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ABSTRACT
New high-precision trace-element analyses of magmatic olivines point to a pyroxenite-

dominated source for recent alkali basalts erupted above slab windows formed along the 
Antarctic Peninsula. Melting occurred at ambient mantle temperature, and basalts have 
geochemical compositions that are indistinguishable from ocean-island basalts (OIBs). We 
propose that the pyroxenite component originally resided in the upper mantle beneath the 
subducted slab; formation of a slab window allowed limited decompression and the genera-
tion of melts of garnet-pyroxenite, but little or no melting of mantle peridotite. The pyrox-
enite component in the mantle formed ca. 550 Ma, an age that does not require long-term 
recycling of subducting slabs to the core-mantle boundary. Enriched mid-ocean ridge basalt 
(E-MORB) from the adjacent extinct Phoenix Ridge owes its enriched trace-element compo-
sitions to mixing between small melt fractions of pyroxenite and peridotite during a period 
of decreased spreading rate prior to the death of the ridge ca. 3.3 Ma. It is likely that the 
variable trace-element enrichment seen in East Pacific Rise E-MORB distal from hotspots 
results from the same process of interactions between small-melt-fraction (<∼5%) melts of
pyroxenite and peridotite.

INTRODUCTION
Alkali basalts erupted above slab windows 

along continental margins may have ocean-
island basalt (OIB)–like geochemical compo-
sitions; such lavas occur along the along the 
Pacific coast of North and Central America 
(Thorkelson et al., 2011) and along the Andean 
margin of South America (e.g., Søager et al., 
2015). Basalts erupted at Seal Nunataks, Ant-
arctic Peninsula (Fig. 1), are typical of this 
type of magmatism (e.g., Hole, 2021). The 
lavas are Ne- to Hy-normative alkali and tran-
sitional basalts (Fig. 2) with Mg# = 0.49–0.68, 
where Mg# = Mg/(Mg + Fe), and they are 
enriched in light rare earth elements (LREEs; 
[La/Yb]N = 5.3–13.5) and have Nb/Y > 0.6–
2.4. They carry no vestige of a slab compo-
nent, even though subduction was prolonged 
(>200 m.y.) prior to their eruption (Hole 
et al., 1991, 1993, 1994, 2021). By applying 
PRIMELT3 (Herzberg and Asimow, 2015) 
temperature modeling to melt inclusions from 
5.6 to 3.3 Ma normal mid-ocean ridge basalt 
(N-MORB) from the nearby extinct Phoenix 
Ridge (Fig. 1; Hole, 2021), we constrained 
mantle potential temperature (TP) along the 

Antarctic Peninsula to 1336 ± 30 °C, which 
is within the accepted range for ambient Pacific 
Ocean mantle (TP = 1320–1350 °C; Herzberg 
and Asimow, 2015). However, LREE enrich-
ment and high Nb/Y are generally considered 
to be features of melts generated from mantle 
peridotite when garnet is retained in the resi-
due. The paradox here is that garnet is only 
stable on the dry peridotite solidus at TP >1450 
°C (e.g., Herzberg and Asimow, 2015), but, at 
this location, there is no evidence of the requi-
site temperature conditions for garnet-present 
melting of mantle peridotite.

OIB-like magmas are not restricted to the 
locus of slab windows along the Antarctic Pen-
insula (Fig.  1). In the past 4 m.y., OIB-like 
basalts were erupted: (1) above a slab window; 
(2) related to slab roll-back forming the James
Ross Island Volcanic Group (Košler et  al.,
2009); and (3) at the northern end of the Brans-
field Strait marginal basin (e.g., Spanish Rise;
Fretzdorff et al., 2004). Also, the now-extinct
Phoenix Ridge produced both normal (N) and
enriched (E) MORB ([La/Yb]N and Nb/Y up
to 6.5 and 1.5, respectively; Choe et al., 2007;
Haase et al., 2011) before its demise at 3.3 Ma.

Any petrogenetic model must therefore be able 
to explain this tectono-magmatic diversity.

Pyroxenite lithologies are widely accepted to 
be an intrinsic component of the upper mantle 
(e.g., Herzberg, 2011; Lambart et al., 2016). 
Garnet is stable on the pyroxenite solidus to 
lower pressures than peridotite (∼1.9 GPa; 
Kogiso et al., 2003; Lambart et al., 2016), and 
at TP of ∼1320–1350 °C, pyroxenite may melt 
at higher pressures than peridotite (e.g., Lambart 
et al., 2016). It may be possible, therefore, to 
produce OIB-like basalts with LREE enrichment 
and high Nb/Y from a garnet pyroxenite source 
at ambient mantle temperatures.

To address the potential contribution of 
pyroxenite to recent basalts along the Antarc-
tic Peninsula, we utilized new high-precision 
analyses of Ni, Ca, Zn, and Mn in magmatic 
olivines from lavas at Seal Nunataks because 
these minor elements are believed to be sensi-
tive to lithological variations in the mantle and 
may be used to characterize pyroxenite melts 
(e.g., Howarth and Harris, 2017; Gleeson and 
Gibson, 2019).

OLIVINE CHEMISTRY INDICATIVE OF 
A PYROXENITE SOURCE

Olivines derived from crystallization of 
pyroxenite melts may have lower Ca and higher 
Ni contents than those derived from mantle peri-
dotite at the same Fo content, where Fo = Mg/
(Mg + Fe), and at TP = 1350 °C (Figs. 3A and 
3B; e.g., Herzberg, 2011). However, elevated Ni 
contents can also be a result of magma recharge 
and mixing of peridotite-derived melts (Glee-
son and Gibson, 2019), and we cannot rule out 
such processes in contributing to the Ni content 
in Seal Nunataks olivine. Pyroxenite-derived 
lavas may exhibit lower whole-rock CaO for 
a given MgO compared to peridotite-derived 
magmas with the same MgO content and TP. 
MORB typically contains ∼12.3 wt% CaO at 
∼9.7 wt% MgO, whereas the Seal Nunataks
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lavas contain <9.0 wt% CaO at the same MgO 
content. Olivines that crystallize from pyroxe-
nite-derived magmas have correspondingly low 
Ca contents (Fig. 3B), but the mineral-melt par-
tition coefficient (Kd) for Ca in olivine decreases 
with increasing H2O in the melt (Gavrilenko 
et al., 2016), such that low-Ca olivines may also 

crystallize from hydrous magmas. Importantly, 
the Seal Nunataks lavas carry no trace-element 
signature of a hydrous subduction component 
in their source, and we argue that the low-Ca 
olivines are a result of crystallization from a 
low-CaO pyroxenite-derived melt and not from 
a hydrous magma.

The transition elements Mn, Zn, and Fe 
are most sensitive to garnet-bearing residues 
during melting. Mineral-melt partition coeffi-
cients for Mn and Zn in garnet (KdMn

Grt melt− ∼4.6 
and KdZn

Grt melt− ∼0.90; Le Roux et al., 2015) are 
such that high Zn/Mn is generated in partial 
melts of pyroxenite, leaving a garnet-bearing 
residue. Additionally, pyroxenite melts have 
higher Fe/Mn and Zn/Fe than peridotite melts 
because bulk partition coefficients (D) for Fe/
Mn and Zn/Fe are lower in pyroxenite than 
in peridotite (Le Roux et  al., 2015; How-
arth and Harris, 2017). The lavas from Seal 
Nunataks contain olivines with Zn/Mn, Mn/
Fe, and Zn/Fe values that are all indicative 
of melting of a pyroxenite source (Fig. 3C). 
They have similar Zn/Fe and Mn/Fe values 
to the well-documented pyroxenite-derived 
Mwenzi picrites from the Karoo flood basalt 
province (Howarth and Harris, 2017) and 
the most extreme compositions of olivine in 
the global database, which are from Orkhon, 
Mongolia (Zhang et al., 2021). Andean mar-
gin lavas (Payenia basalts, Argentina; Søager 
et al., 2015) straddle the pyroxenite-peridotite 
boundary in Figure 3C, suggesting a mixed 
pyroxenite-peridotite origin.

Pyroxenite-Derived Parental Magmas
Major elements show that the Seal Nunataks 

lavas have crystallized only olivine (Hole, 2021), 
and therefore basalts containing >7.5 wt% MgO 
were used to estimate the composition of their 
parental magmas by incrementally adding 
equilibrium olivine to whole-rock composi-
tions using the method of Herzberg (2011). The 
pressure-dependent CMAS (CaO-MgO-Al2O3-
SiO2) projection (Herzberg, 2011) indicates that 

Figure 1.  Sketch illustrat-
ing the development of the 
Antarctic Peninsula slab 
window, after Hole (2021). 
Numbers on each slab 
segment are the times 
of ridge-crest-trench col-
lisions in Ma. Red and 
green dashed lines repre-
sent 2.5 GPa isobar when 
pyroxenite (Pyx) melt-
ing begins and the lower 
pressure limit for garnet 
stability, respectively. 
Triangle ornament repre-
sents active subduction; 
double lines represent 
spreading ridges. Vol-
cano ornaments show 
locations of volcanic 
fields mentioned in the 
text. Inset at bottom left: 
Regional location.

Figure 2.  (A) CIPW nor-
mative tetrahedron for 
Seal Nunataks lavas 
with >7 wt% MgO (black 
dots) and their paren-
tal magmas (blue dots). 
For parental magma 
calculations, see the Sup-
plemental Material (see 
footnote 1). Compositions 
of experimental melts 
of pyroxenite 77SL-582 
are also shown (Keshav 
et al., 2004). Inset: Nb/Y 
versus index of silica 
saturation, expressed as 
Hy-normative (positive) or 
Ne-normative (negative) 
values. Average normal 
mid-ocean ridge basalt 
(N-MORB) is from Gale 
et  al. (2013). Fractional 
crystallization trajectory 
is from Herzberg and 
Asimow (2015). N—neph-
eline; Hy—hypersthene; 
Ol—olivine; Di—diop-
side; F—melt fraction; 
T—temperature. (B) Pro-
jection from diopside 
onto plane of olivine–
calcium Tschermak’s 
molecule–quartz (Qz) for 

Seal Nunataks (Antarctica) parental pyroxenite-derived magmas, after Herzberg (2011). Red 
lines are cotectics with pressure indicated. Vertical dashed line separates silica-deficient (SD) 
and silica-enriched (SE) pyroxenite. Cpx—Clinopyroxene; Opx—orthopyroxene; Gt—garnet.
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melting occurred at ≤2.5 GPa, and in Figure 2, 
parental melts fall close to the compositions of 
experimental melts of a silica-deficient pyrox-
enite (sample 77SL-5822) at 2.0 and 2.5 GPa 
(Keshav et al., 2004). Additionally, Nb/Y exhib-
its a negative covariation with silica saturation 
(Fig. 2), suggesting that the two parameters are 
related by extent of melting, consistent with the 
results of the melting experiments of Keshav 
et al. (2004).

PERIDOTITE AND PYROXENITE 
MELTING

We investigated the melting conditions for 
mantle comprising 80% peridotite and 20% 
pyroxenite (Lambart, 2017) using Melt-Px (Lam-
bart et al., 2016) for a silica-deficient pyroxenite 
composition (sample 77SL-582) at TP = 1350 
°C. We assumed a rutile-free modal composi-
tion of 80% clinopyroxene and 20% garnet, with 
garnet being stable on the pyroxenite solidus to 

≥1.9 GPa (e.g., Pertermann et al., 2004). Below 
1.9 GPa, we assumed the pyroxenite contained 
both clinopyroxene and orthopyroxene. There is 
little difference in the initial pressure of melting 
(Pi) of 77SL-582 (Pi

pyx  = 2.3 GPa) and perido-
tite (Pi

pdt  = 2.2 GPa), and this estimate of Pi
pyx  

is close to the independently obtained value 
≤2.5 GPa from the CMAS projection. The dif-
fering melt productivity rates for pyroxenite and 
peridotite require that ∼13% melting of garnet-
pyroxenite could be achieved over the pressure 
interval 2.4–1.9 GPa, but only <3% melting 
of spinel-peridotite would occur; i.e., any melt 
produced in this pressure interval would be pre-
dominantly generated from garnet-pyroxenite 
(see the Supplemental Material1).

We used the composition of calculated 
accumulated fractional melts of pyroxenite and 
peridotite (see the Supplemental Material) to 
investigate covariations between Nb/Y and [Tb/
Yb]N in basaltic magmas (Fig. 4). These ratios 
are of interest because DNb→0 during melting 
of any rutile-free mantle lithology, and Nb/Y 
exhibits the greatest variability in the data. Gar-
net-bearing residues may be identified using 
[Tb/Yb]N since KdYb

Grt melt− >>KdTb
Grt melt−  (e.g., 

Pertermann et al., 2004). Figure 4 shows that 
garnet-pyroxenite melts have [Tb/Yb]N in the 
range 2.7–3.5 and Nb/Y > 1, while garnet-free 
pyroxenite melts exhibit a progressive decrease 
in [Tb/Yb]N and Nb/Y toward the composi-
tion of N-MORB with increasing melting. 
Isobaric mixing of peridotite and pyroxenite 
melts will begin at ∼2.2 GPa, and, in Figure 4, 
the Seal Nunataks data occupy the region for 
pure pyroxenite melts or isobaric mixed melts 
at ∼1.8–2.2 GPa. The melting trajectories for 
Zn, Fe, and Mn based on olivine in equilib-
rium with major elements and the trace-element 
compositions computed from the accumulated 
fractional melt model are shown in Figure 3. 
The 1.9 GPa melt model falls within the Seal 
Nunataks data array and demonstrates that the 
proposed melting model is internally consistent 
for the rare earth elements, Nb, Y, Zn, Mn, and 
major elements.

A second trend of low [Tb/Yb]N values in 
Figure 4 is shown by Phoenix Ridge MORB, 
trench-proximal OIB-like lavas at Dredge site 
138 (Hole and Larter, 1993), and some James 
Ross Island Volcanic Group lavas (Figs.  1 
and 3). These lavas have [Tb/Yb]N < 1.5 but 
Nb/Y = 0.05–2.0, and they fall close to the cal-
culated mixing line between small melt fractions 
of pyroxenite and first-formed melts of perido-
tite. The variable Nb/Y values along this trend 

1Supplemental Material. Details of accumulated 
fractional melting model, partition coefficients 
and analytical techniques employed during the 
study. Please visit https://doi​.org​/10​.1130​/10.1130/
GEOL.S.21824805 to access the supplemental material 
and contact editing@geosociety​.org with any questions.

Figure 3.  (A) Ca (ppm) 
and (B) Ni (ppm) versus 
Fo content of olivines (Ol), 
where Fo = Mg/(Mg + Fe). 
Mid-ocean ridge basalt 
(MORB) crystal lines of 
descent (CLD) were cal-
culated using PRIMELT3 
(Herzberg and Asimow, 
2015). Seal Nunataks 
(Antarctica) Ca data 
were analyzed by laser 
ablat ion–induct ively 
coupled plasma–mass 
spectrometry (LA-ICP-
MS), and Ni was analyzed 
by electron microprobe 
analysis (EMPA). Payenia 
(Argentina) olivines are 
subdivided based on Zn/
Mn. (C) 100Mn/Fe versus 
104 Zn/Fe in magmatic 
olivines (Ol). Trends for 
olivine in equilibrium with 
peridotite- and pyroxe-
nite-derived magmas 
(green and red dashed 
lines, respectively) are 
from Howarth and Harris 
(2017). Melting pathways 
for garnet and garnet-
free pyroxenite are based 
on the parental melt for 
sample R.3717.1. Red 
diamond is the compo-
sition at transition from 
garnet to garnet-absent 
melting (1.9 GPa). Black 
lines are contours of Zn/
Mn. Compositions of ini-
tial melts of peridotite 
(pdt) at TP = 1350, 1500, 
and 1550 °C are based 
on modeled primary 
magmas of peridotite at 
those temperatures from 
Hole and Millett (2016). 
Data sources: Seal 
Nunataks—this study; 
Payenia—Søager et  al. 
(2015); JRIVG (James 
Ross Island Volcanic 
Group)—Altunkaynak 
et al. (2019); Baffin Island, 
Siqueiros Fracture Zone 
(SQFZ), MORB, and peri-
dotite KLB-1—Putirka 
et al. (2018).
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cannot be attributed solely to garnet-pyroxenite 
melting because the [Tb/Yb]N of the basalts does 
not indicate a garnet-bearing source. While 
DNb < DTb during melting of peridotite, this 
difference in D would not be sufficient to gen-
erate, on its own, the N-MORB and E-MORB 
trend shown in Figure 4. In addition, Phoenix 
Ridge E-MORB and N-MORB are isotopically 
distinct (Choi et al., 2013; Haase et al., 2011), 
which does not support an origin by variable 
melting from a single source.

The mixing of small melt fractions can 
only be achieved under specific mantle con-
ditions. For silica-depleted pyroxenite, 
P Pi

pyx
i
pdt/  < 1.5 GPa, but for most silica-

enriched pyroxenite, P Pi
pyx

i
pdt/  > 1.5 GPa (e.g., 

G2; P Pi
pyx

i
pdt/  ∼2.8 GPa), variations which are 

independent of TP (see the Supplemental Mate-
rial). For a silica-enriched pyroxenite-peridotite 
assemblage with P Pi

pyx
i
pdt/  of ∼2 GPa, an ∼30% 

pyroxenite melt with [Tb/Yb]N of ∼1.5 and 
Nb/Y of ∼0.3 would be generated before peri-
dotite began to melt. However, this melt would 
have the major-element composition of dacite 
(Pertermann et al., 2004), an unlikely candidate 
for the origin of E-MORB.

Significantly, depleted mantle (DM) Nd 
model ages for Seal Nunatak lavas (TDM = 580–
220 Ma; Hole, 1990; Hole et al., 1993) and 
Phoenix Ridge E-MORB (TDM ∼425 Ma) do 
not require the pyroxenite source to be ancient 
and point to an origin that does not require long-
term (∼2 b.y.) recycling of subducted slabs to 
the core-mantle boundary, followed by their re-
emergence in the upper mantle via plume ascent 
or deep-seated mantle convection.

Slab Removal and Decompression Melting
The above arguments require “young” pyrox-

enite to reside in the upper mantle beneath the 
subducted slab. This in turn provides an expla-
nation for the lack of any subduction signature 
in the recent Antarctic Peninsula basalts. We 
envisage a “marble-cake” or “plum pudding” 
mantle (Allègre and Turcotte, 1986; Carlson, 
1988), where the pyroxenite component is pos-
sibly derived by delamination of subcontinental 
lithospheric mantle (e.g., Thorkelson and Bre-
itsprecher, 2005; Sheldrick et al., 2020).

For the Seal Nunataks slab-window basalts, 
we estimate that the age of the oceanic litho-
sphere at 100 km depth was at least 15–20 Ma 
at the time of ridge-crest-trench collision, corre-
sponding to a lithospheric thickness of ∼40 km 
(Hole and Larter, 1993). Formation of a slab 
window would allow decompression equiva-
lent to the vertical thickness of the thermal 
slab. Assuming a slab dip of ∼20°, ∼46 km of 
decompression could occur (∼1.4 GPa). The 
depth to the top of the slab at 200 km from the 
trench would be ∼70 km or ∼2.3 GPa. The cre-
ation of a slab window would therefore allow 
decompression of mantle from ∼4.0 GPa to 
∼2.3 GPa. This would be sufficient to gener-
ate garnet-pyroxenite melts at TP = 1350 °C but 
would not allow peridotite melting. A steeper 
slab dip could prevent any magmatism, whereas 
a shallower dip, or a location closer to the trench, 
might promote more melting of peridotite. This 
is an encouraging explanation for the localized 
nature of occurrences of alkali basalts along con-
tinental margins. Where slab roll-back occurred 
(e.g., James Ross Island Volcanic Group), the 

added dynamic of lateral movement of mantle 
may have caused more extensive melting of 
peridotite and widespread magmatism. Indeed, 
we concur with Thorkelson and Breitsprecher 
(2005), who theorized that lateral mantle flow 
around slab windows is significant and might 
shift pyroxenite to a variety of locations within 
the arc‒back-arc system.

At the Phoenix Ridge, decreasing spreading 
rate prevented large-scale decompression melt-
ing of peridotite and allowed the signature of 
mixed small melt fractions (<∼5%) to become 
prevalent. We suggest that mixing of small melt 
fractions of pyroxenite with peridotite sourced 
from the upper mantle is a viable explanation 
for trace-element heterogeneities observed in 
off-axis seamounts and ridges (e.g., East Pacific 
Rise; Fig. 4), as described by Anderson et al. 
(2020).
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