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Abstract The Pleiades Volcanic Field is made up of some 20 monogenetic, partly overlapping scoria and
spatter cones, erupted in the last 900 ka, cropping out from the ice close to the head of the Mariner Glacier in
northern Victoria Land, Antarctica. Erupted products vary from hawaiite to trachyte, defining a complete mild
Na‐alkaline differentiation trend. Mafic samples are characterized by multi‐elemental patterns typical of OIB
magmas, moderately low 87Sr/86Sr (0.7037) and high 143Nd/144Nd (0.51284), with a clear within‐plate affinity,
indicating a subcontinental lithospheric source. With increasing SiO2,

87Sr/86Sr ratios increase up to 0.7052 and
143Nd/144Nd decrease to 0.51277, supporting the hypothesis of open‐system evolution, with significant crustal
assimilation during fractional crystallization. The erupted volume of most evolved products (∼7 km3),
according to fractionation models, suggests that primitive magmas should have been more than 10 times larger,
indicating the occurrence of a large magma plumbing system, unexpected for a volcanic field of monogenetic
scoria cones. The occurrence of a complete fractionation trend with large magma chambers and large
assimilation rate is unusual, if not unique, among the alkali basaltic volcanic fields and it is matched by a climax
of activity during the last glacial maximum (30 ka), as indicated by new 40Ar‐39Ar ages (30 ± 3 ka and
25± 2 ka) for samples from the two most prominent edifices. Therefore, we hypothesize a role of a thick ice cap
in suppressing eruptions and ultimately leading to prolonged magma residence time in the subsurface, favoring
significant fractionation coupled with unusual high rates of crustal assimilation.

Plain Language Summary The Pleiades volcanic field is made up of some 20 monogenetic scoria
and spatter cones, which erupted in the last 900 ka close to the head of the Mariner Glacier in northern Victoria
Land, Antarctica. The erupted products are very unusual for alkali basaltic volcanism: indeed, whereas few
samples show clear within‐plate subcontinental lithospheric characteristics and were directly derived from the
mantle source, most of the products formed after extensive fractional crystallization matched by significant
crustal assimilation, implying that primitive magma volumes are 10 times larger than outcropping products in an
unusually large magma plumbing system. These peculiar features coincided with a climax of activity during the
last glacial maximum (30–25 ka). Therefore, we speculate that a thick ice cap favored high rates of crystal
fractionation coupled with crustal assimilation and was responsible for increasing magma residence times in
chambers at crustal depths and suppressing the eruptive potential of magmas.

1. Introduction
The timing of volcanic eruptions in glaciated terrains is potentially modulated by climate‐controlled variations in
the glacio‐lithostatic load, that modify the failure conditions around magma chambers as well as the pressure
acting on underlying volcanic plumbing systems (Glazner et al., 1999; Grove, 1974; Huybers & Langmuir, 2009;
MacLennan et al., 2002; Rawson et al., 2016; Sigmundsson et al., 2010; Sigvaldason et al., 1992; Smellie &
Edwards, 2016). Even relatively small fluctuations in ice thickness can affect the stability of very shallow crustal
chambers, delaying or precipitating eruptions. In detail, at a depth where the stress state changes from tensile to
compressive, magmas rising along fractures will likely pond, forming shallow sill‐like magma reservoirs
(Geyer & Bindeman, 2011; Wilson & Russell, 2020). It is therefore likely that rising magmas will experience
extended residence times in the crust during glacial periods, which would allow them to crystallize and differ-
entiate over longer times to a greater extent at higher pressure. The prolonged crystallization of nominally
anhydrous minerals in ponding magmas also increases the concentration of volatiles in the melt. Eventually,
during glacial retreat, the restoration of a tensional stress regime in the shallow crust is likely to initiate
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vesiculation, triggering eruptions of magmas characterized by high ratios of most incompatible to least incom-
patible elements (Nyland et al., 2013). Moreover, models of glacial retreat in Iceland have shown that additional
magma can be generated in the mantle by glacial unloading (Jull &McKenzie, 1996; Pagli & Sigmundsson, 2008;
Sigmundsson et al., 2010; Slater et al., 1998).

However, how these effects will influence the eruption likelihood at subglacial volcanoes and therefore the length
of time that magma is stored in shallow chambers has been addressed in a few cases in the northern hemisphere
(Edwards et al., 2002; Geyer & Bindeman, 2011; Glazner et al., 1999; MacLennan et al., 2002), while in-
vestigations for southern hemisphere volcanoes are lacking.

In Antarctica, volcanic activity has occurred since the Miocene in several glaciated regions (LeMasurier &
Thomson, 1990; Smellie et al., 2021a, 2021b). In northern Victoria Land (NVL), volcanism generated an inland
scattered group of stratovolcanoes and monogenetic scoria cones located on the thick cratonic lithosphere, and a
coastal belt of voluminous fissure‐fed shield volcanoes sitting on the most attenuated (necked?) lithosphere,
marking the transition to the continental crust of the Ross Sea, attenuated during Cenozoic rifting processes
(Panter et al., 2018; S. Rocchi & Smellie, 2021; S. Rocchi et al., 2005; Smellie & Rocchi, 2021). Among the
inland group of northern Victoria Land volcanoes, the Quaternary Pleiades Volcanic Field has been selected for
this work owing to the occurrence of a continuous compositional evolutionary lineage (Kim et al., 2019). It has
been therefore possible to address the issue of temporal variations in the composition of the erupted magmas in
relation to changes in thickness and extent of the ice cover.

2. The Pleiades Volcanic Field
The Cenozoic evolution of the West Antarctic Rift System is linked to igneous activity starting in the Eocene
(LeMasurier & Thomson, 1990; S. Rocchi & Smellie, 2021; S. Rocchi et al., 2002). In the western Ross
Embayment, Antarctica (Figure 1) volcanic products collectively belong to the McMurdo Volcanic Group
(MMVG; Kyle, 1990a; LeMasurier & Thomson, 1990; Smellie et al., 2021a, 2021b) and record eruptions in a
variably glaciated environment from the Miocene to the Present (Smellie, Rocchi, & Armienti, 2011; Smellie,
Rocchi, Gemelli, et al., 2011; Smellie et al., 2014, 2018). The volcanic rocks of northern Victoria Land are
grouped into (a) the Hallett Volcanic Province, including Adare Peninsula, Hallett Peninsula, Daniell Peninsula
and Coulman Island, which comprise composite, elongated (c. 25 × 40–75 km) dominantly shield volcanoes
erupted from fissures, and (b) the Melbourne Volcanic Province, including Mount Melbourne (c. 25 × 55 km)
and Mount Overlord stratovolcanoes, as well as The Pleiades, and Malta Plateau (c. 30 × 50 km) volcanic fields
(Smellie & Rocchi, 2021). Additionally, numerous small scattered volcanic centers, mainly scoria cones, are
present inland between Mount Melbourne and Adare Peninsula (Northern Local Suite). The volcanic products
are dominated by lavas, breccia and scoria deposits, according to the eruption style (Smellie & Rocchi, 2021;
Smellie, Rocchi, & Armienti, 2011). Compositionally, they correspond to a moderately alkaline sodic asso-
ciation that is essentially bimodal: basaltic products are dominant (Hamilton, 1972), mostly basanites and alkali
basalts‐hawaiites, along with rare nephelinites; evolved products are mainly trachytes and minor rhyolites,
some of which are peralkaline. Most mafic samples (Nardini et al., 2009) were extruded as small lava flows,
commonly marking the end of explosive activity in monogenetic scoria cones. Products of intermediate
composition, such as mugearites and benmoreites, are volumetrically minor. Strongly alkaline compositions are
typically very uncommon in northern Victoria Land, and they are limited to phonolites and rare tephrites and
foidites.

The Pleiades Volcanic Field is an isolated cluster of volcanic outcrops (Figure 1) surrounded by snow and ice at
the edge of the polar plateau overlooking the head of the Mariner Glacier, at a general elevation of c. 2,500 m
above sea level (asl). At c. 120 km from the Ross Sea coast, it is the furthest inland outcrop of the Melbourne
Volcanic Province (Esser & Kyle, 2002; Kyle, 1982, 1990c). From a volcanological point of view, the Pleiades
are a group of at least 20 small sometimes nested scoria cones with prominent well‐preserved craters and two
domes (Mt. Taygete and an unnamed feature, C11, Kyle, 1982) that extend c. 16 km in a northeasterly direction
(Figure 1). Only four centers have a geographic name (i.e., Taygete, Alcyone, Pleiones and Atlas), others were
numbered C1–C12 (after Kyle (1982)), and at least six additional cones can now be recognized (here labeled C5A,
C5B, C6A, C7A, C11A, and C11B, Figure 1a and data repository 1). The slightly arcuate distribution of cones led
Kyle (1990c) to infer that the centers were distributed around a caldera rim. The highest points are Mount Atlas (c.
3,040 m) and Mount Pleiones (c. 3,020 m), rising c. 500 m above the surrounding Evans Névé snowfield, and
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regarded as part of a small composite volcano comprising several overlapping
and nested scoria cones (Esser & Kyle, 2002). The Mount Atlas–Mount
Pleiones center consists of five nested craters c. 500–1,000 m in diameter,
formed of scoria and numerous large dense bombs, and at least two smaller
flank scoria cones on the south side. Although the three main craters were
described as formed by oxidized scoriaceous lavas (Kyle, 1982; Nathan &
Schulte, 1968), like most of the other nunataks, they are pyroclastic.

Most of the other outcrops to the NE are also pyroclastic cones very similar to
the Mount Atlas–Mount Pleiones cluster and have a variety of mafic com-
positions. By contrast, Taygete Cone is a pale‐colored trachyte dome. The
low‐lying outcrop c. 4 km to the NW of Taygete Cone (C11 outcrop)
(Kyle, 1982) may also be a dome made of evolved products mantled by mafic
lava. Finally, trachyte pumice lapilli are common on several nunataks
(Kyle, 1982; Nathan & Schulte, 1968). They also occur as abundant large
broken bombs on the small nunatak c. 1,200 m north of Alcyone Cone
(outcrop C6 of Kyle (1982)), suggesting closeness to the vent (Smellie &
Rocchi, 2021).

The compositional variability of the volcanic rocks is broad, with most rocks
defining a continuous, silica‐saturated to slightly undersaturated lineage from
alkali‐basalt to trachyte. The additional occurrence of undersaturated mafic‐
intermediate samples evolving from alkali basalt‐basanite to teph-
riphonolite compositions led to the suggestion that there are two main
evolutionary lineages (Kim et al., 2019; Kyle & Rankin, 1976).

The Pleiades are regarded as very young or even dormant based on the
undissected appearance of the cones (Kyle, 1990c; Nathan & Schulte, 1968;
Riddolls & Hancox, 1968) and initial K‐Ar geochronological data (Arm-
strong, 1978). More recent 40Ar–39Ar isotopic ages (Esser & Kyle, 2002)
range from 847 ± 12 to 6 ± 6 ka, with the latter determined for the Taygete
dome potentially confirming the dormant nature of the volcanic complex.
However, evidence for hydrothermal alteration at the Taygete Cone (Esser &
Kyle, 2002; Kyle, 1982) suggests that the youngest age may be unreliable
(Smellie & Rocchi, 2021). The potential very young age of evolved products
at The Pleiades has led to the suggestion that the 1254 CE and other recent
tephra recovered from the Talos Dome ice core could have possibly origi-
nated from there (Narcisi et al., 2001, 2017). However, further investigations
on marine and ice cores have demonstrated that these “historical” eruptions
were sourced from Mount Rittmann volcano in northern Victoria Land (Di
Roberto et al., 2019; Lee et al., 2019). In summary, four main periods of
activity can be recognized based on the published 40Ar–39Ar isotopic ages.
The oldest phase was active in the central‐northern part of the volcanic field
(north of Alcyone Cone and east of Taygete Cone) at c. 850–820 ka. Two
intermediate phases then occurred at ∼630 ka and between c. 340 and 310Ma
in the two northernmost outcrops. Finally, after a lull of c. 200 ka, activity
resumed at 93 ± 4 ka at the north‐easternmost end of the field prior to
migrating to the southern end of The Pleiades (Mount Atlas‐Pleiones‐

Figure 1.

Figure 1. (a) Location and Map of The Pleiades Volcanic Field, NVL, Antarctica.
Isohypses from 1:250,000 Topographic Map of Antarctica, USGS, Freyberg
Mountains Sheet; Sat view from Google Earth. Cone numbering modified after
Kyle (1982) (b–f) Field view of The Pleiades Volcanic Field: (b)—Aerial view of
The Pleiades volcanic field from East; (c) C1 scoria cone from the top of Mt. Atlas;
(d) Mt. Taygete and Mt. Alcyone from the top of Mt. Atlas; (e, f) Alcyone dome and
other surrounding centers.
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Alcyone), with eruptions between c. 70 and 20 ka for emplacement of the Taygete dome, followed by a very
young outlier event occurring at not well constrained age of 6 ± 6 ka.

3. Samples and Methods
The volcanic edifices of The Pleiades have been the subject of several investigations between 1982 (Kyle, 1982)
and 2019 (Kim et al., 2019). For this study, in the frame of the 30th Italian Antarctic Expedition, we collected 16
samples from seven different cones (Figure 1, data repository 2). Samples comprise lavas, bombs, scoriae and
pumices, selected to be representative of the range of volcanological, petrographic and geochemical variations
present. For these 16 samples, here we present a complete data set including petrographic features, major and
trace element compositions, and Sr‐Nd‐Pb radiogenic isotope data. Our data are presented along with literature
data (Esser & Kyle, 2002; Kim et al., 2019; Kyle, 1986). The complete data set is presented in data repository 3.

Whole‐rock major and trace element analyses were measured by XRF (X‐Ray Fluorescence) and ICP‐MS
(Inductively Coupled Plasma‐Mass Spectrometry), respectively, at the Dipartimento di Scienze della Terra,
University of Pisa.

Radiogenic (Sr‐Nd‐Pb) isotopic analyses and 40Ar‐39Ar age determinations were carried out at the Istituto di
Geoscienze e Georisorse—CNR of Pisa (Italy). For isotope analysis, rock powders were dissolved in
HF + HNO3. Sr, Nd and Pb were separated chromatographically and measured via TIMS (Thermal Ionization
Mass Spectrometry) with a Finnigan Mat 262. Age determinations were performed by the 40Ar‐39Ar method on
alkali feldspar separates on two selected samples, JS3 pumice from Mount Atlas cone and JS16 lava dome from
Taygete cone (data repository 4). Experimental techniques followed those previously described in Di Vincenzo
et al. (2010).

A full and detailed description of the analytical methods is available in the Data Repository.

4. Results
4.1. Petrographic Features

Rocks from The Pleiades vary both in the types of products as well as chemical composition. They appear
macroscopically as gray or dark gray lava, black scoriae and bombs, and light gray pumices. As a whole,
petrographic textures exhibit large variability: pumices and scoriae are highly vesiculated, glassy and aphyric,
whereas lavas are usually subaphyric or porphyritic. In Figure 2 some microscopy images are presented, more
pictures are available in Data Repository Figures 1 and 2).

Relevant petrographic features are the occurrence of abundant olivine in the most mafic and intermediate
compositions (Figures 2a and 2b) both as phenocrysts and in the groundmass. Hawaiites and benmoreites are also
characterized by abundant phenocrysts of clinopyroxene and Ca‐rich plagioclase along with minor olivine
(Figures 2a and 2b), and amphibole in a few samples (Figures 2c and 2d). Alkali feldspars are found as microlites
in mafic‐intermediate lavas, and as phenocrysts in the most evolved samples (Figures 2e–2h). Groundmasses are
usually hypocrystalline, with variable numbers of the same phases observed as phenocrysts along with anor-
thoclase and Fe‐Ti oxides.

The most evolved samples have both Na‐rich plagioclase and anorthoclase/sanidine as the largest and most
abundant phenocrysts (Figure 2), along with clinopyroxene ± amphibole ± biotite, with smaller Fe‐rich olivine
and opaques confined to the groundmass. Some trachytes exhibit pilotaxitic textures (Figure 2), and sometimes
antirapakiwi structures are observed (e.g., sample JS 12; Figures 2e and 2f). Notably, no quartz is present even in
the most evolved products, which may exhibit a few percent of normative Qtz in the CIPW norm (e.g. JS16, Data
Repository Table 3). By contrast, feldspathoids are extremely rare and occur as microlites in a few of the ne‐
normative samples.

4.2. Major and Trace Elements

The composition of the collected samples varies with remarkable continuity and there are no compositional gaps
in the Total Alkalis versus SiO2 diagram (TAS; Figure 3a) defining a continuous silica‐undersaturated (1–5.7 of
normative ne) to silica‐saturated (ol‐hy‐normative with 1.3–4.5 of normative hy) trend, with most samples falling
in the fields of basalts, trachybasalts, trachybasaltic andesites, trachyandesites and trachytes. Only a few of the
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most evolved trachytic samples show very modest degrees of SiO2‐oversaturation (normative Q < 0.5). When
considering all available data from literature, it is of note that some scattered samples fall in the strongly un-
dersaturated fields of TAS (basanites/tephrites, phonotephrites, and tephriphonolites) without defining a clear and
continuous trend. The occurrence of these samples induced previous authors (Kyle, 1986) to call for the
occurrence of two distinct trends at The Pleiades, called “strongly undersaturated sodic lineage” and “saturated to
slightly undersaturated potassic lineage,” respectively. More recently, the main difference between these trends
has been linked to the occurrence of abundant kaersutite in the undersaturated trend, and the occurrence of olivine
and lack of kaersutite in the saturated trend (Kim et al., 2019). However, we observed widespread occurrence of

Figure 2. Petrography of The Pleiades samples—(a, b) Hawaiite JS 10 (PPL and XPL) with ol, pl, and cpx phenocrysts in a
hypocrystalline aphanitic groundmass; (c, d) pleochroic microphenocryst of amphibole (PPL, PPL rotated of 90°) in a
vesiculated pilotaxitic groundmass in benmoreite JS1; (e, f) antirapakiwi texture in trachyte JS12 (PPL and XPL); (g, h)
glomerophyres of alkali feldspar and plagioclase in a pilotaxitic groundmass in trachyte JS16 (PPL and XPL). More pictures
and high‐resolution images are available in the data repository Figures 1 and 2.
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amphibole phenocrysts, albeit in a minor amount, in samples belonging to the saturated‐slightly undersaturated
trend as well (e.g., Figures 2c and 2d, and data repository Figures 1 and 2).

Regarding the two putative lineages, it is notable that most samples from The Pleiades, both saturated and un-
dersaturated, are actually Na‐alkaline, having Na2O − 2 > K2O (Figure 3b), and the remaining samples have
1 < Na2O − K2O < 2, thus approaching a Na‐ rather than a K‐alkaline series. Hence, the whole of The Pleiades
samples, regardless of their degree of saturation, exhibit a sodic affinity, and we suggest that a potassic lineage is
not actually present in The Pleiades Volcanic Field.

This is even more evident when less evolved samples (i.e., those with SiO2 < 53 wt%) are plotted on a K2O versus
Na2O classification diagram (Figure 3c) on which all of them classify as sodic and define a single lineage. The

Figure 3. Total alkali versus Silica (a), K2O versus Na2O (b) and (c) classification diagrams for samples of The Pleiades
Volcanic Field. Other volcanic rocks from the NVL region are plotted for comparative purposes (literature data sources in S.
Rocchi and Smellie (2021) and references therein). Fields in (c) after Middlemost (1975).
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mild potassic affinity is restricted to a few of the more evolved rocks, and was acquired during magma differ-
entiation, likely after removal of high Na/K phases, namely plagioclase.

Variation diagrams of selected major and trace elements of samples from The Pleiades are presented in Figure 4.
More diagrams can be found in Data Repository Figures 3–5. The samples are compared with the three main

Figure 4. Selected major and trace element variations against SiO2 for samples of The Pleiades Volcanic Fields. Other volcanic rocks from the NVL region are plotted
for comparative purposes (data sources as in Figure 3). More diagrams available in Data Repository Figures 3–5.
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compositional/geographic groups of NVL lavas, that is, (a) the coastal lava from the shield volcanoes of Adare,
Hallett and Daniell peninsulas and Coulman Island; (b) the inland lava from the Malta Plateau, Mount Rittmann,
and isolated scoria cones of the Northern Local Suite; and (c) the central edifice of Mount Melbourne and its
parasitic cones and satellite volcanoes.

As a whole, variations depicted by samples of The Pleiades are quite similar to volcanic products from northern
Victoria Land belonging to the MMVG only when products with SiO2 wt% < 65 are considered. Indeed, many
NVL lavas evolve up to c. 77 wt% SiO2, whereas the most evolved samples from The Pleiades have SiO2 wt-
% < 65. As a consequence, TiO2, CaO and P2O5 exhibit a linear negative trend for The Pleiades samples, whereas
other inland lavas have evolved on a trend which is flattening at the most evolution stages; MgO is characterized
by a downward‐convex trend, with MgO contents in all the NVL samples approaching zero at SiO2 ≈ 62 wt%;
FeO* (i.e., all iron calculated as FeO) decreases linearly, down to values as low as 3 wt% for The Pleiades samples
and is <1% in some of most evolved surrounding lava. The trend depicted by Al2O3 is typically humped (i.e.,
convex‐upward), being positive up to SiO2 ≈ 55 wt%, then flattens for SiO2 ≈ 55–60 wt%, and finally tends to
decrease with increasing SiO2. The Pleiades samples exhibit well‐defined major oxide trends, whereas the trends
for other NVL lavas are more scattered. However, some dispersion, especially involving Al2O3 enrichment, is
also observed in some of the published samples of The Pleiades. Well‐defined linear positive trends are also
observed for our samples when alkalis (Na2O and K2O) are plotted against SiO2; again, when considering other
NVL samples, switches from positive to negative slopes and from positive to an almost flat trend is observed for
Na2O and K2O, respectively, which is a phenomenon not recorded by The Pleiades samples since they lack
compositions exceeding 65 wt% SiO2. As for Al2O3, other NVL sample compositions are dispersed around the
linear trends depicted by The Pleiades samples. They frequently show anomalous strong enrichment of Na2O and,
to a lesser extent K2O, at comparable SiO2 contents.

Variation diagrams for compatible trace elements like Ni, Cr, V, and Co in The Pleiades samples exhibit a marked
decrease with respect to SiO2 and tend to flatten close to zero at SiO2 ≈ 60–65 wt% except for Co. A remarkable
difference between The Pleiades and other NVL lavas is observed for these elements in the more mafic samples:
maximum values reached by The Pleiades lavas are notably lower than other NVL suites (e.g., ≈400 vs. ≈100 μg/
g for Ni, ≈500 vs. 150 μg/g for Cr). Notably also, Sr in The Pleiades lava behaves as a compatible element
depicting an almost linear negative trend when plotted against SiO2, whereas other NVL lavas have a more
complex trend, being scattered and roughly positive for more mafic samples and flattened close to zero in more
evolved compositions.

Most of the incompatible trace elements are characterized by positive trends apart from Ba, which tends to in-
crease with SiO2 up to ≈60 wt% and then decreases very steeply. Most of the other incompatible elements, both
Large Ion Lithophile Elements (LILE, such as Rb) and High Field Strength Elements (HFSE, such as Nb, Ta, Zr,
Hf, Y, and Th), including REE (Rare Earth Element, Figure 4c) are positively correlated with SiO2. All are
characterized by a linear positive correlation up to SiO2 ≈ 63% and an almost vertical steepening of the trend for
the three most evolved samples. The sharp increase in evolved compositions is most pronounced for the more
incompatible elements such as Rb, Nb, Zr, Hf, Th, and Ta, still evident for light REE (La and Ce), but less
pronounced for mildly incompatible elements, for example, Y and heavy REE (Yb).

Multi‐element plots of incompatible trace elements for selected more mafic (Figure 5a) and more evolved
samples (Figure 5c) have a humped pattern, with a maximum at Th‐U‐Ta‐Nb and a negative K anomaly. Evolved
samples also show moderate Sr, P, and Ti negative anomalies. The REE patterns of mafic samples (Figure 5b)
show a fractionated trend (e.g., LaN/YbN ∼ 30–45) without a negative Eu anomaly, whereas most evolved
samples (Figure 5d) show a small negative Eu anomaly and are characterized by quite high LREE toMREE ratios
(e.g., LaN/YbN ∼ 40–55) in contrast with a flat trend for the heavy REE (GdaN/YbN < 2.5 for samples with
SiO2 > 60%).

4.3. Radiogenic Isotopes

Radiogenic isotope systematics for more mafic samples display relatively low 87Sr/86Sr (<0.7038), moderately
high 143Nd/144Nd (>0.51284) and quite high 206Pb/204Pb (c. 19.0–19.2), although typical HIMU (high
μ = 238U/204Pb) values are not reached. Overall, most of the samples in the MMVG, both coastal lavas and those
from the Mount Melbourne and Malta Plateau Volcanic fields, lie on the Sr‐Nd isotopic mantle array, trending
from Depleted MORBMantle (DMM) to BSE (Bulk Silicate Earth) and clustering into the so‐called FOcal ZOne
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(FOZO, Figure 6a) On the contrary, our samples from The Pleiades exhibit quite large variations especially when
compared with literature samples, mostly falling outside of FOZO. They depict an almost flat trend deviating
from the mantle array and reaching 87Sr/86Sr as high as 0.7052 coupled with negligible 143Nd/144Nd variations
(down to 0.51278). Lead isotope ratios (Figure 6) for our samples, on the contrary, are characterized by very small
variations, clustering between EMII, FOZO and MORB, and above the NHRL (Northern Hemisphere Reference
Line, Hart, 1984) both in the 207Pb/204Pb versus 206Pb/204Pb and 208Pb/204Pb versus 206Pb/204Pb diagrams. Some
of the published samples from The Pleiades as well as other coastal lavas vary more widely and depict a trend
crossing the NHRL.

4.4. 40Ar‐39Ar Results

The Pleiades have long been considered as a possibly active (dormant) volcano (Geyer, 2021) based on published
poorly constrained (high error) K‐Ar (Armstrong, 1978) and 40Ar‐39Ar (Esser & Kyle, 2002) ages, whose error
bars include 0 ka ages. With the aim of constraining the youngest eruption age at The Pleiades, we selected for
dating (a) a sample of comenditic trachyte pumice (JS3) from Mt. Atlas, occurring as lapilli and blocks mantling
several of The Pleiades scoria cones, and (b) a sample from the Mt. Taygete lava dome (JS16), with the youngest
published age, was also directly overlain by comenditic pumice.

Alkali‐feldspar separates from both samples gave concordant age spectra, which exhibit some overlaps within
uncertainties (Figure 7a). Weighted means, however, do not overlap within internal uncertainties, yielding ages of
33.3 ± 3.2 ka (±2σ) and 24.7 ± 2.6 ka (±2σ) for samples JS3 and JS16, respectively. In an 36Ar/40Ar versus
39Ar/40Ar isochron diagram (Figure 7b), sample JS16 (excluding the two initial heating steps yielding negative
40Ar*/39Ar ratios, data repository 4) an intercept age of 24.8 ± 3.0 ka is indicated, in close agreement with the

Figure 5. Multielemental plots for Incompatible Trace Elements (a and c) and REE (b and d) for selected samples of The Pleiades Volcanic Field. Normalizing values
after McDonough and Sun (1995).
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weighted‐mean age from the same sample. In contrast, sample JS3 gave a significantly younger isochron age of
27.8 ± 5.2 ka, with an initial 40Ar/36Ar ratio of 307.6 ± 7.2 (±2σ), distinctly greater than that of modern at-
mospheric argon (40Ar/36Ar ratio of ∼298.6), which may be diagnostic of contamination by parentless 40Ar
(excess argon) hosted in fluid or melt inclusions. The intercept ages from isochron plots of the two samples are
indistinguishable within internal uncertainties, yielding a mean of 25.6 ± 2.5 ka. In the light of the available data,
we therefore consider the ages obtained from the isochron plots more reliable due to the likely occurrence of
excess argon in sample JS3 and we infer that the two edifices investigated were constructed nearly synchronously
at ∼26 ka.

Available geochronological data from the literature together with our new step‐heating analyses, therefore,
suggest that scattered volcanism occurred in a quite large time interval (∼0.85 Ma). However, the youngest

Figure 6. Radiogenic Isotope diagrams (143Nd/144Nd vs. 87Sr/86Sr, 207Pb/204Pb and 208Pb/204Pb vs. 206Pb/204Pb) for samples
of the Pleiades Volcanic Field. Other volcanic rocks from the NVL region are plotted for comparative purposes. Main mantle
End Members have also been reported (Agostini et al., 2021).

Figure 7. (a) Age spectra and (b) isochron plots (3‐isotope correlation diagram, 36Ar/40Ar vs. 39Ar/40Ar) for 40Ar‐39Ar step‐heating experiments of two selected samples
of The Pleiades.
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climax of activity occurred at ∼26 ka, building in a relatively short time span
(3 ± 6 ka) the most prominent edifices of The Pleiades (Mount Atlas and
Mount Pleiones and associated subsidiary centers).

5. Discussion
5.1. Magma Genesis and Evolution

Overall, the least evolved samples of The Pleiades are Na‐alkali basalts with
trace element and isotopic signatures much like other basalts from NVL,
therefore sharing with them a common origin linked to the Cenozoic evolu-
tion of the West Antarctic Rift System (WARS) (Durkin et al., 2023; Kim
et al., 2019; Nardini et al., 2009; Panter et al., 2018; S. Rocchi &
Smellie, 2021; S. Rocchi et al., 2002). According to S. Rocchi et al. (2005)
and S. Rocchi and Smellie (2021), the mantle source was previously meta-
somatized during the Cretaceous amagmatic orthogonal rifting stage of the
WARS. Since the Middle Miocene, magmas rose through N‐S oriented faults
that were mostly active on the western margin of the Ross Sea and are con-
jugate to a prominent NW‐SE trans‐lithospheric fault system (Nardini
et al., 2009; Salvini et al., 1997; Storti et al., 2007).

At The Pleiades, a complete differentiation trend is observed, which is unique
in NVL. Indeed, MMVG monogenetic scoria cones usually have basaltic
compositions, and even in large volcanic edifices, intermediate compositions

are scarce (i.e., Daly compositional gap, S. Rocchi & Smellie, 2021). Most of the volcanic products of The
Pleiades are mildly Na‐alkaline, slightly silica‐undersaturated to saturated, and define a continuous differentiation
trend, similar to other sodic, moderately alkaline lineages. Several samples from previous studies are richer in Na
and silica‐undersaturated, and do not define any clear lineage (Figure 3). Variations of major and trace elements
against SiO2 (Figure 4) depict a continuous evolutionary trend at The Pleiades, and the significant co‐variation of
Sr isotope ratios with a modest decline in 143Nd/144Nd (Figure 6) is indicative of open‐system processes.

5.2. FC and AFC at The Pleiades

At The Pleiades, two distinct evolutionary trends are observed when radiogenic isotope variations are considered
in detail (Figure 8). Path A shows low and constant Sr isotopic ratios (87Sr/86Sr ∼ 0.7032), irrespective of the
degree of differentiation, consistent with closed‐system evolutionary processes. Notably, this trend is only
depicted by undersaturated samples with SiO2 variation restricted to the range 46–55 wt%. Path B, on the con-
trary, has a positive step‐like correlation, 87Sr/86Sr varying from 0.7032 to 0.7052 as SiO2 increases. Evolved
samples from this trend have isotopic compositions shifted toward the average composition of NVL basement
rocks (Di Vincenzo et al., 2014; Henjes‐Kunst & Schüssler, 2003; S. Rocchi et al., 1998), suggesting that open‐
system evolution was operating with assimilation of crustal material.

In more detail, in path B we observe the occurrence of 3 jumps in 87Sr/86Sr as well as a significant section of the
path (SiO2= 52–63 wt%) characterized by almost constant Sr isotopes ratios. Therefore, we define 4 evolutionary
steps: from basanite to hawaiite (labeled B1 in Figure 8), then to mugearite (B2), to trachyte (B3) and finally to
comenditic trachyte (B4). We modeled these steps as the FC‐AFC process using the XLFRAC code for major
elements (Stormer & Nicholls, 1978) and the equations of DePaolo (1981) for trace elements. Results are
summarized in Table 1 and full calculations are available in data repository 5. Mineral chemistry data are from
Supplementary Data of Kim et al. (2019).

Trend A is best modeled using a simple FC process, with a significant removal (66 wt%) of a gabbroic assemblage
(Table 1). In trend B, Step B3 is again simple FC, whereas Steps B1, B2, and B4, despite quite limited SiO2 shifts,
involve significant Sr isotope variations (Figure 8) much larger than those reported by Kim et al. (2019). These
steps have therefore been modeled as open‐system processes, using fractional crystallization coupled with
assimilation of a crustal contaminant. We modeled the process differently from Kim et al. (2019), who calculated
fractional crystallization for major elements separately from mixing calculations for radiogenic isotopes and used
lower crustal material as contaminants, while we prefer upper crustal materials owing to the likely occurrence of

Figure 8. SiO2 versus
87Sr/86Sr diagram for The Pleiades samples. Trends of

FC (A) and AFC (B1–B4) modeling are also shown. For explanation, see the
text.
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magma ponding at a relatively shallow crustal level. To model the path B, the composition of the crustal
contaminant was chosen on the basis of the available geological mapping (Capponi et al., 2012). The basement
rocks cropping out in the area of The Pleiades, in the north‐west at Symes Nunatak and to the west and south‐west
at Eureka Spurs and Lawrence Peaks, are metasedimentary rocks of the Leap Year Group and Mariner Group of
Bowers Terrane. We then selected an average of psammites from the Bowers Terrane (Henjes‐Kunst &
Schüssler, 2003) as the best representative of country rocks hosting the plumbing system of The Pleiades.

Table 1
FC and AFC Model Results (Full Calculations Available in Data Repository 5)

Pleaides complex FC and AFC modeling

Path A Path B

Step 1 Step 2 Step 3 Step 4

From K16012424 K16012424 JS10 JS4 JS15

Alk Bas Alk Bas Hawaiite Mugearite Trachyte

To K16012713‐1 JS10 JS4 JS15 JS13 Com.

Teph. Phonolite Hawaiite Mugearite Trachyte Trachyte

Fractionating Phases

Olivine 10.6 3.9 5.8 3.4 3.3

Clinopyroxene 23.7 13.4 7.6 11.7 3.3

Plagioclase 22.0 3.9 7.2 41.2 3.0

Alk Feldspar 38.3

Ti‐Magnetite 8.1 0.96 5.1 8.2

Apatite 1.2 0.80 1.00

Fractionated Mass 65.7 22.1 26.6 65.5 47.9

Assimilated Mass – 4.8 7.5 – 1.3

SSR 0.18 0.21 0.02 0.40 0.88

r (Assimilated Mass/Fractionated Mass Ratio – 0.22 0.28 – 0.027

Pleaides volume estimate (path B)

Step B4 B3 B2 B1 Start
JS13 Com. JS15 JS4 JS10 K16012424
Trachyte Trachyte Mugearite Hawaiite Alk Bas

Vol ratio (VF = 1) 1.00 1.92 5.56 7.58 9.73

Vol. est. (km3) (VF = 7 km3) 7.00 13.44 38.94 53.06 68.11

Pleaides versus Mt. Melbourne and Mt. Erebus

Input data Model calculation

Volcano name Melbourne Erebus Pleiades Ma Pleiades Ea

Surface (km2) 750.0 1,250.0

Av. Radius (km) 15.5 19.9

Height (km) 2.732 3.794

Volume (km3) 683.0 1,580.8

Av. Radius/Height 5.7 5.3 5.7 5.3

Volume (km3) 68.1 68.1

Av. Radius (km) 7.2 7.0

Surface (km2) 161.3 153.6

Height (km) 1.267 1.330

Note. In bold, amounts of fractionated mass, assimilated mass and their ratios, SSR (sum of square residuals) in italics. aPleiades M and Pleiades E are the
estimates of the dimensions of a Strato‐Volcano having the same volumes of Pleiades with an aspect ratio of Mt Melbourne and Mt Erebus respectively
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Fractionating phases were selected on the basis of petrographic observations. In more detail, according to
XLFRAC mass balance, the B1 step (basanite to hawaiite) is best described by the removal of 22 wt% of a
melagabbroic, cpx‐dominated assemblage, with a rather high r (ratio between assimilated and fractionated ma-
terial) of 0.22. The B2 step is characterized by ≈27 wt% removal of a gabbroic assemblage, and a high r of 0.28.
The B3 step, covering the mugearite‐trachyte evolution path with a 10 wt% SiO2 increase, given the negligible Sr
isotope variation, was modeled with a closed‐system FC process. Here, a significant mass removal of 65 wt% of a
plagioclase‐dominated assemblage (∼63 wt% of fractionating assemblage), along with a lesser amount of cpx
(<18 wt%), Ti‐magnetite (>8%) and minor amounts of olivine (∼5%) and apatite (∼1.5 wt%). Finally, the last step
B4 is characterized by limited variations in all of the major elements, even if a significant mass removal of nearly
48 wt% is necessary to cover the trachyte to comenditic trachyte step. The fractionation assemblage is very
different from the other steps, with alkali feldspar representing ∼80% of removed mass. The ratio of crustal
assimilation is actually very low, with r ∼ 0.027. Despite the low r, the large feldspar removal drives Sr con-
centrations to very low values, so that even a limited addition of contaminant results in a significant increment of
the 87Sr/86Sr ratio.

The robustness of this model was also tested with some other major and trace elements as well as trace element
ratios. Full results are reported in data repository 5; in Figure 9 CaO, Rb as well as Sr/Y, Rb/Sr, Ba/Zr, and Zr/Y
ratios are plotted against SiO2. We note that a simple AFC model has some limitations. For example, partition
coefficients of trace elements may not be constant during evolution owing to variability of fractionating
assemblage and chemical composition of minerals as well as possible fractionation of accessory phases are not
considered here. In addition, no heat or energy budget is considered in determining the ratio between fractionated
and assimilated material; r is also considered constant during each of the selected steps and for all the elements.
Hence, it is modeled hypothesizing a bulk and linear assimilation of the host rock rather than considering dif-
ferential diffusivity of some elements/isotopes, such as radiogenic Sr. Our model is therefore to be considered as
semi‐quantitative; a more quantitative model taking into account all these factors is beyond the scope of this paper
and would require a set of assumptions that would make it poorly constrained by collected evidence. Despite this
caveat, the model describes the compositional variations depicted in Figure 9 fairly well, with the sole exception
for the B3 step involving HFSE such as Y and Zr, likely due to a role of zircon in the fractionating assemblage. As
a whole, the results of the modeling and those shown in Figure 9 strongly support the occurrence of a complex
evolving magmatic system, mostly characterized by open‐system evolution, as also pointed out on the basis of
textural features by I. Rocchi et al. (2024). The dispersion of data on some diagrams additionally highlights the
possible occurrence of different secondary evolutionary stages/paths.

5.3. Magma Volumes in Coastal and Inland Locations

The Pleiades are characterized by an open‐system evolutionary lineage in which all compositional members are
represented, a quite unusual feature among NVL volcanic complexes (cf. S. Rocchi & Smellie, 2021). Unique
conditions for magma fractionation and assimilation are therefore implicated. A principal feature that distin-
guishes The Pleiades from most other NVL volcanic complexes is their inland position. Inland, the history of
rifting has led to a crustal setting that is different from the coastal zone, where most NVL volcanoes are located,
causing the magmas to behave differently during their ascent to the surface. Volcanism was especially volu-
minous (in excess of 104 km3) along the coast (Adare, Hallett, Daniell peninsulas and Coulman Island: Hamil-
ton, 1972; Kyle, 1990b; McIntosh & Kyle, 1990; Smellie, Rocchi, & Armienti, 2011; Wörner & Viereck, 1989)
much more than in inland locations (including The Pleiades). Along the coast, magma production was enhanced
due to the sharp crustal/lithospheric thickness transition across the Ross Sea coast, that coincides with a high
thermal contrast (Faccenna et al., 2008). Thus, the NVL coast represented the weakest locus, where strain effects
were significant, resulting in focused extension and lithospheric necking (Bonini et al., 2007; Huerta &
Harry, 2007; Krans, 2013; Panter et al., 2018). Melts rising into the coast‐parallel necking zone generated
multiple, coalescing, large, mainly mafic volcanic shields. In contrast, melts ascending further inland in the
thicker crust led to the establishment of crustal magma chambers, where extended fractionation occurred coupled
with assimilation of crustal materials (S. Rocchi & Smellie, 2021). This resulted in a few relatively small and
scattered mafic–felsic stratovolcanoes, among which Mount Overlord is morphologically prominent, while
Mount Rittmann, the Malta Plateau centers and The Pleiades complex are characterized by volcanic features
barely emerging from the ice cover. It is noticeable that these inland edifices are also hosts to all of the peralkaline
products (including trachytes and rhyolites) in northern Victoria Land (S. Rocchi & Smellie, 2021). InMarie Byrd
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Land, peralkaline magmas are inferred to have been produced by fractional crystallization of basanite and
removal of kaersutite at high pressure and plagioclase at low pressure (LeMasurier et al., 2011, 2018; Panter
et al., 1997). By analogy, for NVL, we infer the occurrence of complex multi‐level plumbing systems under the
inland volcanoes resulting in the production of peralkaline magmas (S. Rocchi & Smellie, 2021).

At The Pleiades, a rough estimate of the erupted magma volume (Table 1) is about 21 km3, based on the area of
70 km2 covered by The Pleiades and an average relief of ∼300 m. Assuming that about one third of that volume
(∼7 km3) is represented by the most evolved magma composition (i.e., the comenditic trachytes), our fraction-
ation models indicate a volume of primitive magmas ∼10 times larger, that is, ∼68 km3 of total volume. This
suggests the presence of a relatively large magma plumbing system within which most of the magma stalled. Had

Figure 9. Trend of AFC (B1–B4) modeling in CaO, Sr/Y, Ba/Zr, Rb, Rb/Sr, and Zr/Y versus SiO2 diagram for The Pleiades
Volcanic Field. For explanation, see the text.
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all the magma erupted, it would have been capable of building a stratovolcano as high as∼1,300 m rather than the
20–30 partly coalesced monogenetic cones seen today (see Table 1 for further details).

5.4. Paleoclimate Evolution and Magmatic Activity—A Role for Ice Cap in Magma Evolution

The occurrence at The Pleiades of a complete fractionation trend associated with prolonged stalling of magma in
the plumbing system and significant crustal assimilation rate is unusual, almost unique among monogenetic (and/
or polygenetic) alkaline volcanic fields globally in which bimodal compositions are common (e.g., Bonnefoi
et al., 1995; Daly, 1925). In addition, The Pleiades Volcanic Field differs significantly from all of the other
MMVG volcanoes located inland: (a) most of the latter comprise a volcanic field made up by multiple mono-
genetic cones (Northern Local Suite: Smellie & Rocchi, 2021 rather than polygenetic stratovolcanoes, (b) they are
situated quite far from the coast (∼130 km) and, as a consequence, (c) the basement on which the volcano was
constructed is not located close to sea level, but has an elevation of c. 2,400 m asl. Thus, the differences in climatic
conditions between The Pleiades and most other NVL volcanoes may be significant. In particular, the ice cover
associated with The Pleiades is, and likely was in the past, thicker than at almost all other volcanoes in the region,
which are located in coastal positions.

The Pleiades Volcanic Field erupted over >800 ka up to the present. During that period, numerous significant
oscillations in temperature and, hence, ice thickness have been documented (e.g., EPICA ice‐cores; Jouzel
et al., 2007). In this context, the glacial load over The Pleiades was, correspondingly, affected by significant
variations in thickness. Thus, it is important to evaluate the potential role of the glacial load in affecting the
residence time ofmagma pulses in shallow plumbing systems and the eruption tempo. The published ages (Esser&
Kyle, 2002), together with our new data, indicate that at least four major periods of eruptive activity have occurred:
the oldest episode occurred at ∼830 ka, a second one at ∼630 ka, a third at 310–340 ka, and a final episode
characterized by at least 10 eruptions between 70 ka and present, with a climax around 50–25 ka. We have
compared the compositional features and the ages (where available) of the main eruptive events with climate
variability during this time span, restricting our discussion to the three younger eruptive episodes at 630, 310–340
and <70 ka, owing the upper limit of 800 ka for the best documented local variations of temperature (Figure 10).
When age data and chemical parameters are considered together, it is possible to notice that the 630 ka event differs
when compared with the youngest phase in that it includes the most mafic compositions (lowest SiO2, highest
MgO and Na2O/K2O contents). They also exhibit relatively low Rb/K ratios, and Sr isotope ratios are low and
exhibit little variation, implying limited or no crustal assimilation. By contrast, the highest values of 87Sr/86Sr as
well as Rb/K ratios occur in samples associated with the youngest phase of activity, in which high‐MgO and high‐

Figure 10. Age distribution and geochemical variation of The Pleiades Samples. (a) Timing of volcanic activity at The Pleiades (gray lines) compared with Antarctic
Temperature Variation (redrawn from Jouzel et al. (2007)). (b) Ages of The Pleiades versus MgO, Na2O/K2O, Rb/K, and

87Sr/86Sr diagrams, SiO2 contents also shown.
Both (a) and (b) highlight three major events of Pleiades. The oldest one (at about 830 ka) has not been highlighted because no T data are available. 630 ka event, red
ellipses; 340–310 ka event, green ellipses, 50–25 Ka, blue ellipses.
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Na2O/K2O samples are missing. Overall, we suggest that samples from the 630 ka event (and possibly those from
300 ka event, which lack sufficient data to disambiguate) tend to be more mafic and less affected by open system
evolution, whereas those from the youngest phase, as well as those from oldest 830 ka event, exhibit more complex
and open‐system evolutionary patterns associated with significant crustal assimilation. Moreover, samples from
the climax of activity at 25–50 ka display both high compositional variabilities, as evidenced by the wideMgO and
SiO2 ranges, the highest degree of fractionation as well as the largest amount of crustal contamination marked by
the highest Rb/K ratios and 87Sr/86Sr of the whole data set. When we compare these compositional characteristics
with the record of Antarctic temperatures (Jouzel et al., 2007) (Figure 10a), we notice that the 630 ka event, despite
the uncertainties, likely developed in a relatively warm period, as did the 300 ka event. The youngest phase, on the
contrary, had its climax toward the end of the last glacial period, when the ice cover reached its maximum
thickness. These observations suggest that variations in the thickness of the ice cover may have played a role in
modulating chemical fractionation in The Pleiades plumbing system since (a) warm conditions, corresponding to a
reduced ice thickness, favored the emplacement of poorly evolved (including primitive) products, which lack
significant fractional crystallization (i.e., path A in Figure 8); (b) by contrast, the erupted magmas that depict more
complex evolutionary paths (i.e., paths B1–B4 in Figures 8 and 9), indicate a more extended compositional
evolution and strong crustal assimilation linked to a longer residence time in the crust that may have been imposed
by the ice loading during the colder conditions that prevailed during the last 70 ka and particularly at 50–25 ka. It is
notable that erupted compositions associated with the youngest events, which were responsible for building the
two most prominent edifices, exhibit the highest differentiation and crustal assimilation rates and erupted close to
the end of the last glacial period, when the ice cover should have been much thicker.

6. Conclusions
The Pleiades is a peculiar volcanic field in Antarctica. It consists mainly of a series of often‐overlapping scoria
cones and thus resembles the numerous small monogenetic centers that characterize the Northern Local Suite in
northern Victoria Land. On the other hand, The Pleiades volcanic field is located in an inland position relative to
most of the other volcanic complexes in NVL and we can infer that it is part of a larger polygenetic volcanic field,
now mostly obscured by ice and snow, with a large plumbing system below. The erupted magmas are charac-
terized by a continuous differentiation trend unique to the region, and the magma compositional features
demonstrate high rates of assimilation of crustal material in most of the erupted products. These reveal the
occurrence of an unexpectedly large complex plumbing system and confirm a polygenetic origin for The Pleiades
Volcanic Field. We infer that these unique features may be a consequence of their special location, situated inland
and associated with an ice cover that, when it was thicker than present, helped to temporarily suppress eruptions,
thus imposing a long magma residence time in the subsurface that favored significant fractionation and unusually
high rates of crustal assimilation.

Data Availability Statement
Data supporting this paper are available in the following Data Repository: Agostini et al. (2024).
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