulate textures. Plagioclase
in MOF-81X-D and MM-76-4 often poikilitically enclose small
(<10 pm) Fe-Ti oxides or larger (50-150 wum) amphiboles or
clinopyroxenes (Fig. 4f), while plagioclase from MM-76-9 and
MOF-81X-F are generally inclusion free. Amphiboles from samples
MM-76-4 and MOF-81X-D have 50- to 125-um-thick opaque
rims (Fig. 4f). Clinopyroxenes in MM-76-9 have experienced
uralitization. When present, Fe-Ti oxides occur poikilitically.
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Table 2: Summary of xenolith petrography

Sample Phase Mode (%) Grain size (mm) Description
Adagdak
Dunites

Olivine 94 0.1-2.2 Protogranular texture. Most spinels are observed as inclusions in cpx or olivine,
ADG-82-2 Oxide 4 0.01-0.18 interstitial spinels are rare.

Cpx 2 0.4-1.3

Olivine 93 0.1-1.25 Protogranular texture. Pervasive fracturing observed throughout entire sample.
ADG-82-21 Cpx 4 0.15-0.8 Spinels <0.15 mm are generally euhedral while larger grains are anhedral.

Oxide 3 0.05-0.3

Olivine 93 0.1-3.25 Protogranular texture. Olivines are well preserved, free of fracturing, and with
ADG-63 Oxide 4 0.05-0.2 clearly defined edges. About 25% of spinels show symplectic textures, the rest

Cpx 3 0.1-0.8 range from euhedral to anhedral. Clinopyroxene is subhedral to anhedral.
Lherzolite

Olivine 77 0.075-2.5 Protogranular texture. Subhedral to anhedral olivine and pyroxene. Olivines
ADG-CB-9 Cpx 14 0.15-1.375 have serpentinized rims. Spinels are euhedral and interstitial.

Opx 8 0.25-1.2

Oxide 1 0.01-0.02
Wehrlites

Olivine 83 0.1-0.85 Series of nested xenoliths. Innermost xenolith has adcumulate texture and is
ADG-CB-3 rimmed by a 7 mm thick amphibole clinopyroxenite with poikilitic amphibole.

Cpx 14 1.1-0.2 The outer-most rim is composed of a 5 mm thin section of coarse-grained

Oxide 3 0.01-0.1 amphibole crystals with inclusions of cpx and olivine.

Olivine 72 0.075-1.6 Adcumulate texture. About 50% of cpx have sieve textures. Spinels are observed
ADG-30 Cpx 24 0.1-1.3 interstitially and as poikilitic inclusions. Interstitial spinels are larger than those

Oxide 4 0.01-0.18 seen as poikilitic inclusions (0.05-0.18 mm vs 0.01-0.075 mm).

Olivine 50 0.12-2.1 Adcumulate texture. About 20% of cpx have sieve textures. Spinels are euhedral
ADG-35 Cpx 45 0.1-1.8 and occur interstitially and as poikilitic inclusion in clinopyroxene.

Oxide 5 0.01-0.12

Cpx 52 0.2-1.45 Adcumulate texture. About 15% of cpx have sieve textures. About 65% of
ADG-10 Olivine 48 0.1-1.3 olivines are anhedral, ~30% are subhedral, and ~ 5% are euhedral. The euhedral

Oxide trace 0.01-0.1 grains are smaller (0.1-0.2 mm) and primarily occur as inclusions in cpx.
ADG-33 Cpx 53 0.15-4.5 P}rotogranular texture. No grains in sample contain poikilitic inclusion or display

Olivine 47 0.1-1.75 sieve textures.

Cpx 58 0.2-2.3 Protogranular texture. Sieve textures or poikilitic inclusions of olivine and spinel
ADG-82-3 Olivine 42 0.05-1.5 are observed in cpx > 1 mm. Euhedral spinels seen interstitially and as poikilitic

Oxide <1 <0.01-0.05 inclusions in cpx and olivine.

Cpx 58 0.1-6 Adcumulate texture. Clinopyroxenes show pervasive fracturing and partially
ADG-CB-5 Olivine 42 0.05-1.7 reabsorbed rims. Larger olivines (> 1 mm) often contain inclusions of smaller

Oxide <1 0.01-0.05 olivines. Spinel observed interstitially and as poikilitic inclusions in cpx.

Cpx 53 0.2-2 Protogranular texture. Subhedral to anhedral cpx and euhedral olivine. Spinels

Olivine 40 0.1-0.8 occur as poikilitic inclusions in cpx.
ADG-42 Oxide 7 0.01-0.2

OPX <1(Mn=2 153
Olivine clinopyroxenites

Cpx 62 0.17-2.4 Adcumulate texture. Olivine and cpx are generally free of fracturing and
ADG-82-17 Olivine 37 0.1-2.1 crystalline edges are well preserved.

Oxide 1 <0.1

Cpx 68 1.25-19.3 Protogranular texture. Larger cpx (> 10 mm) are euhedral and smaller grains
ADG-32 Olivine 32 0.1-9.8 (< 4 mm) are subhedral to anhedral. Spinels are observed interstitially and as

Oxide <1 0.6-2.1 poikilitic inclusions in cpx and olivine.

Cpx 74 0.08-0.9 Protogranular texture. Clinopyroxenes are subhedral to anhedral and olivines
ADG-CB-7 Olivine 25 0.1-1.1 are euhedral. Small euhedral spinels are seen interstitially.

Oxide 1 < 0.01

Cpx 87 0.2t04.2 Protogranular texture. Clinopyroxene is subhedral to anhedral and sometimes
DR Olivine 13 0.1t02.2 contains small (0.2-0.35 mm) inclusions of rounded olivine grains. Spinels are

Oxide <1 0.01-0.05 euhedral and seen interstitially.

Cpx 88 0.22-2.5 Adcumulate texture. About 50% of cpx have sieve textures. Most Fe-Ti oxides
ADG-8 Olivine 12 0.15-0.6 (> 90%) are present as poikilitic inclusions in cpx. In some areas, skeletal

Oxide <1 0.01-0.18 olivines fill the space between cpx grains.

(Continued)
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Sample Phase Mode (%) Grain size (mm) Description
Clinopyroxenites
Cpx 93 0.1-3 Adcumulate texture. Clinopyroxene and olivine along the rim of the sample
ADG-82-1 Olivine 6 0.1-1.2 (outer 2-6 mm) show sieve textures. Most olivines are euhedral, although
Oxide 1 <0.01 several skeletal olivines also observed. Small euhedral spinels seen interstitially.
Cpx 94 0.1-3.2 Protogranular texture. Clinopyroxenes sometimes contain inclusions of olivine
ADG-82-15 Olivine 5 0.1-0.2 with serpentinized rims or smaller distinct cpx. Small euhedral spinels observed
Oxide 1 0.01 interstitially.
Ampbhibole gabbros
Amph 24 0.4-1.7 Mesocumulate texture. Plagioclase is subhedral and individual grains interlock
one another. Amphibole occurs poikilitically. All cpx have sieve textures
ADG-77 and > 90% contain poikilitic inclusions of Fe-Ti oxides. All cpx show
Plag 51 0.1-1.3 reabsorption along their rims. Oxides are subhedral to anhedral and occur
Cpx 19 0.2-1.4 interstitially and as inclusions in cpx and amphibole. Oxides with symplectic
Oxide 3 0.1-0.7 textures also observed. Olivines >0.25 mm are usually skeletal. Smaller olivines
Olivine 3 0.1-0.6 are seen both interstitially and as inclusions in amphibole and cpx.
Plag 43 0.25-4.7 Mesocumulate texture. About 50% of amphiboles >3 mm occur poikilitically
Amph 38 0.3-5 and contain inclusions of plagioclase, cpx, and olivine. About 70% of cpx contain
ADG-24 Cpx 12 0.2-3 inclusions of Fe-Ti oxides, amphibole, and/or plagioclase. Small euhedral oxides
Oxide 4 0.075-0.7 (0.075 to 0.15 mm) are present as poikilitic inclusions in other phases. Larger
Olivine 3 0.1-1.1 oxides are generally anhedral.
Cpx 55 0.15-2.25 Adcumulate texture. Clinopyroxene often contains inclusions of olivine,
amphibole, and Fe-Ti oxides. Small amphiboles (<1 mm) are
ADG-CB-1 euhedral/subhedral and larger grains (>2 mm) occur poikilitically around cpx,
Amph 30 0.2-7 plag, olivine, and other distinct amphiboles. Intercumulus plag contains olivine
Plag 8 0.1-0.8 and cpx inclusions. Small euhedral Fe-Ti oxides (0.01 to 0.1 mm) present as
Oxide 5 0.01-0.6 inclusions in cpx. Larger anhedral Fe-Ti oxides (0.15 to 0.6 mm) appear as
Olivine 2 0.02-0.75 intercumulus phases.
Plag 40 0.2-8 Mesocumulate texture. Amphiboles occur poikilitically around large
(0.25-1.5 mm) plagioclase, cpx, and distinct amphiboles. Poikilitic amphiboles
ADG-22 Amph 39 — range from 9 mm to 1.5 cm in diameter, but 40-70% of their area is occupied by
Cpx 15 0.3-2.75 other phases. Approximately 20% of all cpx are skeletal and all cpx show
Oxide 4 0.02-0.6 partially reabsorbed rims. Fe-Ti oxides <0.25 mm are euhedral and grains
Olivine 2 0.25-1.2 between 0.25-0.6 mm are subhedral or anhedral.
Amph 42 03-1.9 Adcumulate texture. > 80% of amphiboles occur poikilitically around Fe-Ti
Plag 41 0.075-0.8 oxides, plag, cpx, and/or olivine. About 85% of plag have sieve textures and ~ 5%
ADG-73 Cpx 12 0.2-1.3 contain poikilitic inclusions small oxides (< 0.01 mm) or amphiboles (0.02 and
Oxide 3 0.03-0.6 0.06 mm). About 30% of all cpx over 1 mm in diameter are skeletal.
Olivine 2 0.1-0.35
Amph 41 0.1-2.3 Mesocumulate texture. Amphiboles are euhedral and about 60% contain
Plag 40 0.1-2.1 inclusions of plag, cpx, and/or Fe-Ti oxides. Small euhedral Fe-Ti oxides
ADG-19 Cpx 12 0.1-2.1 (0.05-0.1 mm) occur as poikilitic inclusions in cpx and amphibole and larger
Oxide 5 0.05-0.5 anhedral grains (>0.12 mm) appear as intercumulus phases.
Olivine 2 0.15-0.3
Amph 39 — Mesocumulate texture. Amphiboles occur as intercumulus phases or
poikilitically and do not show distinct grain boundaries. Poikilitic amphiboles
ADG-82-6 contain inclusions of 0.1-0.4 mm plag, cpx, olivine, and distinct euhedral
Plag 26 0.1-0.8 amphiboles. Clinopyroxenes pervasively show sieve textures and partially
Cpx 30 0.2-0.7 reabsorbed rims. Many cpx (> 65%) contain poikilitic inclusions of small (0.02 to
Oxide 4 0.02-0.2 0.1 mm) Fe-Ti oxides. Larger oxides (0.1-0.2 mm) are present interstitially.
Olivine 1 0.15-0.2 Olivines occur as inclusions in amphibole.
Plag 44 0.2-0.9 Mesocumulate texture. Plagioclase is lath-like and > 95% of grains have sieve
textures. Amphiboles are anhedral and do not show distinct grain boundaries.
ADG-38 Amphs 37 — About 70% of amphiboles occur poikilitically around Fe-Ti oxides, plag, cpx, and
Cpx 14 0.2-1.1 olivine. Fe-Ti oxides show a great diversity of sizes and morphologies. About
Oxide 4 0.01-0.3 20% of oxides have symplectic texture. Olivine is primarily present as inclusions
Olivine 1 0.1-0.2 in amphibole.
Amph 56 0.1-1.1 Mesocumulate texture. ~ 80% of amphiboles occur poikilitically around Fe-Ti
oxides, plag, cpx, and olivine. Small cpx (0.1-0.25 mm) only present as inclusions
ADG-6 Plag 28 0.2-1.2 in amphibole. Larger cpx (>0.25 mm) contain inclusions of Fe-Ti oxides and
Cpx 11 0.1-1.1 olivine. Larger oxides (> 0.25 mm) are subhedral to anhedral and appear as
Oxide 4 0.02-0.9 intercumulus phases. Smaller euhedral oxides (0.02-0.2 mm) are observed as
Olivine 1 0.075-1

inclusions in cpx and amphibole.

(Continued)

$20Z Jaquisoa( G0 uo Jasn ABojouyoa] Jo a1nmsu| eluloled Aq £22882./5.0peb9/0 L /+9/e10nie/ABojosad/woo dnooiwepeose//:sdiy woll pepeojumod



8 | Journal of Petrology, 2023, Vol. 64, No. 10

Table 2: Continued

Sample Phase Mode (%) Grain size (mm) Description
Plag 48 0.08-1 Adcumulate texture. Amphiboles <0.4 mm are hexagonal and euhedral. Larger
amphiboles (0.4-1.8 mm) are anhedral and occur poikilitically around cpx, plag,
ADG-74 Fe-Ti oxides, and olivine. About 70% of plagioclase have sieve textures.
Amph 41 0.2-1.8 Clinopyroxene contains poikilitic inclusions of Fe-Ti oxides. Oxides between 0.1
Cpx 8 0.15-0.8 and 0.12 are euhedral and present as inclusions in other phases. Larger
Oxide 3 0.1-0.25 anhedral oxides (<0.25 mm) are interstitial. Olivine is only present as inclusions
Olivine <1 0.1-0.4 in amphibole or cpx.
Amphsx 49 — Mesocumulate texture. Amphiboles occur poikilitically or as rims around other
Plag 43 0.17-2.1 phases. Most cpx (> 90%) contain poikilitic inclusions of smaller (0.2-0.1 mm)
ADG-4 Cpx 5 0.1-1.1 euhedral oxides. Small (0.01-0.05 mm) euhedral Fe-Ti oxides are present as
Oxide 3 0.01-0.7 poikilitic inclusions in cpx and amphibole. Larger (0.25-0.7 mm) anhedral oxides
Olivine <1 0.15-0.3 are seen interstitially.
Amph 29 0.15to 8 Mesocumulate texture. Most (> 90%) amphiboles over 2.25 mm occur
ADG-17 Plag 51 0.1-0.75 poikilitically and contain inclusions of oxides, plagioclase, and cpx. About 950%
Cpx 18 0.15-1.1 of oxides are anhedral, 0.1 and 0.25 mm in diameter, and occur interstitially.
Oxide 2 0.05-0.3 Smaller euhedral oxides (< 0.1 mm) are only seen as poikilitic inclusions.
Amph 64 0.25-4.9 Mesocumulate texture. About 20% of amphiboles contain inclusions of smaller
ADG-CB-2 distinct amphiboles or cpx. Twelve large poikilitic grains of plagioclase were
Plag 21 0.1-5.1 noted in this sample, ranging from 2.5 to 5.2 mm in diameter, each containing
CPX 12 0.15-1.3 between 15 and 30 grains of amphibole and cpx. 5% of Fe-Ti oxides show
Oxide 3 0.01-0.8 symplectic textures.
Amph 44 0.3-3.2 Adcumulate texture. Amphiboles are euhedral to subhedral and ~20% have
ADG-5 Plag 37 0.2-1.8 0.02 to 0.03 mm thick opaque rims. Plagioclase is anhedral. All cpx have sieve
Cpx 10 0.18-1.25 textures and about 20% are skeletal. Fe-Ti oxides are anhedral.
Oxide 9 0.1-1
Plag 48 0.025-0.7 Adcumulate texture. About 5% of plagioclase contain inclusions of amphibole
ADG-CB-6 or cpx. About 50% of amphiboles occur poikilitically and contain inclusions of
Fe-Ti oxides, plag, or cpx. All cpx have partially reabsorbed rims and ~30% are
Amph 37 0.1-1.9 skeletal in form. Small euhedral Fe-Ti oxides (<0.01-0.15 mm) occur as poikilitic
Cpx 9 0.075-0.2 inclusions in amphibole and larger anhedral oxides (0.075-0.4 mm) are seen
Oxide 6 0.075-0.35 interstitially.
Amph 50 0.1-1.2 Adcumulate texture. Amphiboles are generally elongated. About 60% of
ADG-89-5 Plag 38 0.07-1.3 plagioclase over 0.8 mm in length occurs poikilitically around small (< 0.25 mm)
Cpx 6 0.05-0.3 amphiboles. Clinopyroxenes show partially reabsorbed rims. Subhedral Fe-Ti
Oxide 6 0.02-0.55 oxides.
Plag 46 0.07-2.25 Mesocumulate texture. Smaller plag (< 0.3 mm) is euhedral/subhedral and
ADG-CB-4 larger grains are anhedral and intercumulus, often containing inclusions of
Amph 43 0.1-2.75 amphibole and cpx. Small euhedral Fe-Ti oxides (0.025-0.075 mm) present as
Cpx 6 0.08-0.45 poikilitic inclusions in amphibole and cpx while larger anhedral oxides
Oxide 5 0.025-1.2 (0.2-1.2 mm) are observed as intercumulus phases.
Amph 51 0.3-1.1 Adcumulate texture. Slight metamorphic fabric, with elongate plagioclase and
ADG-29 Plag 39 0.08-0.25 amphibole grains consistently aligning along the same plane. Most amphiboles
Cpx 6 0.15-0.5 (> 90%) have sieve textures and ~ 50% contain cpx inclusions. Individual
Oxide 4 0.08-0.4 plagioclase grains are anhedral and interlocking with one another.
Plag 53 0.1-3.4 Adcumulate texture. About 40% of amphiboles have opaque rims between
ADG-7 Amph 42 0.5-9 0.025-0.05 mm thick and 80% have sieve textures. Most oxides (> 95%) are
Oxide 4 0.01-1 anhedral and > 0.1 mm. Small (0.01-0.02 mm) euhedral oxides present as
Cpx 1 0.2-0.4 poikilitic inclusions in plag, amphibole, and cpx.
Hornblendites
Amph 93 0.15-3 Mesocumulate texture. Amphiboles <1.5 mm in length are generally hexagonal,
ADG-96 Cpx 6 0.25-0.7 and those >2 mm long are elongated. Olivine present as poikilitic inclusions in
Olivine <1 0.075-0.8 amphibole.
Oxide 1 0.01-0.02
Amph 98 0.25-3.25 Orthocumulate texture. Euhedral hexagonal amphiboles. Clinopyroxene and
ADG-89-18 Cpx 2 0.2-1.3 olivine are rare and highly altered when present, with pervasive fracturing and
Olivine <1 0.2-0.8 partially reabsorbed rims. Fe-Ti oxides seen interstitially or as inclusions in
Oxide <1 <0.01 amphibole.
Amph 82 0.15-2.75 Adcumulate texture. Contains both euhedral and poikilitic amphiboles.
ADG-52 Euhedral amphiboles have partially reabsorbed rims and pervasive fracturing,
Cpx 14 0.1-1.8 while poikilitic grains are well preserved. Clinopyroxenes contain inclusions of
Plag 4 — spinel. Plagioclase appears only as an intercumulus phase filling void space
Oxide <1 0.02 between amphibole and cpx and does not show distinct grain boundaries
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Sample Phase Mode (%) Grain size (mm) Description
Amph 79 0.1-2.5 Mesocumulate texture. Elongate and fractured amphiboles with inclusions of
ADG-CB-10 Plag 11 cpx. Plagioclase oply observed asan intercumulus phase. Clinopyroxenes have
Cpx 9 0.05-1.9 sieve textures. Oxides observed interstitially.
Oxide 1 0.025-0.25
Moffett
Olivine clinopyroxenites
Cpx 64 0.16-0.9 Orthocumulate texture. Clinopyroxene contains small inclusions of
MOF-81X-A Olivine 36 0.1-0.6 serpentinized olivine. Cr-spinels occur interstitially and as poikilitic inclusions
Oxide <1 <0.05 in cpx and olivine
CPX 66 0.12-2.25 Orthocumulate texture. Clinopyroxene >0.25 mm in diameter occurs
MM-CB-2 poikilitically, each containing 3 to ~40 small (>150 pm) inclusions of olivine
Olivine 34 0.05-0.5 and distinct cpx. Olivines have serpentinized rims and often occur as inclusions
Oxide <1 <0.01 in cpx.
Cpx 81 0.16-01.1 Orthocumulate texture. Euhedral to subhedral cpx, often with partially
MOF-81X-C Olivine 18 0.1-0.75 reabsorbed rims. About 60% of cpx have sieve textures. Fe-Ti oxides occur
Oxide 1 0.12-0.04 interstitially or as poikilitic inclusions in cpx.
Olivine clinopyroxenites (+ amphibole)
Amph 48 0.25-1.3 Orthocumulate texture. Amphiboles occur both as euhedral inclusion-free
MM-77-67 grains and against olivine/cpx grain boundaries. Amphiboles have 0.05-0.13 mm
Cpx 32 0.125-1 opaque rims. About 75% of cpx and anhedral and 25% are euhedral. The
Olivine 17 0.08-0.9 Euhedral cpx show oscillatory zoning. Olivine and Fe-Ti oxides occur as
Oxide 3 0.02-0.08 inclusions in cpx or amphibole.
Cpx 51 0.17-2.25 Adcumulate texture. Most cpx are highly fractured but those that are not show
MOF-81X-G oscillatory zoning. Clinopyroxenes contain inclusions of olivine and Fe-Ti
Amph 33 0.31-7 oxides. Most amphiboles (~90%) are anhedral and appear as an interstitial
Olivine 16 0.05-0.46 phase or poikilitically around cpx or olivine.
Amph 46 0.32-1.75 Orthocumulate texture. Amphiboles occur both as euhedral grains without
MM-77-35 Cpx 44 0.15-1.13 inclusions and poikilitically around 0.1 to 0.25 mm olivine and cpx.
Olivine 9 0.075-1.25 Clinopyroxenes show oscillatory zoning and are euhedral to subhedral. All Fe-Ti
Oxide 1 0.025-0.075 oxides occur as poikilitic inclusions in c¢px or amphibole.
Clinopyroxenites
Cpx 90 0.6-2.4 Orthocumulate texture. Euhedral olivine and cpx, about half display sieve
MM-CB-3 Olivine 9 1.1 texture. Fe-Ti oxides occur interstitially or as poikilitic inclusions in cpx and
Oxide 1 < 0.04 olivine.
Cpx 97 0.1-1.5 Orthocumulate texture. Euhedral to subhedral cpx, some with embayed rims.
MOF-81X-B Olivine 3 0.07-0.12 About half of all cpx contain poikilitic inclusions of olivine or small
Oxide <1 < 0.02 (0.01-0.05 mm) oxides.
Amphibole gabbros
Plag 42 0.25-2.4 Orthocumulate texture. Subhedral plag. All amphiboles have 0.05-0.075 mm
MM.-76-4 Amph 27 0.2-2.6 tbick opaque rims. Skelejtal CpX. One gyain of Askeletal olivine ~1.2 mm in
Cpx 21 0.4-1.6 diameter observed. Fe-Ti oxides occur interstitially and as intercumulus phases.
Oxide 10 0.05-0.8
Plag 68 0.15-1.25 Orthocumulate texture. Most amphiboles have 0.01-0.025 mm opaque rims.
MOF-81X-F Clinopyroxenes are pervasively fractured with partially reabsorbed edges,
Amph 23 0.17-1.3 sometimes showing sieve textures. Fe-Ti oxides are euhedral and observed as
Cpx 9 0.3-1.75 inclusion in amphibole.
Plag 49 0.2-1.2 Orthocumulate texture. Plagioclase often contains poikilitic inclusions of small
MOF-81X-D Amph 41 0.2-1.4 oxides (< 0.01 mm) or larger (0.05-0.15 mm) grains of amphibole, cpx, or distinct
Cpx 7 0.1-0.3 plagioclases. All amphiboles have 0.075 to 0.15 mm thick opaque rims.
Oxide 3 0.025-0.3 Clinopyroxenes show sieve textures.
Plag 55 0.15-0.5 Orthocumulate texture. Plagioclase is euhedral to subhedral. Oxides only
MM-76-9 Amph 43 0.25-2.5 observed as poikilitic inclusions in amphibole. Clinopyroxenes have experienced
Oxide 2 <0.05 almost complete uralitization.
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Table 2: Continued

Sample Phase Mode (%) Grain size (mm) Description
Homnblendites

Amph 90 0.2-1.7 Orthocumulate texture. Plagioclase is equigranular. Clinopyroxenes show sieve

Cpx 4 0.1-0.5 textures. Olivine and cpx usually observed as inclusions in amphibole.
MM-77-100

Plag 4 0.1-0.25

Olivine 2 0.07-0.35

Amph 74 0.3-3.5 Mesocumulate texture. Amphiboles are pervasively fractured and have 0.05 to
MM-77-61 Cpx 16 0.2-1.5 0.1 mm thick opaque rims. Clinopyroxene is observed both as small (0.2 to

Plag 7 0.125-1.75 0.5 mm) euhedral to subhedral zoned grains and as larger (0.75-1.5 mm)

Oxide 3 0.025-0.1 fractured grains with embayed rims. Euhedral Fe-Ti oxides.

Amph 91 0.3-11 Orthocumulate texture. Most amphiboles have 0.01-0.025 mm thick opaque
MOF-81X-E rims. Clinopyroxenes and Fe-Ti oxides only observed as inclusion in amphibole.

Cpx 5 0.075-0.5 Clinopyroxenes are pervasively fractured and have partially reabsorbed edges,

Oxide 4 0.01-0.075 sometimes showing sieve textures. Fe-Ti oxides are euhedral.

Amph 86 0.25-3.75 Mesocumulate texture. About half of all amphiboles have 0.05 and 0.1 mm thick

Plag 5 0.2-1.3 opaque rims. Cpx, opx, and olivine usually observed as poikilitic inclusions in
MM-77-29 Cpx 5 0.075-1.8 amphibole. Fe-Ti oxides only present as inclusions in amphibole or pyroxene.

Opx 3 0.1-0.4

Oxide 1 0.015

Olivine <1 <0.1

Amph 99 0.1-9 Orthocumulate texture. Most amphiboles have 0.01 mm thin opaque rims.
MM-CB-1 Cracks in amphiboles filled with fine-grained plagioclase and Fe-Ti oxides. Fine

Plag 1 0.17-1 to medium-grained plagioclase occasionally fills intercumulus spaces between

Olivine <l(n=1) 0.75 amphibole grains.

More detailed descriptions of each sample are given in the Supplemental Data Amph, amphibole; plag, plagioclase; cpx, clinopyroxene; cpx, orthopyroxene

*Petrography suggests amphibole may be peritectic in nature

Hornblendites: Moffett hornblendites (n="5) contain amphibole
(74-99%), clinopyroxene (0-16%), plagioclase (0-7%), and Fe—
Ti oxides (0-4%) and show mesocumulate to orthocumulate
textures. Amphibole is highly altered, especially along cleavage
planes, with pervasive fracturing observed in all grains. Opaque
rims (10-25 um thick) are observed in amphiboles from samples
MM-CB-1 and MOF-81X-E.

Adagdak major and trace element mineral
chemistry

Olivine: Sample average Mg# ([Mg/(Mg+ FeT)] x 100 for all phases
but spinel) for olivine cores ranges from 84.1 to 87.1 for ultramafic
Adagdak cumulates (Fig. 5a). Lherzolite ADG-CB-9 and amphibole
gabbro ADG-CB-1 have average olivine core Mg# of 91.3 and 73.5,
respectively (Fig. 5a). Including literature data, average core NiO
concentrations positively correlate with Mg# and range from 0.03
to 0.30 wt % (Fig. 5a). In samples analyzed for high-precision
Ca-in-olivine (n=13), core Ca concentrations range from 290
to 645 ug/g (0.04 to 0.09 wt % CaO). Core-to-rim zoning was
only observed in the more evolved samples (amphibole gabbros,
clinopyroxenites, and olivine clinopyroxenites), with Mg# typically
decreasing by 0.5 to 1.0 from core to rim.

Pyroxene: Clinopyroxene is the only phase present throughout
the entire Adagdak suite and consists predominantly of diopside.
Sample average Mg# of clinopyroxene cores ranges from 93.8 to
81.6 for the ultramafic xenoliths and from 73.6 to 77.8 in the
amphibole gabbros and hornblendites) (Fig. 5b, c). Kgi/g,%( (molar

(Fe"/Mg) o,
(Fe"/Mg)
trations range from 1.34 to 5.44 wt % in the ultramafic lithologies
and reach their highest values in the hornblendites (6.9-8.5 wt
%; Fig. 5c). All clinopyroxenes are depleted in Nb and Ta with
negative Zr anomalies (Zr/Zrx = Zry/[Ndy x Smy]°°, where N des-
ignates normalization to CI chondrites; McDonough & Sun, 1995),

) varies from 0.77 to 1.53 (Fig. 5b). Average Al,O5 concen-

which range from 0.2 to 0.6 and are negatively correlated with
Mg#. Eu-anomalies (Eu/Eux=Fuy /[Smy x Gdy] %°) are not
observed in Adagdak xenolith clinopyroxenes (Fig. 6). Sr anoma-
lies (Sr/Sr+ = Sry/[Pry x Ndy]%®) correlate positively with Mg# and
are generally positive (>1) in the ultramafic lithologies (0.96-2.18)
and negative (<1) in clinopyroxenes from the amphibole gabbros
and hornblendites (0.61-0.74) (Fig. 7a). Clinopyroxene Sr/Y and
La/Yb ratios positively correlate with Mg# and vary from 3.4 to
21.3 and from 0.5 to 2.7, respectively (Fig. 7b).

Amphibole: Average amphibole core Mg# ranges from 64.3 to
71.3 and does not correlate with rock type or the concentration
of any major element. Seven of the Adagdak amphibole gab-
bros contain magnesio-hastingsite and one contains pargasitic
amphibole (based on the nomenclature of Leake et al., 2004).
All Adagdak hornblendites contain pargasitic amphibole. Amphi-
boles are consistently enriched in Cs, Rb, Ba, and Sr (Sr/Sr+ 1.9-8.8:
Supplemental Data Figure S2).

Plagioclase: Plagioclase in the Adagdak amphibole gabbros and
hornblendites are anorthite-rich (Angig) and unzoned. Plagio-
clase is consistently enriched in LREE and LILE, particularly Sr
(530-830 pg/g) relative to the HREE (La/Yb 0.1-0.3) and HFSE. All
samples show positive Ba, Pb, Sr, and Eu anomalies on primitive
mantle normalized spider diagrams (McDonough & Sun, 1995)
(Supplemental Data Figure S3).

Spinel: Average Cr# (100xmolar Cr/[Cr+ Al]) from spinel cores
ranges from 4 to 60 and decreases with increasing Mg# (for
spinel only, we define Mg# as [Mg/(Mg+ Fet?)] x 100) (Fig. 5d).
Spinel core Cr# for olivine clinopyroxenite, wehrlite, and dunite
xenoliths ranges from 22.3 and 47.0. Lower Cri#s, ranging from
0.4 to 11, are observed in amphibole gabbro and clinopyroxenite
xenoliths. Average core Mg# varies from 50.4 to 72.9 in the Adag-
dak suite. Calculated sample average Fe*+/%Fe ratios from spinel
cores range from 0.3 to 0.5 and do not correlate with Mg#, Cr#,
(Fig. Se) nor the concentration of any major oxide. Magnetite is

$20Z Jaquisoa( G0 uo Jasn ABojouyoa] Jo a1nmsu| eluloled Aq £22882./5.0peb9/0 L /+9/e10nie/ABojosad/woo dnooiwepeose//:sdiy woll pepeojumod


https://academic.oup.com/petrology/article-lookup/doi/10.1093/petrology/egad073#supplementary-data
https://academic.oup.com/petrology/article-lookup/doi/10.1093/petrology/egad073#supplementary-data

O Olivine ECPX [OOPX B Amph. OPlag.

Journal of Petrology, 2023, Vol. 64, No. 10 | 11

M Spinel [ Fe-Ti oxide

Iherz ADG-CB-9 - & ---
dunite ADG-82-2 - ol/sp = cpx
dunite ADG-63 - ol/sp = cpx
dunite ADG-82-21 - ol/sp = cpx
wehrlite ADG-CB-3 - ol/sp = cpx
wehrlite ADG-30 - ol/sp = cpx
wehrlite  ADG-CB-8 - ol - cpx
wehrlite ADG-35 - sp = ol - cpx
wehrlite ADG-10 - o?/oxides - Ccpx
wehrlite ADG-33 - ol - cpx
wehrlite  ADG-82-3 - ol/sp = cpx
wehrlite ADG-CB-5 - ol/sp = cpx
wehrlite ADG-42 - sp = ol = cpx
ol cpxite ADG-82-17 - o?/sp - CpX
ol cpxite ADG-32 - ol/sp = cpx
ol cpxite ADG-CB-7 - sp = ol = cpx
ol cpxite B o?/sp - CpX
ol cpxite ADG-8 ol/sp = cpx
cpxite ADG-82-1 - ol/sp = cpx
cpxite ADG-82-15 ol/sp = cpx
amph gab ADG-77 I ol/cpx — plag/ox - amph
amph gab ADG-24 I ol/cpx — plag/ox = amph
amph gab ADG-CB-1 - | ol/cpx » amph/ox - pla
amph gab  ADG-22a I ol/cpx — plag/ox » amp
amph gab ADG-73 I ol/cpx —» ox = amph/plag
amph gab ADG-19 I ol/cpx = ox » amph/plag
amph gab ADG-82-6 - [T ol/cpx = ox/amph/plag
amph gab ADG-38 I ol/cpx — plag/ox -» amph
amph gab ADG-6 - [ [ ol/cpx - plag/ox » amph
amph gab ADG-17 cpx - plag/ox - amph
horn ADG-52 I cpx = amph/sp - plag
amph gab ADG-CB-2 [ [ cpx » amph/ox - plag
amph gab ADG-5 ] cpx/ox -» amph- plag
horn ADG-CB-10 [T cpx » amph/ox - plaﬁ
amph gab ADG-CB-6 cpx/ox - plag » amp
amph gab ADG-74 cpx/ox - amph/pIaP
amph gab ADG-CB-4 cpx/ox -» amph- plag
amph gab ADG-29 cpx/ox - amph/plag
amph gab ADG-82-5 cpx/ox - amph/plag
horn ADG-26 cpx —» amph
amph gab ADG-4 [T cpx/ox = plag » amph
horn ADG-82-18 cpx - ox/amph/plag
amph gab ADG-7 : : . . cpx/ox » amph/plag
0 20 40 60 80 100

Mineral Mode (%)

Fig. 2. Adagdak xenolith modal proportions (in vol. %). Crystallization sequence for cumulate samples is based on petrographic relationships observed
in thin section. Lherz lherzolite, ol cpxite olivine clinopyroxenite, amph gab amphibole gabbro, horn hornblendite.
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Fig. 3. Moffett xenoliths modal proportions (in vol. %). Abbreviations are the same as in Figure 2.

the dominant oxide in the more evolved amphibole gabbro and
hornblendite cumulates.

Moffett major and trace element mineral
chemistry

Olivine: Olivine core Mg# and NiO range from 84.8 to 89.0 and from
0.13 to 0.23 wt %, respectively (Fig. 5a). Normal zoning in Mg# is
observed in the outer 20 to 60 um rims of olivine from samples

MM-77-35 and MOF-81X-C. Reverse zoning is only observed in
olivine from sample MOF-81X-A, where the outer 50 um rims
show increased Mg# adjacent to clinopyroxene. Calcium concen-
trations (750-970 pug/g) are higher in olivines from Moffett than in
those for Adagdak and do not correlate with Mg# or major element
concentration.

Pyroxenes: Clinopyroxenites (+olivine) have clinopyroxene core
Mg# between 88.5 and 90.7. Clinopyroxene consists of diopside
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Fig. 4. Photomicrographs of thin sections in cross-polarized light. (a) Adagdak lherzolite ADG-CB-9. (b) Adagdak wehrlite ADG-42. (c) Adagdak
hornblendite ADG-CB-10. (d) Adagdak amphibole gabbro ADG-38. (e) Moffett amphibole-bearing olivine clinopyroxenite MM-77-67. f) Moffett

amphibole gabbro MM-76-4.

in all samples except olivine clinopyroxenite MOF-81X-C, which
contains augite. Clinopyroxene Mg# in the amphibole-bearing
samples ranges from 72.7 to 78.1. Sample average Al,O3 concen-
trations range from 1.1 to 8.0 wt % and negatively correlate with
Mg# (Fig. 5¢). Sample Kgﬁi/g,gx ranges from 0.70 to 1.88 (Fig. 5b).
Strontium anomalies range from 0.7 to 2.8 and positively correlate
with Mg# (Fig. 7a). Sample average Sr/Y and La/Yb ratios positively
correlate with Mg# and range from 6.4 to 41.7 and from 1.2 to 2.5,
respectively (Fig. 7b, ). All samples are depleted in LREE and HREE
relative to MREE (Fig. 8).

Amphibole: Samples MM-77-35 and MM-77-67 contain popu-
lations of both euhedral and intercumulus amphiboles. In both
samples, the major element chemistry of the two groups is sim-
ilar (Table S4). All Moffett samples contain magnesio-hastingsite
except for samples MM-CB-1 and MOF-81X-G, which contain par-
gasitic amphibole. We do not observe the high Cr concentrations
Conrad & Kay (1984) reported for amphiboles from ultramafic
xenoliths (up to 0.55 wt % Cr,0s), with Cr,Os concentrations in
the amphiboles cores we analyzed never exceeding 0.07 wt %.
Amphiboles are enriched in Sr and Ba and depleted in the LREE
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relative to the MREE and HREE (La/Sm 0.3-0.5, La/Yb 0.6-1.1,
Supplemental Data Figure S2).

Plagioclase: Moffett plagioclase are consistently anorthite-rich
(Angi-Anes) and unzoned. Plagioclase from amphibole gabbro
MM-76-4 shows similar trace element chemistry to those from
Adagdak, with enrichment in the LILE and LREE but depletion in
HREE and HFSE. All analyses from this sample show positive Ba,
Pb, Sr, and Eu anomalies on primitive mantle normalized trace
element diagrams (Supplemental Data Figure S3).

Spinel: Magnetite is the dominant oxide phase in the Moffett
cumulates. Chromium-rich spinel is only present in olivine
clinopyroxenites MOF-81X-A, MM-CB-2, and MM-77-67, with
core Cr# ranging from 73.5 to 82.3 (Fig. 5d). Average calculated
Fe3*/Fe ranges from 0.25 to 0.42 for spinel cores and does not
correlate with Mg# or Cr# (Fig. 5e). The Wood and Virgo correction
was not applied to these analyses because the Moffett spinels

are far more chromiume-rich than any of the secondary spinel
standards we measured (Cr# 4-57: Supplemental Data Table S7;
Wood & Virgo, 1989; Bryndzia & Wood, 1990).

DISCUSSION

In the following sections, we use our data to investigate the
petrogenesis of the cumulate xenoliths and the magmatic
plumbing system beneath Adak. We first use our petrographic
and major and trace element data to estimate the crystallization
sequence, P-T-H,O-fO,, and parental melt trace element
compositions for the cumulates. We then construct a series of
trace element models to explore the petrogenesis of the parental
melts to the cumulates and how these melts may have evolved
through lower to mid-crustal fractionation of our cumulate
lithologies.
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Crystallization sequence

Determining the crystallization sequences of the Moffett and
Adagdak cumulate suites is critical to understanding their pet-
rogenesis, as it is controlled in part by the P-T-H,0—fO, condi-
tions of their parental magmas. Although both cumulate suites
show evidence for some subsolidus Fe-Mg exchange, we infer the
same crystallization sequence for both suites based on olivine,
clinopyroxenes, and amphibole Mg#, spinel Cr#, and modal miner-
alogy (Fig. 9) that were inferred in earlier studies. Both sequences
were constructed under the assumption that the most primitive
samples should contain the most magnesian-rich silicates, Cr-rich
oxides, and the highest modal abundances of olivine. Petrographic
examination indicates that when present, olivine and spinel were
the first phases to crystallize, then joined by clinopyroxene.

Adagdak

The dunites represent the initial crystallization products of the
Adagdak suite. These samples have the highest modal abun-
dances of olivine (93-94%) and the most Mg-rich olivine (Mg# ~87)
and clinopyroxene (Mg# 90-91). The modal abundance of olivine
decreases as clinopyroxene becomes the dominant phase in the
cumulates, as represented by the wehrlite and clinopyroxenite
xenoliths. Amphibole and plagioclase then join the cumulate
assemblage together as abundances of cumulus clinopyroxene
and olivine decrease abruptly (Fig. 2). Magnetite also replaces
spinel as the dominant oxide phase. This final stage of the
crystallization sequence is represented by the amphibole gabbro
and hornblendite cumulates. Although trace amounts of olivine
are only present in about half of these samples, clinopyroxene
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persists to the end of the observed sequence. While the amphibole
veins observed in some of the ultramafic samples are interpreted
to be peritectic in origin, amphibole in all but four of the
hornblendites and amphibole gabbros is inferred to be a primary
cumulate phase (consistent with the interpretation of Debari
et al., 1987). This interpretation is supported petrographically,
with amphiboles in these more evolved cumulates usually
present as large euhedral grains in no apparent reaction
relationship with clinopyroxene or olivine (Fig. 4c). Amphibole
in samples ADG-4, -38, -73, and -82-6 is texturally distinct,
poikilitically enclosing rounded clinopyroxene (Fig.4d). This
texture could be interpreted two ways: (1) late-stage cumulate
amphibole fractionation, with amphibole enveloping pre-existing
clinopyroxene grains, or (2) amphibole forming through peritectic
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reactions between melts percolating through the cumulate
mush and preexisting clinopyroxenes (e.g. Cooper et al., 2016;
Blatter et al., 2017). The petrography suggests, however, that the
vast majority of amphibole in the Adagdak amphibole gabbros
and hornblendites co-crystallized with clinopyroxene without
evidence for a peritectic relationship. Thus, the dominant inferred
crystallization sequence for the Adagdak xenolith suite is olivine
+ clinopyroxene + spinel =» clinopyroxene + amphibole +
plagioclase + Fe-Ti oxide.

Moffett

The most primitive crystallization assemblages in the Moffett
suite are olivine clinopyroxenites with minor Cr-spinel. Half
of these samples also contain amphibole. While the altered
appearance of amphibole in MOF-81X-G suggests a secondary or
peritectic origin, the petrography of amphiboles in samples MM-
77-35 and MM-77-67 is consistent with amphibole being a primary
cumulate phase (Fig. 4e, additional photos in the Supplemental
Data). The co-crystallization of high-magnesium amphibole,
clinopyroxene, and olivine is consistent with derivation from
a hydrous primitive basalt or basaltic andesite (Conrad & Kay,
1984; Krawczynski et al., 2012). Conrad & Kay (1984) came to a
similar conclusion, suggesting (based on high Cr concentrations
in amphiboles from Moffett xenolith MM-102) that amphibole
was a near-liquidus phase. Plagioclase subsequently enters the
crystallization assemblage while amphibole and magnetite modal
abundances increase, as observed in the amphibole gabbro and
hornblendite xenoliths. The onset of plagioclase crystallization
coincides with a decrease in clinopyroxene abundances (21 to 0%;
Fig. 3) and the loss of olivine from the cumulate assemblage. The
inferred crystallization assemblage for the Moffett cumulates, as
also suggested by Conrad & Kay (1984), is olivine + clinopyroxene
+ spinel => olivine + clinopyroxene + spinel + amphibole =>
clinopyroxene + amphibole + plagioclase + Fe-Ti oxide =>
amphibole + plagioclase + Fe-Ti oxide.

Crystallization conditions

We estimate crystallization conditions (H,0O, P, T, fO,) through (1)
comparison with experimental studies where these variables are
controlled, (2) comparison to xenoliths from other localities where
crystallization conditions have been inferred or calculated, and (3)
calculation of temperature and fO, where geothermometers and
oxybarometers suitable to the xenolith mineral assemblages are
available.

Water contents

Adagdak: Crystallization assemblages from the experimental
studies of Nandedkar et al. (2014) (N14) and Ulmer et al. (2018)
(U18) resemble the Adagdak xenolith assemblages. These studies
performed equilibrium and fractional crystallization experiments
on primitive basalts (Mg# 69.0-76.4) at 0.7-1 GPa, 0 to 2 log units
above the Ni-NiO buffer, and hydrous (~3 wt % H,O initial)
conditions. The crystallization sequence, modal proportions, and
mineral chemistry of crystallization assemblages produced in
these experiments are summarized in the Supplemental Data.
The ultramafic cumulates from Adagdak likely crystallized from
a primitive basalt with a similar water content to that of the
high temperature (1200-1060°C) initial crystallization interval
of basalt in U18 and N14 (3-7 wt % H,0). Characteristics of
the Adagdak suite such as the modal dominance of olivine in
the early crystallizing assemblages, and the late appearance
of plagioclase, are also consistent with derivation from a
hydrous melt (Nicholls & Ringwood, 1973; Gaetani et al., 1993;
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Pichavant & Macdonald, 2007; Ulmer et al., 2018). The modal
mineralogy and mineral chemistry of the Adagdak amphibole
gabbros and hornblendites are similar to lower-temperature
(920-730°C) experimental assemblages of N14 which contained
8 to 12 wt % H,O. We suggest that during the crystallization
of the Adagdak suite, early olivine, spinel, and clinopyroxene
crystallization from a relatively hydrous basalt (3-7 wt %
H,0) produced the dunites, wehrlites, and clinopyroxenites.
Fractionation of these nominally anhydrous phases increased
the water content of later-stage melts to 8 to 12 wt % H,0, at
which point the amphibole gabbro and hornblendite cumulates
crystallized.

Moffett: The presence of amphibole in the Moffett ultramafic
olivine clinopyroxenites and the absence of early plagioclase sug-
gests that the parental melt to the suite had higher water con-
tents than parental melts to the Adagdak suite. The experiments
of Krawczynski et al. (2012) (K12) on basaltic starting materi-
als provide a close experimental comparison to the ultramafic
Moffett crystallization assemblage of olivine, clinopyroxene, and

(£) amphibole. These experiments show that water-saturated
basalts may simultaneously stabilize olivine, clinopyroxene, and
amphibole at 500-800 MPa and water-saturated conditions after
about 30% solidification and at <1000°C. Plagioclase-free assem-
blages of clinopyroxene and amphibole (+olivine and spinel) have
also been produced in crystallization experiments of hydrous
(>7 wt % H,0) basalts by Melekhova et al. (2015) and Ulmer
et al. (2018). The phase assemblage and mineral chemistry of
Moffett amphibole gabbros and hornblendites are very similar to
those from Adagdak. We, therefore, estimate that the parental
melts to the Moffett amphibole gabbro and hornblendite cumu-
lates were also saturated with an H,O-rich fluid in the lower to
middle crust.

Pressure

As is common for garnet-free ultramafic and mafic igneous
assemblages, the mineralogy of the Adak xenoliths does not
lend itself well to thermodynamically based geobarometry
(Debari et al.,, 1987; Bryndzia & Wood, 1990; Wood et al., 1990;
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Fig. 9. Summary of major element mineral chemistry for the Adagdak and Moffett xenoliths suites. Samples are ordered by modal abundance of

olivine.

Davis et al., 2017; Bucholz & Kelemen, 2019). We, therefore, derive
pressure estimates by comparing our samples to experimental
studies where pressure was controlled as well as to xenoliths
from other locations where pressure is well constrained.

Adagdak: We infer that the Adagdak ultramafic cumulates
crystalized at ~1 GPa. This estimate is consistent with exper-
imental studies that have produced assemblages modally and
geochemically similar to the Adak cumulates (Blatter et al., 2013;
Ulmer et al., 2018) as well as previous studies of Adak and central
Aleutian magmatism that place crystallization of the most primi-
tive lithologies at the base of the arc crust (Gust & Perfit, 1987; Kay
& Kay, 1994; Kay et al., 2019). Our ~1 GPa estimate is also consistent
with previous studies of Aleutian magmas, which have suggested
that plagioclase-free ultramafic cumulate fractionation in the
upper mantle and lower crust leads to the formation of the high-
Al basalts found on Adak Island and throughout the Aleutians
(Kay & Kay, 1985a, 1985b). The high-Mg basalt crystallization
experiments from U18 that we use as our primary experimental
comparison for these most primitive Adagdak cumulates were
also conducted at 1 GPa.

The negative correlation between clinopyroxene Mg# and Al, O3
observed in the ultramafic cumulates (Fig. 5c) is also consistent
with plagioclase-free crystallization under high-pressure or high-
water conditions (DeBari et al., 1987; DeBari & Coleman, 1989;
Melekhova et al, 2015). Similar trends are seen in clinopyrox-
enes from intermediate to high-pressure exhumed arc sections
(e.g. the Chilas Complex, Kohistan, 0.5-0.8 GPa: Jagoutz et al,
2007; Talkeetna, 0.95-1.1 GPa: DeBari & Coleman, 1989), but are
not observed in clinopyroxenes from low-pressure cumulates
(e.g. Lesser Antilles, 0.2-0.5 GPa: Stamper et al., 2014a; Cooper
et al., 2016). Due to the expanded stability field of clinopyrox-
ene at higher pressures (e.g. Blatter et al., 2013; Stamper et al.,
2014b), early fractionation of clinopyroxene + olivine assemblages
also results in the Adagdak wehrlites containing more magne-
sian olivine (Mg# 84.1 to 86.7) than is observed in wehrlites
from lower pressure systems (e.g. Lesser Antilles, wehrlite olivine
Mg# =82.5+2, Stamper et al., 2014a)

Due to the similarities discussed previously between 0.7 GPa
experiments from N14 and the Adagdak amphibole gabbro and
hornblendite cumulates, itis tempting to assert that this pressure
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Table 3: Calculated temperature, silica activity, and oxygen fugacity estimates

Pressure (kbar)

Temperature estimates (°C)

Amphibole-only

Fe-Mg exchange Ca-in-olivine

Sample

R2021 L1995 B1991 S&C2013

Ave. 202 Ave. 20P Ave. 26P Ave. 20¢
ADG-82-5 4.77 +0.79
ADG-CB-4 7.48 +1.89
ADG-26 6.20 +0.56
ADG-CB-6 3.94 +0.81
ADG-5 5.88 +0.73
ADG-CB-10 6.6 +1.97
ADG-82-18 9.08 +0.66
ADG-22a 4.79 +1.24
ADG-24 4.65 +0.34
ADG-52 6.41 +0.88
ADG-CB-1 4.93 +0.78
ADG-82-15 914 +42/-49 886 +50
ADG-CB-7 1173 +40/-39 1127 +20 947 +21/-25
ADG-32 1029 +20/-27 1069 +23 965 +23/-10
ADG-82-17 935 +9/-4
ADG-42 1066 +38/—24 1133 +22 946 +19/-20
ADG-CB-5 943 +6/-8
ADG-35 1026 +25/-17 1113 +18 961 +6
ADG-30 1057 +35/-20 1053 +25 968 +12/-29
ADG-CB-3 998 +5/-11 1106 +4 1001 +7/-8
ADG-82-21 1106 +34/-35 1146 +31 923 +13/-15
ADG-63 1049 +28/—22 1060 +17 930 +42/-53
ADG-82-2 1051 +35/-25 1087 +14 990 +46/-52
ADG-CB-9 1080 +27/-23 1101 +25 942 +17/-45
MM-CB-1 6.38 +1.7
MOF-81X-E  7.33 +1.85
MM-77-61 6.79 +0.41
MM-76-4 7.40 +2.65
MM-77-35 3.90 +0.25 1107 +17/-50
MOF-81X-C 1044 +16/-30
MM-77-67 6.65 +0.38 1106 +8/-35

regime is also an appropriate estimate for these lithological
groups. However, because amphibole-plagioclase-magnetite
assemblages are ubiquitous in rocks from various crustal depths
(e.g. Lesser Antilles, 0.2-0.5 GPa: Cooper et al., 2016; Kohistan,
0.5-0.8 GPa: Jagoutz et al., 2007; Talkeetna, 0.95-1.1 GPa: DeBari
& Coleman, 1989) comparisons based on similarities in phase
proportions are not as useful. Due to the lack of thermodynami-
cally based geobarometers available, we also implement empirical
amphibole-only geobarometry for both Adagdak and Moffett
cumulates. Empirical amphibole-only geobarometry (Ridolfi,
2021) yields pressure estimates between 390 and 910 MPa for the
Adagdak amphibole gabbros and hornblendites, consistent with
mid- to deep crustal pressures and the large range of pressures
over which amphibole gabbros can crystallize (Table 3).

Moffett: The ultramafic olivine + clinopyroxene + amphi-
bole/Fe-Ti oxide Moffett assemblage has been produced by
experimental studies over a pressure interval of 0.2 to 0.8 GPa
(Holloway & Burnham, 1972; Cawthorn et al., 1973; Helz, 1973;
Sisson & Grove, 1993; Krawczynski et al., 2012). The amphibole-
only geobarometer of Ridolfi (2021) yields pressure estimates of
0.4 to 0.7 GPa for these lithologies, within this range (Table 3).
For the amphibole gabbros and hornblendites, amphibole-only
geobarometry yields pressures between 0.6 and 0.7 GPa (Ridolfi,
2021) (Table 3). In summary, the mineral chemistry and phase

assemblages observed in the Moffett cumulate suite are generally
consistent with crystallization in the lower to middle crust,
between 0.4 and 0.7 GPa.

Temperature

For ultramafic xenoliths containing the assemblage olivine
+ clinopyroxene + spinel, we used the olivine-spinel Fe-Mg
exchange thermometers of Ballhaus et al. (1991) and Li et al.
(1995) (n=11). For the 15 samples from which we obtained
high-precision analyses of the Ca content of olivine, we also
calculated temperature with the Ca-in-olivine thermometers
of Shejwalkar & Coogan (2013) and Kohler & Brey (1990). The
empirical amphibole-only thermometer of Ridolfi (2021) was
used to obtain temperature estimates for amphibole gabbros
and hornblendites (n=17). For xenoliths, for which we had
both amphibole and plagioclase mineral chemistry, we used the
amphibole-plagioclase thermometer of Holland & Blundy (1994)
to estimate temperature (n = 10). The results of these calculations
are given in Table 3.

Adagdak: For the lherzolite, both olivine-spinel Fe-Mg exchange
thermometers yield temperatures that are within error of each
other, ranging from 1080°C to 1100°C. For the ultramafic cumulate
xenoliths (n=11), Fe-Mg exchange temperatures obtained with
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Sample Temperature estimates (°C)
Ca-in-olivine Ampbhibole-only Amphibole-plagioclase
K&B1990 R2021 H&B1994
Ave. 20°¢ Ave. 204 Ave. 20®
ADG-82-5 925 +13 1022 +21/-31
ADG-CB-4 964 +15 996 +22/-23
ADG-26 933 +9
ADG-CB-6 923 +12 1049 +22/-28
ADG-5 939 +12 917 +52/-43
ADG-CB-10 953 +18 1014 +31
ADG-82-18 968 +24
ADG-22a 931 +23 1063 +44/-43
ADG-24 929 +12 1074 +23
ADG-52 927 +15
ADG-CB-1 919 +9 1039 +27/-23
ADG-82-15
ADG-CB-7 971 +24/-2
ADG-32 991 +16/-17
ADG-82-17 971 +4
ADG-42 997 +11/-31
ADG-CB-5 993 +48/-7
ADG-35 978 -20/+23
ADG-30 977 +4
ADG-CB-3 1040 +8
ADG-82-21 961 +19/-22
ADG-63 1012 +23/-26
ADG-82-2 944 +15/-26
ADG-CB-9 936 +15/-16
MM-CB-1 940 +20
MOF-81X-E 954 +25
MM-77-61 951 +11 895 +34/-35
MM-76-4 959 +38 921 +29/-30
MM-77-35 1107 +35/—43 917 +8
MOF-81X-C 1070 +23/-27
MM-77-67 1104 +21/-23 963 +16

the Ballhaus et al. (1991) and Liet al. (1995) thermometers are gen-
erally within error of each other (Supplemental Data Figure S4),
ranging from 1000°C to 1150°C. Temperature estimates were also
obtained with the olivine-clinopyroxene calcium exchange ther-
mobarometers of Shejwalkar & Coogan (2013) (their equation 13)
and Kohler & Brey (1990) (their equation 5). Both thermobarome-
ters are calibrated on experiments ranging from 0.1 to 6 GPa and
both were evaluated at 1 GPa. Temperature estimates obtained
with Ca-in-olivine thermometry range from 920°C to 1040°C for
the ultramafic cumulates (n=12) and were generally 40°C to
230°C lower than temperature estimates obtained through Fe-
Mg exchange thermometry. The low Ca-in-olivine temperature
estimates may reflect subsolidus diffusion of Ca from olivine
(Dohmen et al.,, 2017) or variations in the calcium activity coef-
ficient in forsterite and monticellite activity with changing bulk
composition or pressure (Shejwalkar & Coogan, 2013).

Taken together, the temperatures these samples preserve
(950-1150°C) are consistent with experimental studies of
hydrous basalts that produced similar assemblages of olivine
+ clinopyroxene + spinel (1050-1200°C, Pichavant & Macdonald,
2007; Nandedkar et al., 2014; Ulmer et al., 2018) and suggests
Fe-Mg exchange thermometry broadly preserves magmatic
crystallization temperatures. Amphibole-only thermometry
for the amphibole gabbros and hornblendites yields temper-

atures from 920°C to 970°C (n=11). Amphibole-plagioclase
thermometry (n=_8; Holland & Blundy, 1994) yields temperatures
between 920°C and 1070°C. Amphibole—plagioclase temperatures
are generally 60°C to 140°C higher than those obtained with
amphibole-only thermometry.

Moffett: The Moffett cumulates broadly preserve crystalliza-
tion temperatures between 900°C and 1100°C. Fe-Mg olivine-
spinel exchange thermometry in ultramafic samples MM-77-67,
MOF-81X-A, and MM-CB-2) yielded temperatures of 855-2/+4,
1045+ 3, and 1140+ 10/-17°C. We consider 860°C and 1140°C
to be erroneous estimates, as they are inconsistent with exper-
imental studies that have crystalized olivine + clinopyroxene +
amphibole assemblages over a limited temperature range (900-
1050°C; Holloway & Burnham, 1972; Cawthorn et al., 1973; Helz,
1973; Krawczynski et al., 2012). Low olivine-spinel temperatures
may be due to subsolidus Fe-Mg exchange in the Moffett sam-
ples, as evidenced by the large variations in ngli/cwégx observed in
the Moffett suite (Fig. 5b), or re-equilibration of small chromite
grains with the surrounding olivine (e.g. Peltonen, 1995). Mof-
fett Ca-in-olivine thermometry (n=3) was conducted at 0.7 GPa
(based on the discussion in the previous section) and yielded
temperature estimates between 1040°C and 1105°C. Amphibole-
only thermometry ranged from 920°C to 960°C (Supplemental
Data Figure S4). Amphibole—plagioclase thermometry for samples
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Table 3: continued

Silica activity estimates

Oxygen fugacity estimates

log(aSio » ) method A method B method C
Sample
B&K2019 B&K2019 B1991 D2017
Ave 20t AEn-Fo log(fOs) 20f AFMQ log(fO;) 20f AFMQ log(fOy) 2¢f AFMQ
ADG-82-15 -10.15  +0.47/-1.00 1.32
ADG-CB-7  —0406 +0.05/-0.11 -0010 -6.09  +042/-055 176  —6.66  +0.33/-0.52 1.19
ADG-32 -0476 +0.15/-0.5 -0.018 —9.09  +0.29/-0.49 060  -7.96  +0.27/-0.37 1.73
ADG-42 —0.441 +40.09/-008 0001  -817  +0.63/-039 1.02  -748  +047/-032 171
ADG-35 -0.471 +0.03 -0011 -913  +046/-031 061  -824  +0.40/-0.16 1.49
ADG-30 —0456 40.05/-0.04 —0.011 —854  +055/-0.38 077  —7.85  +0.44/-0.26 146
ADG-CB-3  —0.521 +0.03 -0.042 -1010 +0.21/-040 0.10  -806  +0.05/-0.23 2.14
ADG-82-21  —0.404 +0.06/-0.05 0019  -7.15  +050/-056 151  —7.19  40.41/+0.44 148
ADG-63 -0.444 +40.21/-0.16 0005  —-829  +0.39/-0.36 1.13  -7.98  +0.35/-0.28 1.44
ADG-82-2  —0431 +003/-015 0017  -879  +054/-041 060  —-7.78  40.45/-0.33 161
ADG-CB-9  -0.388 +0.15/-0.11 0.047  -7.84  +0.35/-056 116  -771  +0.34/-030 130  -8.05  +0.43/-025 1.02

R2021 Ridolfi, 2021; L1995 Li et al. (1995); B1991 Ballhaus et al. (1991); S&C2013 Shejwalkar & Coogan (2013); K&B1990 Kohler & Brey (1990); B&K2019 Bucholz &

Kelemen (2019); D2017 Davis et al. (2017)

aPressure estimates were obtained for each amphibole core analysis. Uncertainties represent 2 standard deviations the range for those calculated pressures

per sample.

bUncertainties calculated using average olivine compositions and calculating a different temperature for each core spinel analysis (15-50 per sample).
¢Uncertainties calculated by varying X, to the minimum and maximum values obtained for each sample (for S&C2013, X, was fixed to its average value)

dTemperature was calculated for each amphibole analysis. Uncertainties represent 2 standard deviations the range for those calculated temperatures per

sample.

€Uncertainties calculated by fixing the plagioclase composition and calculating a different temperature for each amphibole analysis.
fUncertainties calculated by varying temperatures obtained through olivine-spinel thermometry (L1995) to their maximum and minimum values.

MM-77-61 and MM-76-4 yields respective temperatures of 900°C
and 920°C.

Oxygen fugacity

Adagdak: Thermodynamic oxybarometers for mantle rocks typ-
ically rely on phase equilibria between the fayalite component
of olivine, the ferrosilite component of orthopyroxene, and the
magnetite component of spinel. The ferrosilite component of
orthopyroxene is employed to estimate silica activity in the redox
reaction between fayalite and magnetite (Mathez, 1984; Mattioli
& Wood, 1988; Wood & Virgo, 1989; Ballhaus et al., 1991). Because
our Adagdak cumulates do not contain orthopyroxene, we esti-
mated silica activity using diopside-monticellite equilibria follow-
ing the methods of Bucholz & Kelemen (2019). High-precision
Ca-in-olivine analyses were used to determine the monticellite
component of olivine (Xy,) for these calculations, obtaining fO,
values 0.1 to 1.8 log units above the fayalite-magnetite-quartz
(FMQ) buffer for the cumulates (n=9) and a value of FMQ +1.2
for lherzolite ADG-CB-9 (method A in Table 3, Supplemental Data
Figure S5).

Using the oxybarometer of Ballhaus et al. (1991), we calculate
fO, values from FMQ +1.2 to +2.1 for the Adagdak cumulates and
FMQ +1.3 for the lherzolite (method B in Table 3). This oxybarom-
eter can be implemented on samples with only spinel and olivine
present; however, the reduced silica activity in these systems can
lead to overestimates of fO, up to 4+0.6 log units. For samples lack-
ing orthopyroxene (i.e. all but ADG-CB-9), these estimates must,
therefore, be taken as upper fO, limits. For the lherzolite, we also
calculated fO, with olivine-orthopyroxene—spinel oxybarometry
using the parameterization of Davis et al. (2017), yielding a value
of FMQ +1.02 4+ 0.43/-0.25.

These are the second direct estimates of fO, for oceanic arc
lower crustal cumulates through olivine-spinel oxybarometry.
Consistent with a previous study of Talkeetna arc cumulates (FMQ
+0.4 to +2.3: Bucholz & Kelemen, 2019), our fO, estimates (FMQ

+0.1 to +2.1) support other studies indicating that the lower crust
and upper mantle of oceanic arcs are oxidized relative to MORB
(AFMQ= 0.16 +£0.01; Cottrell & Kelley, 2011). These values are
consistent with studies of sub-arc mantle xenoliths (FMQ +0.5
to +2.9: Parkinson & Pearce, 1998; Parkinson & Arculus, 1999;
Parkinson et al., 2003; Bryant et al., 2007; Ichiyama et al., 2016) and
arc lavas, which studies consistently show to be oxidized relative
to MORB (FMQ+ 0.5 to +3.5; Kelley & Cottrell, 2009; Brounce et al.,
2014; Richards, 2015; Cottrell et al., 2021).

While the mineral assemblage in the amphibole gabbros
and hornblendites (clinopyroxene + amphibole + plagioclase
+ magnetite) does not allow us to rigorously interrogate their
fOys through phase equilibria, the high amphibole/clinopyroxene
ratios in these samples and the shift in oxide compositions
from spinel to magnetite is consistent with fractionation from
an oxidized melt. Ulmer et al. (2018) found in their equilibrium
crystallization experiments of high-Mg basalts that as the melt
fraction decreased in lower temperature runs, the fO, of the
remaining liquid in the charges increased from ~FMQ +2 to +6.
They attributed this apparent auto-oxidation of the system to
the removal of Fe?* from the melt by olivine and clinopyroxene
fractionation, increasing the Fe3*/xFe ratio of the remaining
late-stage melts. A similar scenario may be envisioned for
Adagdak, in which olivine and clinopyroxene fractionation leads
to auto-oxidation of the melt, increasing fO, in the late-stage
magmas that crystalized the amphibole gabbro and hornblendite
cumulates (e.g. Kelley & Cottrell, 2012).

Moffett: Due to the paucity of spinel in Moffett xenoliths,
we cannot confidently estimate fO, for the Moffett cumulates.
Taking our Fe-Mg exchange temperature estimates and mineral
chemistry for spinel-bearing samples MM-CB-2, MM-77-67, and
MOF-81X-A, and applying the Ballhaus et al. (1991) oxybarometer
at 0.7 GPa yields fO, estimates between FMQ +1.4 and +2.1.
Although the lack of satisfactory temperature constraints renders
these values approximations, they are broadly consistent with
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Fig. 10. Clinopyroxene trace element concentrations organized by compositional groups. Solid lines and shaded regions represent the averages and
variability observed in samples or compositional groups, respectively. (a) Lherzolite ADG-CB-9 clinopyroxene. Trace element data from (1) slab-melt
metasomatized mantle xenolith clinopyroxene, Cerro del Fraile, Southern Patagonia (Kilian & Stern, 2002) and (2) fluid metasomatized mantle
xenolith clinopyroxene from Kamachatka (Ishimaru et al., 2006) is also shown. (b) Clinopyroxene compositional Groups 1 and 2. High Mg# (>90)
clinopyroxene trace element data from Kamchatka cumulate xenoliths (Siegrist et al., 2019) and a previous study of Moffett cumulates (Yogodzinski &
Kelemen, 2007) are shown for comparison. (c) Clinopyroxene compositional Group 3. Low Mg# (<90) clinopyroxene trace element data from the
Kamchatka (Siegrist et al., 2019), Moffett cumulates, and cpx phenocrysts from Moffett adakite MM79A (Yogodzinski & Kelemen, 2007) are shown for
comparison. (d) Clinopyroxene compositional Group 4. Clinopyroxene trace elements from (1) Kanaga Island (Yogodzinski & Kelemen, 2007) and
Martinique Island (Cooper et al., 2016) cumulate xenoliths and (3) Seguam Island basalts (Yogodzinski & Kelemen, 1998) are given for comparison.

comparisons to experimental studies, which also suggest the
ultramafic cumulates crystalized under oxidizing conditions.
The experimental studies that produced assemblages similar to
the Moffett cumulates were all conducted at oxygen fugacities
between the NNO and hematite magnetite (HM) redox buffers
(FMQ. +0.25 to +4.4; Holloway & Burnham, 1972; Helz, 1973;
Krawczynski et al.,, 2012). We, therefore, infer that the Moffett
xenoliths suite also crystalized under oxidizing conditions,
perhaps more so than the Adagdak suite, although we cannot
give precise nor quantitative estimates.

Trace elements
Clinopyroxene trace element groups

For the purposes of discussion, we break our cumulate samples
into four compositional groups based on similarities in clinopy-
roxene trace element chemistry, while the lherzolite is discussed
separately. These groupings are based on the degree of LREE-
HREE fractionation, HFSE depletion, the presence or absence of
a Sr anomaly, and clinopyroxene Mg#. The average compositions
of clinopyroxenes from each group are shown in Figure 10, and
each sample is categorized in the Supplemental Data (Table S8).
We compare our results to clinopyroxene trace element data of
cumulate and peridotite xenoliths from other arc settings where
trace element signatures have been attributed to interactions
between mantle melts/rocks and basaltic eclogite melts.

Adagdak lherzolite: Clinopyroxene from lherzolite ADG-CB-9
shares trace element characteristics with clinopyroxene from
the cumulate xenoliths, such as LREE-HREE fractionation (La/Yb

2.740.6) and positive Sr-anomalies (Sr/Srx 1.83+0.48). HFSEs
behavior is variable, with lower Ta and Nb (<11 ng/g) but higher
concentrations of Zr and Hf (9.5 and 0.3 ng/g, respectively)
compared to the most primitive Adagdak and Moffett cumulates
(0.9-4.3 and 0.1-0.2 png/g, respectively). Clinopyroxene from the
lherzolite also has higher Th and U concentrations than observed
in the cumulate xenoliths.

Clinopyroxenes from mantle xenoliths from Cerro del Fraile
(Southern Patagonia) have similar REE patterns to ADG-CB-9 (e.g.
La/Yb=3.9; Kilian & Stern, 2002). While these clinopyroxenes
show some discrepancies with ADG-CB-9 clinopyroxenes regard-
ing absolute HFSE and large ion lithophile element (LILE) con-
centrations, they show the same general pattern of Th, U, and Sr
enrichment with Ta, Nb, and Zr depletion (Fig. 10a). The trace ele-
ment signatures in the Cerro del Fraile xenoliths were attributed
to both cryptic and modal metasomatism of mantle peridotite
by a basaltic eclogite melt (Kilian & Stern, 2002). Notably,
clinopyroxenes from the ADG-CB-9 are compositionally distinct
from those found in both fluid metasomatized and unmetaso-
matized mantle xenoliths from the Honshu arc (Abe et al., 1998;
Ichiyama et al., 2016), Avacha, Southern Kamchatka (Ishimaru
et al., 2006),

Mexico (Luhr & Aranda-Gémez, 1997; Mukasa et al., 2007), and
the Lesser Antilles (Parkinson et al., 2003; Vannucci et al., 2007),
which are typically characterized by flat to HREE enriched trace
element profiles (La/Yb generally <1).

Group 1: Group 1 clinopyroxenes are characterized by the great-
est enrichment in LREE relative to HREE (La/Yb 1.5-2.5), positive
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Sr anomalies (Sr/Srx 1.8-2.8), and significant HFSE depletion (1-
2 ng/g Zr, < 8 ng/g Hf, Nb, Ta). This group is composed only of
the most magnesian clinopyroxenes in the Moffett suite (Mg# 90—
91). Clinopyroxenes in the most primitive (Mg# > 90) cumulate
xenoliths from Kharchinsky, Central Kamchatka (Siegrist et al,
2019), as well as those from a previous study of Moffett cumulate
xenoliths (Yogodzinski & Kelemen, 2007), are similar to Group 1
clinopyroxene with respect to their trace element characteristics
(Fig. 10b). Both of these studies evoked a basaltic eclogite melt
component in the parental magmas to the cumulate to explain
their trace element characteristics. The presence of these signa-
tures in clinopyroxenes from Group 1 xenoliths may also suggest
that an end-member component derived from partial melting of
a basaltic eclogite source was present in their parental magmas.

Group 2: This group includes Adagdak cumulates ADG-32 and
ADG-42, and Moffett sample MM-CB-3. All samples are ultramafic
olivine and clinopyroxene-bearing cumulates. Clinopyroxenes in
this group share characteristics with compositional Group 1, such
as high Mg# (88-89), similar degrees of LREE-HREE fractionation
(La/Yb 0.9-1.5), and positive Sr-anomalies (Sr/Srx 1.8-2.3). How-
ever, these clinopyroxene consistently exhibit lower absolute con-
centrations in all trace elements except Rb, Th, U, and Ta (Fig. 10b).
We are not aware of any previous study reporting clinopyroxene
trace elements compositions this depleted from an arc-derived
lava or related cumulate xenolith.

Group 3: Clinopyroxenes in our third group are characterized by
more modest HFSE depletion (2.5-4.3 ng/g Zr, < 20 ng/g Na, Ta, Hf),
LREE-HREE fractionation (La/Yb 0.6-1.5), and smaller (although
still positive) Sr-anomalies (Sr/Srx 1.3-2.2) than are observed
in compositional groups 1 and 2. This group contains Adagdak
dunites, wehrlites, and (olivine) clinopyroxenites. The trace
element profiles of these clinopyroxenes resemble clinopyroxene
phenocrysts from Moffett adakite lavas (Yogodzinski & Kelemen,
2007) and the less magnesian clinopyroxenes (Mg# < 90) in cumu-
late xenoliths from both Kamchatka (Siegrist et al., 2019; Fig. 10c)
and the previous study of Moffett xenoliths by Yogodzinski
& Kelemen (2007). The less pronounced basaltic eclogite melt
signatures in these cumulates could imply that while the same
endmember ascribed to groups 1 and 2 may have been present in
the parental magmas to Group 3 samples, its characteristics were
diluted by mixing, assimilation, or fractionation processes.

Group 4: Clinopyroxene from the most evolved Adagdak xeno-
liths (clinopyroxene Mg# <82) and amphibole-bearing Moffett
samples fall into this group. These clinopyroxene have lower Mg#
(73-82), more subtle LREE-HREE fractionation (La/Yb 0.5-1.3),
and significantly less HFSE depletion (8-15 ng/g Zr, 0.5-1 ng/g
Hf) compared Groups 1 to 3 (Fig. 10d). Group 4 clinopyroxene
display negative Sr-anomalies (0.6-0.9). Similar trace element
characteristics are observed in clinopyroxenes from basaltic lavas
from Seguam Island (east of Adak: Yogodzinski & Kelemen, 1998),
cumulate xenoliths from the basement of Kanaga Island (west
of Adak: Yogodzinski & Kelemen, 2007), and from Martinique in
the Caribbean (Cooper et al.,, 2016) (Fig. 10d). The trace element
characteristics of clinopyroxene from these studies are attributed
to crystallization from of basaltic arc magmas with little to no
input from an eclogite melt.

Taken together, our clinopyroxene trace element data suggest
the basaltic eclogite melt component or ‘adakite’ signature was
strongest in the most primitive Moffett and Adagdak cumulates
and was diluted or overprinted by the time the more evolved
lithologies crystallized. These results are consistent with the pre-
vious study of Yogodzinski & Kelemen (2007), who observed pos-
itive correlations between Mg# and Sr/Y and La/Yb ratios in the

Table 4: Basalt-cpx partition coefficients

Element Kd Reference

Rb 0.0035 Klemme et al. (2002)
Ba 0.00068 Hart & Dunn (1993)
Th 0.013 Matsui et al. (1977)
U 0.017 Matsui et al. (1977)
Ta 0.012 Klemme et al. (2002)
Nb 0.0077 Hart & Dunn (1993)
La 0.0536 Hart & Dunn (1993)
Ce 0.0858 Hart & Dunn (1993)
Pb 0.0102 Hauri et al. (1994)

Pr 0.11 Klemme et al. (2002)
Sr 0.1283 Hart & Dunn (1993)
Nd 0.1873 Hart & Dunn (1993)
Zr 0.093 Klemme et al. (2002)
Hf 0.170 Klemme et al. (2002)
Sm 0.291 Hart & Dunn (1993)
Eu 0.27 Paster et al. (1974)
Gd 0.41 Paster et al. (1974)
Tb 0.42 Paster et al. (1974)
Dy 0.442 Hart & Dunn (1993)
Y 0.467 Hart & Dunn (1993)
Ho 0.44 Paster et al. (1974)
Er 0.39 Hart & Dunn (1993)
Yb 0.43 Hart & Dunn (1993)
Lu 0.433 Hart & Dunn (1993)

Moffett clinopyroxenes. The similarities in clinopyroxene trace
element data between lherzolite ADG-CB-9 and the mantle xeno-
liths from Patagonia and Kamchatka also suggest the contribution
of a metasomatic agent with adakite-like trace element signature.

Equilibrium melt compositions

Trace element compositions of parental melts to the xenoliths
were calculated using basalt-clinopyroxene partition coefficients
(Kds). The Kds are given in Table 4 and plotted in the Supple-
mental Data. Average calculated equilibrium melt compositions
for each group are shown in Fig. 11 and given in the Supplemen-
tal Data.

Group 1: The equilibrium melt compositions for Group 1
clinopyroxene are within the adakite field as defined by Castillo
(2012) and others (Supplemental Data Figure S11). Adakite lavas
from the Santa Clara volcanic field in Baja (Aguillén-Robles et al.,
2001) show remarkably similar trace element systematics to this
group in terms of La/Yb ratios (14-32) and Sr enrichment (Sr/Y 62—
164), although with notably higher Th, U, and HFSE concentrations
(Fig. 11a). Group 1 melt compositions are also broadly similar to
high-Mg andesite ADK-53 from Adak Island (Sun, 1980; Kay et al.,
1986; Munker et al., 2004). Although the absolute concentrations
of most trace elements are higherin ADK-53 (e.g. 1780 ug/g St), the
sample shows a similar degree of LREE-HREE fractionation (La/Yb
30-31) and HFSE depletion (Nb/La=0.1, Zr/Zr«=0.27). The trace
element similarities between our calculated melt compositions
and these adakites support our hypothesis that a basaltic eclogite
melt contributed to the parental magmas of the most primitive
Moffett xenoliths.

Group 2: Melt compositions calculated from the Group 2
clinopyroxene are generally depleted in all trace elements
(Fig. 11a). While these compositions still show significant LREE-
HREE fractionation (La/Yb 8-12), Sr enrichment (Sr/Srx 2.5-2.9),
and HFSE depletion (Zr/Zrx 0.25-0.66), they do not meet the
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Fig. 11. Equilibrium melt compositions calculated from clinopyroxene trace element concentrations, sorted by compositional group. Solid lines
represent group averages and shaded areas represent the variations observed in equilibrium melt compositions from each group. Whole rock trace
element data of Adagdak basalt flows (dashed lines) and Moffett basalts and basaltic andesites (dotted lines) are shown for comparison (Marsh, 1976;
Kay & Kay, 1994). The compilation of primitive Aleutian calc-alkaline basalts and andesites from Schmidt & Jagoutz (2017) is represented by the gray
field. (a) Groups 1 and 2 equilibrium melt compositions. Whole rock data from adakite ADK-53 (Adak Island, Sun, 1980; Kay et al., 1986; Kay & Kay,
1994; Minker et al., 2004) and adakites from the Santa Clara volcanic field, Baja California (Aguillén-Robles et al., 2001) is given for comparison.

(b) Group 3 equilibrium melt compositions. Data from Piip volcano magnesian andesites (Yogodzinski et al., 1994) is shown for comparison. (c) Group 4
equilibrium melt compositions. Whole rock data from the Hidden Bay pluton (Kay et al., 1990, 2019) is also shown.

required criteria to be classified as ‘adakites’ (e.g. Sr> 300 ng/g:
Castillo, 2012).

Group 3: Calculated equilibrium melt compositions for Group
3 clinopyroxene show more modest LREE-HREE fractionation
(La/Yb 5-12) and Sr enrichment (Sr/Srx 1.9-2.8) than those
from Groups 1 and 2 and are more akin to typical Aleutian
calc-alkaline basalts (Fig. 11b). Absolute HREE concentrations
in Group 3 equilibrium melts are lower, but within error, of
previously identified primitive melts from the Aleutians (Kay
et al., 1982; Kay & Kay, 1994; and Schmidt & Jagoutz, 2017;
Fig. 11). Group 3 equilibrium melt compositions are similar to
magnesian andesites from Piip volcano in the western Aleutians
(Yogodzinski et al., 1994). Yogodzinski et al. (1994) proposed
a model for the petrogenesis of Piip magnesian andesites

where a low-degree slab melt stalls in the subarc mantle,
creating an enriched source rock. Subsequent melting of this
hybridized peridotite then produces basalts with trace element
characteristics inherited from the original slab melt. Because
these signatures are less pronounced in the Group 3 melts (e.g.
less HREE-LREE fractionation, lower Sr), and the mineralogy
of ultramafic xenoliths from this group suggests fractionation
from a primitive basalt, a similar petrogenic scenario may be
appropriate for this group: hybridization or mixing of silicic
basaltic eclogite derived magmas and mantle peridotite/melts.
Group 4: Group 4 equilibrium melts show the least LREE-HREE
fractionation (La/Yb 4-10) and HFSE depletion (Zr/Zrx 0.5-1.45:
Fig. 11c). Melt compositions calculated for five samples in this
group show negative Sr-anomalies (Sr/Srx 0.8 to 0.9), in contrast
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Fig. 12. Trace element modeling results. Group 1, and 3 melt compositions overlay model results that give best fits. (a) Compositions of source rocks
and melts used in modeling. Dotted lines represent the subduction-derived and mantle melt compositions used in models, while shaded fields
represent compositional variations for different degrees of basaltic eclogite and mantle melting. (b) Model results for subduction-derived melt reacting
with the depleted mantle through AFC reactions (DePaolo, 1981) and open system critical melting (Shaw, 2000). (c) Model results for mixing
subduction-derived melt with 10% depleted mantle melt. (d) Model results for 5% to 10% melting of a mantle composition modally metasomatized by

a subduction-derived melt in a 1:9 melt/rock ratio.

to groups 1-3, due to the co-crystallization of clinopyroxene with
plagioclase. Group 4 equilibrium melts are similar to the bulk
compositions of non-cumulate granodiorites from Adak’s Hidden
Bay pluton (Kay et al., 1983, 1990, 2019) (Fig. 11c). Kay et al. (2019)
suggest a model for the formation of the Hidden Bay pluton
in which a high-Al basalt ascends to mid-crustal depths (11-
13 km) and fractionates the cumulate gabbro and diorite units.
The granodiorite and leucogranodiorite units then formed during
further crystallization of the residual magma in the upper crust
(2-4 km). A similar mid-crustal origin from an evolved basalt or
basaltic andesite may be an appropriate petrogenic model for the
Group 4 cumulates.

Modeling the origin of parental melts to the Adak
xenoliths

The trace element systematics of our equilibrium melt compo-
sitions for Groups 1-3 show similarities to those produced by
melting experiments of basaltic eclogites (Rapp et al., 1999; Sisson
& Kelemen, 2018) and sediments (Hermann & Spandler, 2008;
Mallik et al., 2015, 2016); however, these experimental partial
melts are also characterized by high-silica contents (Ringwood,
1990; Rapp et al, 1991, 1999; Sen & Dunn, 1994; Rapp & Wat-
son, 1995; Johnson & Plank, 1999; Hermann & Rubatto, 2009).
Thus, interaction between basaltic eclogite and mantle melts or
peridotite was critical to the origin of the parental melts to the
most primitive cumulates. In this section, we model and explore
interactions between melts of the depleted mantle, basaltic eclog-
ites, and subducted sediments. All partition coefficients, melting
modes, source rock compositions, and modal proportions used
are given in the Supplemental Data. The models given below

represent end-member scenarios, none of which fully reproduce
all characteristics of our data, and all of which require assump-
tions about the subarc mantle beneath Adak. We emphasize
that it is likely that several of these processes were operating
contemporaneously. We focus on the elements most relevant for
exploring these interactions and for which our equilibrium melt
calculations are the most robust (i.e. elements present in clinopy-
roxene in concentrations well above detection limits, with well-
constrained mineral-melt partition coefficients for all required
phases).

Model components

Depleted mantle melt: We implement a non-modal batch melting
model (Kinzler & Grove, 1992, using equations of Shaw, 2006)
and the depleted mantle composition of Salters & Stracke (2004).
Calculated equilibrium melts for 5% to 15% depleted mantle
partial melting are shown in Figure 12a.

Basaltic eclogite melt: We modeled non-modal fractional melting
of a basaltic eclogite with an altered oceanic composition. Results
for 2.5-10% partial melting of a basaltic eclogite are shown in
Fig. 12a. All modeled melts display positive Sr anomalies (Sr/Srx
2.0-3.9) and extreme LREE-HREE fractionation (La/Yb 70-190).

Sediment melt: The metamorphism of subducted sediment
may result in the formation of many incompatible element-rich
accessory phases including garnet, amphibole, biotite, magnetite,
coesite, kyanite, apatite, zircon, phengite, allanite, and monazite
(Johnson & Plank, 1999; Hermann & Spandler, 2008; Skora &
Blundy, 2010). Partial melting (10-60%) experiments of trench
sediments under conditions relative to the top of subducting
slabs (600-900°C, 2—-4.5 GPa) have produced hydrous rhyolitic to
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basaltic melts with highly variable trace element compositions
(Johnson & Plank, 1999; Hermann & Spandler, 2008; Hermann
& Rubatto, 2009; Skora & Blundy, 2010). This means that minor
variations in metasedimentary phase assemblages and slab-top
P-T-H,0-fO, can significantly affect trace element partitioning
between residues and melts. We, therefore, calculated a range
of possible Aleutian sediment melt compositions using an array
of bulk sediment-melt partition coefficients (Johnson & Plank,
1999) (Fig. 12a). We take the melt composition calculated using
the 700°C (experiment PC36) bulk partition coefficients from
Johnson & Plank (1999) as our sediment-melt component. This
set of partition coefficients was chosen because (a) it is roughly
the temperature at which the solidus for subducted sediment
(Nichols et al., 1994; Hermann & Spandler, 2008) crosses the slab-
top geotherm for the central Aleutians (Syracuse et al,, 2010)
(Supplemental Data Figure S1) and (b) the melt composition
calculated using these partition coefficients is close to the
average of our range of possible sediment melt field. We add this
sediment melt component to the 5% basaltic eclogite melt in a
1:19 sediment: basaltic eclogite melt ratio, hitherto referred to as
the ‘subduction-derived component’ in all subsequent modeling
(Fig. 12a).

We explore three possible scenarios of how our subduction-
derived components interact with depleted mantle melts or peri-
dotite to form mafic to intermediate magmas with slab-derived
trace element signatures: (1) reactions between mantle peridotite
and subduction-derived melts; (2) mixing of subduction-derived
and depleted mantle melts; and (3) metasomatism of the depleted
mantle by a subduction-derived melt, followed by partial melting
of the hybridized mantle.

(1) Reactions between mantle peridotite and basaltic eclogite melts

Experimental studies have demonstrated that reactions
between basaltic eclogite melts and mantle peridotite provide
an effective means for silicic magmas to develop more primitive
major element characteristics while maintaining their highly
fractionated trace element patterns. For example, Rapp et al.
(1999) found that when a dacitic partial melt of an eclogite
reacted with depleted peridotite in a 2:1 melt/rock ratio, melt
SiO, concentrations decreased from 67.5 to 61.1 wt % and
Mg# increased from 44 to 56. These changes in major element
composition were accompanied by only minor changes in trace
element concentrations (e.g. Y decreased from 6.7 to 5.8 ug/g, Yb
increased from 0.9 to 1.3 ug/g; Rapp et al., 1999).

We first explore reactions between our subduction-derived
melt and mantle peridotite with the AFC model of DePaolo (1981).
We modeled a scenario in which the rate of assimilation of
mantle peridotite is greater than the rate of crystallization, and
the mass of the magma increases during assimilation. As the
melt mass increases, it acquires characteristics of the peridotite
it consumes, resulting in a general decrease in the degree of
LREE/HREE fractionation in the hybridized melts. In general, the
AFC model results provide a good fit for our Group 1 melt com-
positions (Fig. 12b). We also implemented an open-system critical
melting model (Shaw, 2000), in which peridotite is melted at the
same time as a subduction-derived melt is added to the system,
while a hybridized melt is expelled. The more subduction-derived
melt is added, the less effect the peridotite melt has on the
expelled hybridized magma composition, consistent with chan-
nelized ascent. Interaction with peridotite is primarily observed in
the HREEs, which are closer to mantle values when small quanti-
ties of melt are reacted with peridotite. The model results for the
open-system critical melting also reproduce the HREE depletions
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observed in the Group 1 melt compositions (Fig. 12b). Based on
these results, we consider reactions between subduction-derived
melts and mantle peridotite a viable mechanism for the petroge-
nesis of the parental melts to our Group 1 xenoliths.

(2) Mixing of basaltic eclogite and mantle melts.

Previous studies have also evoked mixing between basaltic
eclogite melts and mantle magmas to explain the geochemistry of
mafic to intermediate arc lavas and their phenocrysts (e.g. Mount
Shasta: Streck et al., 2007; Northern Andean Volcanic zone: Schi-
anoetal., 2010). We used a simple binary mixing model to combine
our subduction-derived melt with a 10% mantle melt over a 1:3
to 3:1 subduction-derived/mantle melt ratio (Fig. 12c). Although
we explore magma mixing over a large range of mixing ratios,
the modeled compositions containing over a 50% subduction-
derived melt component would be overly silicic. These model
results provide a reasonable fit for some of our less fractionated
Group 3 melts (Fig. 12¢). While experimental and modeling studies
have shown that silicic and mafic melts might not readily mix
due to viscosity differences (Campbell & Turner, 1985; Sparks &
Marshall, 1986), mixing of felsic and mafic melts in the upper
mantle or lower crust may be possible, given sufficient time under
an appropriate thermal regime and in the presence of water. If
water-saturated basaltic eclogite melts are sufficiently heated
as they ascend through the inverted geothermal gradient of the
lower mantle wedge, or if such a high-silica melt is added slowly
to the mantle melt, the viscosity of the basaltic eclogite melt may
approach that of a mantle basalt, facilitating mixing.

(3) Partial melting of metasomatized mantle.

Metasomatism of mantle peridotite by a basaltic eclogite melt,
followed by partial melting of the hybridized rock, may be an
appropriate petrogenic model when the degree of basaltic eclogite
melting is low (Rapp et al., 1999). To illustrate this, we gener-
ated a bulk metasomatized peridotite composition by mixing
our subduction-derived melt with a depleted mantle composition
with a melt: rock ratio ranging from 1:9 to 1:1. These new man-
tle compositions display greater LREE/HREE fractionation (La/Yb
2.3-25) than the original depleted source (La/Yb 0.6), as well as
positive Sr anomalies (Sr/Srx 2.2 to 2.9) (Supplemental Data Fig-
ure S12). Experimental studies have shown that reactions between
basaltic eclogite melts and peridotite often result in precipitation
of orthopyroxene, amphibole, and garnet and consumption of
olivine (Sekine & Wyllie, 1982; Johnston & Wyllie, 1989; Sen &
Dunn, 1995; Rapp et al., 1999). We, therefore, modeled 5% to 15%
melting of a garnet-amphibole peridotite with each of our meta-
somatized mantle compositions. The best match for our Group
1 melt compositions was produced through ~10% melting of a
modally metasomatized mantle composition generated through
reactions between our subduction-derived melt and the depleted
mantle in a 1:9 melt/rock ratio (Fig. 12d).

Modeling conclusions

The strongly fractionated trace element characteristics of the
equilibrium melts for the Group 1 xenoliths require a significant
contribution (>5%) from a basaltic eclogite melt. This is consistent
with the recent study of Turner & Langmuir (2022a), which sug-
gests a 5% to 7% slab melt component is ubiquitous in convergent
margin magmas. Reactions between a basaltic eclogite melt and
peridotite (Fig. 12b), or partial melting of a metasomatized mantle
(Fig. 12d) may have been important processes in the petrogenesis
of the parental melts to these samples. The parental melts to the
Group 3 cumulates may have formed through mixing of slab and
mantle melts (Fig. 12c) or partial melting of a less metasomatized
mantle. All three models fail, however, to reproduce the Zr and
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Fig. 13. Trace element fractional crystallization model results for Adagdak. Bulk continental crust composition is from Rudnick & Gao (2003) and

Hidden Bay pluton data is from Kay et al. (2019).

Hf depletions observed in Groups 1 and 2 melt compositions.
Previous studies have suggested that in addition to rutile, zircon
may be an important phase in controlling the HSFE budget of
subduction zones (Rubatto & Hermann, 2003; Hirai et al., 2018;
Turner & Langmuir, 2022a). Zircon has also been observed in the
residues of partial melting experiments of metasedimentary rocks
(Johnson & Plank, 1999; Rubatto & Hermann, 2003). The depletions
in Hf and Zr observed in the calculated equilibrium melt com-
positions could, therefore, reflect the presence of zircon in their
melting residues (basaltic eclogites and/or metasediments).

These results can be interpreted two ways: (1) the mantle
beneath Adak is heterogenous, with Adagdak and Moffett
volcanoes sampling melts generated in regions of the mantle
that have experienced variable degrees of interaction with a
subduction-derived component, or (2) if the Moffett and Adagdak
cumulates are not contemporaneous, the dynamics of the mantle
source region beneath Adak may have changed in the elapsed
time between the crystallizations of the two separate cumulate
suites (Supplemental Data Figure S13). Temporal changes in the
strength of the basaltic eclogite melt signature, particularly if
the changes correlate to periods of arc migration, may suggest
that the source of these signatures is forearc subduction erosion.
Testing these hypotheses requires high-precision chronology of
cumulates, which is beyond the scope of this paper.

Relationship to upper crustal plutonic rocks on
Adak

A notable feature of all models explored above is that the posi-
tive Sr-anomaly of the original slab-derived component persists
in melt compositions produced through peridotite-eclogite melt
interactions. This finding has been emphasized by previous mod-
els of peridotite—eclogite melt reactions (Sisson & Kelemen, 2018).
Positive Sr-anomalies are typical features of primitive arc magmas
including basalts (Perfit et al., 1980; Kelemen et al., 2003b; Schmidt
& Jagoutz, 2017; Turner & Langmuir, 2022a) and adakites (Kay,
1978; Kay et al., 1986; Yogodzinski et al., 1994). However, as arc mag-
matism is thought to be the primary mechanism by which conti-
nental crust is generated, a conundrum arises in that the average
bulk continental crust has a Sr/Srx value of 0.94 (preferred value
of Rudnick & Gao, 2003). Furthermore, the upper continental crust
has a slightly negative estimated Sr/Srx of 0.67. This implies that if
magmas with positive Sr anomalies are parental to the continen-
tal crust, (intra-) crustal processes must erase the primary positive
Sr anomalies of primitive arc magmas. Removal of excess Sr

could occur through differentiation of plagioclase-bearing cumu-
lates, which could eventually be removed via density foundering
(Kay & Mahlburg-Kay, 1991; Kay & Mahlburg Kay, 1993; Kelemen
et al., 2003b; Jagoutz & Schmidt, 2013). This process is consistent
with observations from preserved paleo-arcs where densification
reactions involving the transformation of plagioclase (+ olivine) to
produce garnet, pyroxene, and spinel are observed (e.g. Kohistan:
Jagoutz & Schmidt, 2013). Alternatively, Sr may be preferentially
lost from the crust during chemical weathering (Rudnick, 1995;
Rudnick & Gao, 2003).

We use the xenolith suite studied here and the upper crustal
plutonic rocks from Adak (namely the calc-alkaline Hidden Bay
pluton, Kay et al., 1990, 2019) to understand the differentiation
process within the arc and the evolution of Sr anomalies in near-
primitive melts with a strong basaltic eclogite melt component.
We model fractional crystallization of Adagdak and Moffett prim-
itive melts through stepwise removal of calculated bulk cumulate
trace element assemblages (see Supplemental Data for details).
For Adagdak, this consisted of removing 18% of an ultramafic
assemblage and 30% of a gabbroic assemblage from our most
primitive equilibrium melt composition. The results of this mod-
eling are shown in Figure 13. Fractionation of the Adagdak ultra-
mafic cumulates results in increased concentrations of all trace
elements in the remaining liquid with little modification to Sr-
anomalies (Sr/Srx 1.60-1.61). Once amphibole gabbro fractiona-
tion begins, and we remove Sr-rich plagioclase-bearing lithologies,
Sr-anomalies begin to decline and are absent after 22% amphibole
gabbro fractionation (Sr/Srx=1). After 30% amphibole gabbro
fractionation, Sr-anomalies are in fact negative (Sr/Srx=0.76).
Another notable feature of the model is that the final composi-
tions are very similar to non-cumulate granodiorite assemblages
from the Hidden Bay pluton on Adak Island (Fig. 13). While most
of the Hidden Bay diorites are interpreted as cumulates, some of
the granodiorites and leucogranodiorites are thought to represent
the magmatic compositions (Kay et al., 2019). We further screened
the granodiorite compositions from Kay et al. (2019) to remove
compositions showing signs of plagioclase accumulation (Sr/Srx
and Eu/Eux > 1).

We employed the same method for studying the Moffett suite,
starting with the equilibrium melt composition for our most prim-
itive cumulates (MM-CB-2) and removing representative cumu-
late assemblages through a mass balance model (see Supple-
mental Data for details). Because the Sr concentrations in these
melt compositions are very high (>500 ng/g), fractionation of
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lower Sr phases like clinopyroxene (30-80 ng/g Sr) and amphibole
(230-350 pg/g Sr) serves to increase Sr in the remaining melt.
By the time plagioclase-bearing assemblages began to fraction-
ate, Sr concentrations in the remaining melt were > 600 ng/g.
Although Moffett amphibole gabbros have high (~400 to 600 ug/g)
Sr, even after 30% fractionation, strong positive Sr-anomalies
remained (Sr/Srx decreased from 2.01 to 1.50, Supplemental Data
Figure S15).

Although undoubtedly an oversimplification, these results sug-
gest that (1) the trace element chemistry of the Adagdak cumulate
suite can be related to that of the non-cumulate Hidden Bay
plutonic rocks through fractional crystallization, and the cumu-
lates may represent lower crustal complements to the Hidden Bay
granodiorites, and (2) the loss of positive Sr-anomalies from prim-
itive arc lavas to their more evolved, intrusive equivalents may
be achieved by fractionation of plagioclase bearing lithologies.
With respect to Moffett, these results suggest that Sr-anomalies in
melts with strong basaltic eclogite melt components may persist
throughout differentiation, even when plagioclase is part of the
fractionated assemblage. The diminution of Sr-anomalies within
the Adagdak fractionation suite affirms the idea that reconciling
geochemical differences between arc magmas (and their crystal-
lization product), with estimates of the bulk continental crust, can
be achieved through the removal of plagioclase-rich cumulates
through densification reactions.

CONCLUSION

The petrography and mineral chemistry of primitive cumulates
from Moffett and Adagdak volcanoes are consistent with fraction-
ation from hydrous, oxidized parental melts in the upper mantle
or lower crust, however important differences exist. Primitive
cumulates from both suites are distinct from those in arcs where
the slab-derived component has previously been attributed to
an aqueous fluid (e.g. Lesser Antilles), but are similar to those
from locations where the parental melt has been interpreted to
contain a slab-derived component (e.g. Kamchatka). This relation-
ship suggests that the parental melts to the most primitive Adak
cumulates contain a basaltic eclogite melt component from slab
melting and/or forearc subduction erosion.

Clinopyroxenes from the most primitive cumulates in both
suites display positive Sr anomalies, which are not observed in the
more evolved lithologies. The loss of the positive Sr anomaly can
be modeled through fractionation of plagioclase-bearing cumu-
lates for the Adagdak suite. However, the differences between the
pronounced Sr anomalies and depletions in HREEs and HSFEs
observed in the most primitive Moffett samples cannot be rec-
onciled with the relatively unfractionated trace element patterns
observed in the more evolved samples. This relationship suggests
that supracrustal processes, or injection of a compositionally
distinct basaltic melt, may be an important process for the Moffett
volcanic system. Together, the differences in major and trace
element systematics between the two xenolith suites suggest a
complex magma plumbing system beneath Adak Island, with
the two volcanoes either tapping a heterogenous mantle source
characterized by variable degrees of interaction with an eclogite
melt or a mantle source region that has chemically evolved
through time.
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