
1.  Introduction
Knowledge of Antarctic volcanism is extensive but still limited by the scarce exposure of volcanic rocks due 
to glacial cover. In particular, the record of tephra produced by explosive activity is scarce due to the low 
possibility of preservation of this type of deposits in highly dynamic polar environments. In the Antarctic 
continental setting, most of the information on explosive volcanism derive from tephra layers contained 
in the blue ice records (Curzio et al., 2008; Dunbar et al., 2003; Harpel et al., 2008; Keys et al., 2017; Wilch 
et al.,  1999) and the deep ice-cores records (Narcisi et al.,  2012, 2017) both offering important data but 
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Expedition 374, in the Ross Sea, Antarctica. Tephra bedforms, mineral paragenesis, and major- and trace-
element composition on individual glass shards were investigated and the tephra age was constrained by 
40Ar-39Ar on sanidine crystals. The 40Ar-39Ar data indicate that sanidine grains are variably contaminated 
by excess Ar, with the best age estimate of 1.282 ± 0.012 Ma, based on both single-grain total fusion 
analyses and step-heating experiments on multi-grain aliquots. The tephra is characterized by a very 
homogeneous rhyolitic composition and a peculiar mineral assemblage, dominated by sanidine, 
quartz, and minor aenigmatite and arfvedsonite-riebeckite amphiboles. The tephra from Site U1524 
compositionally matches with a ca. 1.3 Ma, rhyolitic pumice fall deposit on the rim of the Chang Peak 
volcano summit caldera, in the Marie Byrd Land, located ca. 1,300 km from Site U1524. This contribution 
offers important volcanological data on the eruptive history of Chang Peak volcano and adds a new 
tephrochronologic marker for the dating, correlation, and synchronization of marine and continental 
early Pleistocene records of West Antarctica.

Plain Language Summary We report important information on the history and character 
of eruptions of Antarctic volcanoes. The study examines products from past explosive volcanic eruptions 
(tephra) preserved in marine sediments in the Southern Ocean that surrounds Antarctica. Tephra are 
invaluable markers for dating and correlating geological units, and can be used for the synchronization of 
climate proxy records. We present the full characterization of a 20 cm-thick tephra recovered in deep-sea 
marine sediments at Site U1524 during the International Ocean Discovery Program (IODP) Expedition 
374, in the Ross Sea, Antarctica. The morphology of volcanic particles, their mineralogy, and chemical 
composition of volcanic glasses were assessed and the tephra age was constrained by the 40Ar-39Ar 
method. Results allow to correlate the studied tephra with the deposits of a large explosive (Plinian) 
eruption from Chang Peak volcano, in the Marie Byrd Land, located c. 1,300 km from the Site U1524. The 
study of the marine tephra provides glimpses of the history of explosive volcanism from the Marie Byrd 
Land and constitutes a new, very important chronostratigraphic marker for early Pleistocene records of 
West Antarctica.
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mostly limited to the Holocene to late Pleistocene (see Epica Dome ice core record spanning the last 800 ka; 
Masson-Delmotte et al., 2010). Additionally, marine sediments of the Southern Ocean are a critical resource 
to draw information on the eruptive history and evolution of volcanism of Antarctica which are comple-
mentary to those drawn from on-land studies (Del Carlo et al., 2015; Di Roberto et al., 2019; 2020; 2021; 
Hillenbrand et al., 2008; Moreton & Smellie, 1998; Oppedal et al., 2018; Smellie, 1999). For example, exten-
sive records of Pleistocene to Miocene volcanoclastic deposits and tephra layers are contained in sequences 
recovered during international drilling programs (Di Roberto et al., 2021). Such tephra deposits represent a 
potentially invaluable chronological tool that is essential to date sedimentary archives (Abbott et al., 2018; 
Di Roberto et al., 2019; Mezgec et al. 2017; Tesi et al., 2020), enable correlation over significant distances, 
and link and synchronize different paleoclimatic and palaeoenvironmental archives (Davies, 2015; Lane 
et al., 2017; Lowe, 2011).

Here we report the discovery of a ∼20 cm thick tephra layer intercalated in the sediments recovered at Site 
U1524 during the International Ocean Discovery Program (IODP) Expedition 374, in the Ross Sea, Antarc-
tica. We have characterized the tephra for its texture, mineralogy, major- and trace-element composition ob-
tained on individual glass shards. We dated the tephra by using paleomagnetic age constraints and 40Ar-39Ar 
data obtained on sanidine crystals extracted from this horizon. Based on geochemical composition and age, 
the tephra is correlated with a comenditic Plinian fall deposit cropping out on the rim of the 10-km-wide 
caldera of Chang Peak volcano, in the Marie Byrd Land, ca. 1,300 km from the coring site. This study pre-
sents one of the few Antarctic cases (see for example Di Roberto et al., 2019, 2020; Hillenbrand et al., 2008) 
in which a marine tephra layer is correlated with reasonable certainty to its source volcano, offering impor-
tant volcanological data on the eruptive history and intensity of the eruption that generated it. The far-trav-
eled nature and thickness of this tephra imply that it was produced by a large magnitude eruption, probably 
of Plinian intensity, representing one of the largest eruptions presently recorded in the Marie Byrd Land. We 
suggest that this tephra could be an important chronological marker in multiple depositional environments 
that will be a useful target for future deep ice drilling projects and could offer an exceptional possibility of 
dating and of synchronizing ice sequences with the marine environment.

2.  Background - IODP Expedition 374
In 2018, International Ocean Discovery Program (IODP) Expedition 374 (Ross Sea West Antarctic Ice Sheet 
History) drilled a total of five sites as part of a continental shelf to rise transect designed to understand 
how past ice sheets and oceanic circulation interact since the Early Miocene. Of these sites, Sites U1524 
and U1525 obtained near-continuous high-resolution Plio-Pleistocene sedimentary records preserved on a 
continental rise levee system near the flank of the Hillary Canyon. However, the upper ∼50 m at Site U1525 
consists of mass transport deposits emplaced over the past ∼0.8 Ma as part of a large trough-mouth fan 
deposited to the west of the site (McKay et al., 2019c). The lower 100 m at Site U1525 and the entire 400 m 
of sediment at Site U1524 recovered near-continuous records of the downslope flow of Ross Sea Bottom 
Water and turbidity currents, alongside records of enhanced iceberg discharge over the site. The expanded 
sections at Sites U1524 and U1525 consist of finely laminated biogenic and terrigenous material delivered 
from the shelf to the rise, during Plio-Pleistocene glacial and interglacials, and representing unique records 
of processes from which we can study the ice sheet dynamics and variations in oceanic circulation. At Site 
U1524, most laminae are graded consistently with turbidity current deposition, whereas at Site U1525, 
laminae character is highly variable, and many contain sharp upper and lower contacts consistent with 
reworking/sediment winnowing by bottom currents. Despite the near complete sediment recovery in the 
piston cored intervals of Sites U1524 and U1525, the occurrence of hiatuses, low carbonate content, and 
highly reworked diatom material in some intervals hampers a confident detailed correlation between the 
sites (McKay et al., 2019a). The discovery of a well-preserved tephra layer in Site U1524 allows identifying 
intervals of interest in other cores from the Ross Sea to carry out ultra-high resolution geochemical and 
physical properties investigations and locate cryptotephra levels in sediment core records between the Ross 
Sea and the Amundsen Sea. The identification of cryptotephra layers would enable core-to-core correlations 
of past changes in ocean-ice interactions along the Pacific coastline of Antarctica.

Site U1524 was drilled on the continental rise (74°13.05′S, 173°37.98′W, 2394 m water depth) on the south-
eastern levee of the Hillary Canyon (Figure 1), one of the largest conduits of dense shelf water delivery from 
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the Antarctic continental shelf into the abyssal ocean where it forms the Antarctic Bottom Water (AABW). 
The scientific target for the deep-drilling site was the recovery of sediments of channel-overspill and drift 
deposits. It recovered a high-resolution Plio–Pleistocene turbidite record related to the cascading of Ross 
Sea Bottom Water (RSBW) down the Hillary Canyon, feeding the AABW, thus providing a reconstruction of 
this critical component of the global oceanic overturning circulation over much of the past ∼3.3 Ma (McKay 
et al., 2019a, 2019b, 2019c, 2019d). The ANtarctic DRILLing Project (ANDRILL) Site AND-1B previously 
recovered an exceptional Plio-Pleistocene record of ice sheet fluctuation over the continental shelf, along-
side volcanic activity in the McMurdo Sound region (Naish et al., 2009). Correlation to that site will allow 
for an unprecedented link between continental shelf processes and changing AABW flux into the deep 
ocean through this period. The overspill turbidites at Site U1524 are interbedded with periods of pelagic 
deposition that will enable proxy reconstructions of surface and bottom water properties and of circulation 
strength changes.

Site U1524 consists of three drill holes (U1524A, B, and C) at 2394 m water depth, with the deepest core 
recovered to a depth of 441.9 m below the seafloor at Hole U1524C and comprises upper Miocene to Pleis-
tocene sediments (Figure 2). Based on shipboard core description, the sequences were lithologically divided 
into three main units (I–III) each further sub-divided into subunits that mainly comprise diatom-bearing 
mud, diatom-rich mud, diatom ooze, sandy mud, and muddy diamictite (Figure 2). In general, the faci-
es architecture and assemblage of sequences recovered from the sites indicate pelagic sedimentation and 
re-deposition via turbidity currents (graded mm-scale silt/sand laminae), with a lesser influence of along-
slope current reworking (McKay et al., 2019a). Uppermost lithostratigraphic Unit I consists of ∼200 m of 
sediments dated to the late Pliocene to Pleistocene and includes unconsolidated massive to laminated dia-
tom-bearing/rich mud interbedded with muddy diatom ooze (Figure 2). Unit I is subdivided into three sub-
units (IA, IB, and IC). Subunit IA consists of ∼78 m of massive to laminated diatom-bearing to diatom-rich 
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Figure 1.  Bathymetric map of the Ross Sea area from IBCSO (Arndt et al., 2013). Locations of Site U1524 and the other 
sites from International Ocean Discovery Program (IODP) Expedition 374 sites are indicated with red dots. Nearby 
DSDP Leg 28 Sites 270–273 (white dots), and The ANtarctic DRILLing Project (ANDRILL) Cores AND-1 and AND-2 
(yellow dots) are also shown. In the red inset, the map with Site U1524 is reported. The figure is redrawn from McKay 
et al. (2019b).
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Figure 2.  (a) Lithostratigraphic column for Site U1524 with the position of studied tephra layer highlighted. (b) Core 
photographs of Section 374-U1524A-6H-2A and detail of the rhyolite tephra studied in this work. The scale is in cm.
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mud interbedded at the decimeter to meter scale with diatom-bearing/rich mud to sandy mud with dis-
persed clasts. Sand laminae and lenses are increasingly abundant toward the base of the unit (Figure 2). A 
20 cm-thick tephra layer (afterward named U1524 tephra) occurs in the core Section 6H-2A between 44.19 
and 43.99 m core depth below the seafloor, method A (CSF-A), hereafter referred to as m below the seafloor 
(mbsf) (Figure 2). The tephra has a sharp and irregular base, displays weak normal grading, and the up-
per boundary is gradational into overlaying mud (Figure 2). It is also located between two paleomagnetic 
reversals at 39.775 ± 0.125 mbsf and 61.415 ± 1.185 mbsf, interpreted during shipboard measurement to 
represent the base of the Cobb Mountain chron (1.221 Ma) and top of the Olduvai chron (1.775 Ma), re-
spectively (McKay et al., 2019b). Consequently, this tephra provides an important chronological constraint 
for Site U1524.

3.  Methods
Bulk tephra samples were described under a petrography microscope. Grain size analyses were carried out 
at one-ɸ intervals from 0 to 6 ɸ (ɸ = −log2D, where D is the particle diameter in millimeters) using mechan-
ical dry sieving. The main sedimentological parameters were calculated according to Inman (1952). Grain 
size fraction >250 μm was embedded using epoxy resin and polished for the analyses. A scanning electron 
microscope (SEM) Zeiss EVO 10 MA at the Istituto Nazionale di Geofisica e Vulcanologia, Sezione di Pisa 
(INGV-Pisa) laboratories was used to describe volcanic textures, and an Oxford Si(Li) energy-dispersive 
X-ray detector (EDS) was also used to determine mineral phase compositions.

Major-element analyses of mineral and glass samples were undertaken on a JEOL JXA 8230 electron probe 
microanalyzer (EPMA) at Victoria University of Wellington using wavelength dispersive spectrometry tech-
niques. Operating conditions were 15 kV with 8 nA with a defocused 10-μm beam for glass with reduced 
count times for Na to minimize alkali loss. Calibrated international standards including ATHO-G, T1-G 
(Jochum et al., 2006), and VG-568 (USNM 72854) were analyzed as unknowns to monitor instrumental 
drift as well as the precision and accuracy of the analyses. Approximate 2 SD precisions calculated from 
repeated analyses of calibrated standards are generally <5 relative % for oxides that occur in concentra-
tions of >1 wt% (Data Set S1). The trace-element concentrations were determined on single glass shards by 
Laser Ablation Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS) at the Università di Perugia, 
Dipartimento di Fisica e Geologia. The analyses were carried out with a Teledyne Photon Machine G2 
laser ablation system coupled to a Thermo Fisher Scientific iCAP-Q, quadrupole based, ICP-MS (Petrelli 
et  al.,  2008;  2016a;  2016b). The LA-ICP-MS operating conditions were optimized before each analytical 
session by continuous ablation of NIST SRM 612 glass reference material (Pearce et al., 1997) to provide 
maximum signal intensity and stability for the ions of interest while suppressing oxides formation (ThO+/
Th+ below 0.5%). The U/Th ratio was also monitored and maintained close to 1. The stability of the system 
was evaluated on 139La, 208Pb, 232Th, and 238U by a short-term stability test. It consisted of 5 acquisitions 
(one minute each) on a linear scan of NIST SRM 612 glass reference material (Petrelli et al., 2016a; 2016b). 
Tephra glasses were analyzed by using a circular laser beam with a diameter of 20 or 30 μm, a frequen-
cy of 10  Hz, and an energy density at the sample surface of 3.5  J/cm2. NIST SRM 610 reference mate-
rial (Pearce et  al.,  1997) was used as the calibrator and 29Si as the internal standard. USGS BCR2G ref-
erence material was analyzed as unknown to provide quality control (Jochum et al., 2005). Under these 
operating conditions, precision and accuracy are better than 10% for all the investigated elements (Petrelli 
et al., 2008; 2016a; 2016b) (Data Set S2).

Separation of sanidine grains >250 μm was obtained by densimetric separation using heavy liquids (lithium 
heteropolytungstates) diluted at 2.65 g/cm3 at INGV-Pisa sedimentology laboratory. Quartz crystals were 
separated from sanidine by handpicking.

40Ar-39Ar analyses of sanidine extracted from the tephra layer were completed at IGG-CNR (Pisa). The 
separate (grain size ≥250 μm) was leached in an ultrasonic bath at room temperature for a few minutes in 
diluted HF (7%) and was then wrapped in aluminum foil and irradiated for 8 h in the core of the TRIGA 
reactor at the University of Pavia (Italy) along with the monitor Alder Creek sanidine (ACs). Single grains 
of alkali feldspar were placed into 1.5-mm diameter holes whereas multigrain fractions were spread onto 
the bottom of 3- or 6-mm diameter holes of copper holders, loaded into a vacuum chamber comprising a 
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laser port consisting of a ZnSe window fitted with a differentially pumped flange, and baked for 12 h at 
150°C. Total fusion experiments were performed using a CO2 laser beam (New Wave Research MIR10–30 
CO2 laser system) defocused to a ∼1 mm spot size. Step-heating experiments were completed on 3 multi-
grain aliquots, ranging in weight from ∼3 to ∼8 mg, with the laser beam defocused to 2-mm spot size and 
slowly rastered over the samples. Steps were carried out at increasing laser power until complete melting. 
Extracted gases were purified in a low volume stainless steel inlet system for 4 min (including 30 s of la-
sering), using three SAES NP10 getters (one, water-cooled, held at ∼400°C and two at room temperature). 
Ar isotope measurements were performed simultaneously in static mode using an ARGUS VI™ (Thermo 
Fisher Scientific) multicollector mass spectrometer. 36Ar was measured using a Compact Discrete Dynode 
(CDD) detector and the remaining Ar isotopes using Faraday detectors, equipped with 1012 Ω resistors for 
40Ar and 38Ar and 1013 Ω resistors for 39Ar and 37Ar. Faraday detectors were cross-calibrated for the slight 
offset with ∼3,000 fA air shots. The CDD was calibrated daily for its yield by measuring four to six air pi-
pettes before the first analysis. Mass discrimination was determined through an automated pipette system 
before and after samples analyses and ranged from 1.00153 ± 0.00012 to 1.00293 ± 0.00010 atomic mass 
unit (±1σ). Blanks were monitored generally every two runs and were subtracted from succeeding sample 
results (Data Set S3). Based on the daily reproducibility of line blanks, a minimum uncertainty of 1% and 
2% were applied to masses 40Ar and 36Ar, respectively. The correction factors for interfering isotopes from 
K and Ca were based on determinations on K-rich and Ca-rich glasses (uncertainties ±1σ): (40Ar/39Ar)
K = 0.00982 ± 0.00021 (38Ar/39Ar)K = 0.01266 ± 0.00013 (39Ar/37Ar)Ca = 0.000697 ± 0.000022 and (36Ar/37Ar)
Ca = 0.000266 ± 0.000021. Uncertainties on total gas ages, on error-weighted mean ages and on ages derived 
from isochron plots also include the uncertainty in the fluence monitor and are given at 2σ. Ages were 
calculated relative to an ACs age of 1.1848 Ma (Niespolo et al., 2017), using decay constants recalculated 
by Min et al. (2000) and an atmospheric 40Ar/36Ar ratio of 298.56 ± 0.31 (Lee et al., 2006). Ar isotope con-
centrations are reported in Data Set S3 as relative abundances and have been corrected for blank, mass 
discrimination, and radioactive decay. More details about mass spectrometer calibration and analysis can 
be found in Di Vincenzo et al. (2021).

4.  Results
4.1.  Texture, Mineral Assemblage, and Glass Geochemistry

As mentioned above the tephra has a sharp and irregular base and the upper boundary is gradational into 
overlaying mud (Figure 2). Tephra consists of massive and faint laminated, very well-sorted, very fine ash 
(Mdɸ = 3.15, σɸ = 0.97). Particles forming the tephra layer span the entire range of shapes and vesicularity 
and include (a) highly vesicular, frothy vesicular near-clear to light gray-greenish <1 mm pumice fragments 
(Figures 3a and 3b), (b) fibrous pumice fragments with tubular vesicles (Figures 3c and 3d), and (c) platy 
glass shard with flat surfaces, y-shaped shards and blocky shards (Figures 3c and 3d). In general, the glass 
fragments are microlite-free except for rare, <100 μm sanidine and quartz microlites (Figures 3e and 3f). 
The tephra contains abundant euhedral to subhedral crystals of sanidine and quartz <500 μm (mean size 
<250 μm). Rare, <500 μm crystals of amphiboles occur and in particular euhedral crystals of aenigmatite, 
and anhedral often reabsorbed crystals of an amphibole belonging to the arfvedsonite-riebeckite series. 
Crystals of Fe-Ti oxide (ilmenite) and apatite of a few microns also occur (Figure 3). Lithic fragments are 
rare and consist of granite, dark holocrystalline volcanic rocks, and altered tuffs.

Glass shards have a very homogeneous rhyolite composition (Figure 4) with an average SiO2 = 74.87 wt. 
% (±0.18, SD), K2O+Na2O = 9.45 wt. % (±0.22, SD). Their peralkalinity indices (P.I. = [mol (Na + K)/Al]) 
range from 0.93 to 1.32, and glasses plot across the border between the comendite and pantellerite fields in 
the classification diagram of MacDonald (1974) (Figure 5). FeO and CaO contents are 4.33 wt. % (±0.17 SD) 
and 0.19 wt. % (±0.01 SD), respectively. No significant variations occur in other major and minor oxides. Av-
erage major, minor (recalculated to 100 wt. % anhydrous) and trace element glass compositions are reported 
in Table 1, and the full geochemical data set is reported in Data Set S1 and S2.

Figure 5 reports the primordial mantle normalized diagram (McDonough & Sun, 1995) for a large number 
(i.e., 27) of trace elements for the studied U1524 tephra and the range of the LA-ICP-MS analyses reported 
as vertical error bar. Based on Figure 5, it emerges that trace elements in the U1524 tephra are enriched by 
a factor of ca. 50–100 to the primordial mantle. As a general trend, it is possible to observe a continuous 
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decrease in the enrichment values by progressively passing from Cs to Lu. Exceptions are Ba, Sr, Eu, and Ti, 
highlighting negative anomalies when compared with the other trace elements. In details, Eu is enriched 
by a factor of ∼10, Ba and Ti values are in agreement with primordial mantle values, and Sr is depleted by 
a factor of ∼7 (Figure 5).

4.2.  40Ar-39Ar Geochronology: Results and Interpretation

A total of 49 grains, corresponding approximately to ∼2 mg of sanidine separate, were individually analyz-
ed by the total fusion technique. Given the small grain size of the mineral separate (mostly around a few 
hundreds of micrometers in size), the step-heating technique was not applied on individual grains. Total 
fusion data yielded ages defining a relatively wide and significant age interval, ranging at face value from 
∼1.24 to ∼1.44 Ma, and characterized by a nearly continuous variation (Figure 6a). Even excluding the 
two analyses yielding the oldest ages (>1.4 Ma), the probability that data belong to the same population of 
ages is less than 0.001. The cumulative probability plot (Figure 6a) reveals discernible peaks at ∼1.28, 1.32, 
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Figure 3.  Optical and Scanning Electron Microscope (SEM) images of the studied tephra. (a–b) optical microscope 
photographs of glass shard textures with poorly vesicular blocky glass shards, cuspate and platy bubble wall, and 
pumiceous clast with tubular vesicles (c–d) SEM images of pumiceous moderate to highly vesicular pumice fragments 
with foamy to tubular texture. (e) pumice fragments including a subhedral ca. 100 μm microlites of sanidine and (f) 
quartz.
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Figure 4.  (a) Total alkali versus silica plot (after LeBas et al., 1986) showing the composition of the studied tephras. 
All data are normalized to anhydrous compositions. (b) Inset of the total alkali versus silica plot showing the 
narrow compositional range of the U1524 tephra in comparison to other regional tephras. Geochemical data: Hallett 
Volcanic Province (VP) - Aviado et al. (2015); Harrington et al. (1967); Hamilton (1972); Kyle (1990); Hornig and 
Wörner (1991); Mortimer et al. (2007); Nardini et al. (2009); Panter et al. (2018); Rocholl et al. (1995). Melbourne 
VP: Armienti and Tripodo (1991); Armienti et al., (1991); Beccaluva et al., (1991); Hornig and Wörner (1991); Kim 
et al., (2019); Kyle (1982, 1986, 1990); Müller et al., (1991); Nardini et al., (2009); Noll (1985); Worner et al., (1989); 
Rocchi and Smellie (2021). Rocholl et al., (1995). Erebus VP: Aviado et al. (2015); Cooper et al. (2007); Ellerman and 
Kyle (1990); Forbes and Kuno (1965); Goldich et al. (1975); Iacovino (2014); Kelly et al. (2008); Kyle (1976, 1990); Kyle 
et al. (1979); Lee et al. (2015); LeMasurier and Thomson (1990); Martin et al. (2010; 2013); Muncy (1979); Phillips 
et al. (2018); Rasmussen et al. (2017); Scanlan (2008); Stuckless and Ericksen (1976); Sullivan (2006); Timms (2006); 
Wright-Grassham (1987).
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1.35, and 1.43 Ma. However, the 26 youngest age data are indistinguishable within analytical uncertainties 
and yield a weighted mean age of 1.2826 ± 0.0080 Ma (±2σ–MSWD, mean squared of weighted deviates, 
of 1.35, probability of 0.11). In a 36Ar/40Ar versus 39Ar/40Ar isochron diagram (Figure S1), these data yield 
a regression line (MSWD = 1.4, probability 0.09) with an intercept age of 1.282 ± 0.012 Ma and a 40Ar/36Ar 
y-intercept of 302 ± 21. The overall grain to grain heterogeneity in age revealed by total fusion analysis of 
individual grains may arise from true sample heterogeneity, due to a diachronous population of grains and/
or to heterogeneous distribution of excess Ar (parentless 40Ar) hosted in fluid and/or in melt inclusions and 
producing meaningless older ages. Alternatively, in light of the small sizes of the grains investigated and of 
the consequent small ion beams analyzed, the scatter could also arise from inaccurate blank correction and 
consequently from underestimated uncertainties.

In order to clarify the causes of inter-grain age heterogeneity revealed by the total fusion technique, three 
aliquots consisting of some milligrams of sanidine separate were analyzed through the laser step-heating 
technique. All the three experiments gave internally discordant age profiles (Figure 6b), with anomalously 
old ages at low and high [only for aliquots (2) and (3)] temperatures. The minimum of the saddle is defined 
by: a single step in aliquot (a), yielding an age of 1.306 ± 0.004 Ma (±2σ); two consecutive steps in aliquot 
(b), yielding a mean age of 1.2997 ± 0.0041 Ma (±2σ); four consecutive steps in aliquot (3), yielding a mean 
age of 1.3009 ± 0.0029 Ma (±2σ). Saddle-shaped age spectra like those obtained from step-heating exper-
iments from the present study may be diagnostic of excess Ar, likely hosted in fluid inclusions (e.g., Esser 
et al., 1997; Lanphere & Darlymple, 1976; Wartho et al., 1996), with the implication that conservatively 
speaking, the minima of the saddle should be taken as maximum age estimates. In light of (a) 40Ar-39Ar 
results from single-grain total fusion analyses, (b) the lack of a positive correlation between radiogenic Ar 
contents and ages, (c) the shape of the age spectra derived from step-heating analyses and (d) the inter-grain 
chemical homogeneity revealed by SEM-EDS chemical data, we concluded that sanidine crystals are het-
erogeneously contaminated by an excess Ar component, likely hosted in fluid inclusions, and we consider 
the isochron age of 1.282 ± 0.012 Ma derived from data of the youngest sanidine grains our best estimate 
for the age of U1524A tephra.

5.  Discussion
Features of the U1524A tephra such as stratigraphic relationships with embedded sediments, thickness, 
sedimentological features, volcanic particle morphology, the extremely homogeneous geochemical com-
position, and absence of detrital material indicate that this layer is primary and was likely deposited by 
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Figure 5.  Primordial mantle normalized (after McDonough & Sun, 1995) trace element profile of mean glass composition of U1524 tephra. The full range of 
the analyses is reported as vertical error (blue bar). Representative trace elements analyses from Chang Peak (samples 32 and 32A) and Toney Maintain (sample 
76D) samples are also reported for comparison. Data from LeMasurier and Thomson (1990).
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fallout during an eruption of considerable intensity. The 40Ar-39Ar age 
determined on sanidine crystals in the tephra is 1.2842 ± 0.012 Ma and 
is in excellent agreement with the paleomagnetic age data. In fact, the 
core (6H) where the tephra was found, is chronologically constrained be-
tween two paleomagnetic ages of 1.221 Ma at 39.775 mbsf (4.315 m above 
the tephra), and 1.775  Ma at 61.415 mbsf (c. 17  m below the tephra), 
respectively (McKay et al., 2019a). Based purely on the interpolation of 
a linear sedimentation rate of 36.49  m/Ma, using these paleomagnetic 
constraints, the age at ∼44.09 mbsf (midpoint of the tephra) is calculated 
at c. 1.3 Ma. This age is highly consistent with the 40Ar-39Ar age, and also 
provides a tie-point to help constrain a subtle increase in sedimentation 
rate downcore, which is also consistent with a general downcore increase 
in sedimentation rate in Site U1524 through the late Pliocene to Pleisto-
cene (McKay et al., 2019a).

5.1.  Origin of U1524 Tephra

Site U1524A is at least 500–700 km away from the volcanoes of the Hal-
lett, Erebus, and Melbourne Volcanic Provinces of the McMurdo Volcan-
ic Group and c. 1,000–1,700 km away from volcanoes of the Marie Byrd 
Land volcanic province (Figure 7). Even if the tephra could be slightly 
overthickened a rather high-intensity Plinian explosive eruption is nec-
essary to produce an ash layer with this thickness, grain size, and over-
all sedimentological features at such a considerable distance from these 
sources and in such deep waters. For these reasons, the volcanic source 
for the studied tephra was searched among those volcanoes of the Erebus, 
Melbourne, Hallett, and Marie Byrd Land volcanic provinces, which were 
active during the middle-late Pleistocene, had deposits compatible with 
a Plinian-type eruption and a rhyolitic composition. An extra-Antarctic 
origin of the tephra (e.g., New Zealand or southern South American vol-
canoes) is highly unlikely due to the relevant grainsize and thickness of 
the tephra layer. For example, the ash from the Oruanui supereruption 
from Taupo (25,580 ± 258 cal. a BP) recently identified in the WDC06A 
ice core from central West Antarctica, has particles <20–30  μm in di-
ameter and occur in the form of thin cryptotephra (Dunbar et al. 2017). 
This shows that even the largest class of non-Antarctic volcanic explosive 
eruption is capable of delivering only fine-grained particles with relative-
ly low concentration in geologic records of Antarctica. Conversely, the 
possibility that the volcanic source that produced the tephra is no longer 
visible, dismantled and/or covered by ice cannot be ruled out. We have 
compared the composition of tephra glass with the composition of Qua-
ternary (Pleistocene) volcanic rock from the Erebus, Melbourne, Hallett, 
and Marie Byrd Land volcanic provinces and with tephra found in Ant-
arctic ice cores, marine sediments, blue ice, and continental outcrops in 
Antarctica (database published by Del Carlo et al., 2018).

Rocks with rhyolitic compositions are quite rare in Antarctica. No rhyo-
litic products have been erupted during the Pleistocene by volcanoes of 
the Hallett, Erebus, and Melbourne Volcanic Province of the McMurdo 
Volcanic Group. Rhyolites have been erupted only by Mount Morning of 
the Erebus Volcanic Province during the earlier, mildly alkaline eruptive 
phase and crop out at Castle and Gandalf Ridge and Pinnacle Valley (Mar-
tin et al., 2010). However, these products have been dated by 40Ar/39Ar at 
15.4  ±  0.1  Ma (sample OU 78508 of Martin et  al.,  2010) and thus are 
considerably older than the tephra layer studied here. Similarly, in the 
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U1524 tephra Chang peak
Toney 

mountain

32A 32
32A 

(glass) 76D

WDS XRF XRF WDS XRF

n 40 st.dev (2σ) 12

SiO2 74.86 0.18 71.69 72.8 72.32 72.26

TiO2 0.17 0.01 0.25 0.18 0.16

Al2O3 10.59 0.08 10.79 10.62 9.00 12.54

FeOt 4.33 0.17 4.62 3.76 5.32 1.87

MnO 0.07 0.02 0.10 0.06 1.70

MgO 0.003 0.005 2.04 0.11 0.07

CaO 0.19 0.01 0.77 0.22 0.09

Na2O 5.33 0.19 5.51 5.01 4.58 0.27

K2O 4.12 0.11 4.56 4.38 4.57 6.11

P2O5 0.02 4.21

Cl 0.34 0.01 0.24 0.02

LOI 0.56 0.42

Total 100.00 100.91 97.14 96.04 99.72

LA-ICP-MS

n 103 st.dev (2σ)

Li 185 34

Be 20 3

Sc 17 3

V 4 5 7

Cr 9 0 6

Co 3 0 0

Ni 8 3 8

Cu 5 2 7 0 4

Zn 358 273 396

Ga 45 9 37 35 44

Rb 438 76 315 341 420

Sr 3 1 13 10 4

Y 204 8 217 170 13

Zr 2209 213 2086 1,557 2198

Nb 295 42 286 219 424

Cs 23 4

Ba 9 3 64 22 12

La 178 25 214 142 137

Ce 369 21 473 291 324

Pr 42 2

Nd 176 22

Sm 41 7

Table 1 
Representative Major and Trace Elements Glass Composition From the 
U1524 Tephra, Chang Peak and Toney Mountain Samples
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Melbourne Volcanic Province rhyolite rocks have been produced in the 
Malta Plateau volcanic complex (Hornig et al., 1991; Müller et al., 1991; 
Rocholl et al.,  1995), at Mount Noice in the Mount Rittmann complex 
(Armienti & Tripodo, 1991), and Mount Overlord (Noll, 1985). Rhyolite at 
Malta Plateau yields K-Ar ages older than c. 6.7 Ma (Müller et al., 1991), 
and peralkaline rhyolites on the Mount Overlord Complex are as old as c. 
7.2 Ma, obtained from four K-Ar dates (Armstrong, 1978), thus again they 
are much older than the age of the U1524 tephra layer.

The Marie Byrd Land volcanic province includes 18 major volcanic 
centers that have been active since c. 34  Ma (Rocchi et  al.,  2006) and, 
among these Mount Siple (2.0–0.0  Ma), Mount Berlin (2.7–0.1  Ma), 
Mount Moulton (3.9–1.0 Ma), Mount Waesche (2.0–1.1 Ma), Boyd Ridge 
(2.7–1.0 Ma), and Mount Frakes (1.6–0.03 Ma) have been active in the 
considered time interval (Paulsen & Wilson, 2010). Rhyolite is a rare oc-
currence also in the Marie Byrd Land Volcanic Province and crops out at 
Chang Peak volcano (comendite glass and comendite vitrophyre samples 
32 and 32A; LeMasurier & Thomson, 1990), at Toney Mountain (comen-
dite vitrophyre 76D; LeMasurier & Thomson, 1990), at Ames Range (pan-
tellerite AR42A; LeMasurier et al., 2011), at Mount Hartigan (comendite 
and rhyolite 43A and 47; LeMasurier & Rex, 1989), and Mount Moulton 
(pantellerite 2A, 67-2A). Among these, only comendite samples at Toney 
Mountain and Chang Peak are compatible in age with the U1524 tephra. 
The first has a K-Ar age of 1 ± 0.2 Ma (LeMasurier & Thomson, 1990) 
and the second is dated at 1.6 ± 0.2 Ma using the K-Ar method (sam-
ple 32A of LeMasurier & Rex, 1989). Recently, 40Ar-39Ar analyses were 
determined on single sanidine crystals from rare rhyolite exposures at 
Chang Peak and Mount Waesche volcanic centers. They yielded an age 
of 1.315 ± 0.007 Ma for a pumice sample MB.7.3 (prior-published age of 

1.6 ± 0.2 Ma, sample 32A of LeMasurier & Rex, 1989), and of 1.385 ± 0.003 Ma for a second sample (MB.8.1) 
consisting of a porphyritic cryptocrystalline lava (Iverson et al., 2021).

From a geochemical perspective, the major element glass composition of rhyolites from Mount Toney and 
Chang Peak volcanoes is very similar to that of U1524 tephra. As shown in Figure 5, the available trace 
elements signature for Chang Peak and Toney Mountain both have a similar composition to that of the 
U1524 tephra. Figure 8 shows binary diagrams for selected trace elements (i.e., Th, Y, Nb, and Ce that are 
available for both Chang Peak and Toney Mountain), plotted against Zr (taken as differentiation index) 
from a vast array of available literature for the Hallett, Erebus, Melbourne, and Marie Byrd Land Volcan-
ic Provinces (Armienti & Tripodo, 1991; Armienti et al., 1991; Aviado et al., 2015; Beccaluva et al., 1991; 
Cooper et al., 2007; Ellerman & Kyle, 1990; Forbes & Kuno, 1965; Goldich et al., 1975; Hamilton 1972; 
Harrington et al., 1967; Hart et al., 1997; Hole & LeMasurier 1994; Hornig & Wörner, 1991; Iacovino 2014; 
Kelly et al., 2008; Kim et al., 2019; Kyle 1976, 1982, 1986, 1990; Kyle et al., 1979; Lee et al., 2015; LeMasur-
ier & Thomson 1990; LeMasurier et al., 2011, 2018; Martin et al., 2010, 2013, Mortimer et al. 2007; Müller 
et al., 1991; Muncy 1979; Nardini et al., 2009; Noll 1985; Panter et al., 1997, 2000, 2018; Phillips et al., 2018; 
Rasmussen et  al.,  2017; Rocchi & Smellie,  2021; Rocholl et  al.,  1995; Scanlan  2008; Stuckless & Erick-
sen,  1976; Sullivan  2006; Timms  2006; Worner et  al.,  1989; Wright-Grassham,  1987). The trace element 
distribution diagrams highlight that the U1524 tephra is at the extreme bound for incompatible trace el-
ement enrichments in the investigated compositions but in good statistical agreement with the few data 
available for Chang Peak. The Toney Mountain trace element signature is also in statistical agreement with 
the U1524 tephra (Figures 5 and 8) with the exceptions being Nb and Y which are slightly more enriched 
than the U1524 tephra.

Some differences exist between the mineralogy of the U1524 tephra and comendite vitrophyre 76D of 
Mount Toney. The comendite sample at Mount Toney contains phenocrysts of alkali feldspar and brown 
amphibole but no quartz is reported. This sample should be discarded as a potential proximal counterpart 
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Table 1 
Continued

U1524 tephra Chang peak
Toney 

mountain

32A 32
32A 

(glass) 76D

WDS XRF XRF WDS XRF

n 40 st.dev (2σ) 12

Eu 2.1 0.4

Gd 34 6

Tb 5.6 0.6

Dy 37 2

Ho 8.1 0.8

Er 24 3

Tm 3 0.6

Yb 21 4

Lu 3 0.4

Hf 52 3

Ta 19 1

Pb 87 10 57 53 53

Th 73 12 55 51 65

U 22 4 13 11 13
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because the U1524 tephra is rich in quartz. Conversely, Chang Peak sam-
ples include an aphyric comendite pumice (32) and a comenditic vitro-
phyre (32A) bearing phenocrysts of quartz, alkali feldspar, ilmenite, and 
aenigmatite (LeMasurier & Thomson,  1990). The Chang Peak volcano 
samples are described in LeMasurier and Thomson (1990). These are re-
trieved from the only two existing exposures, both on the caldera rim and 
both offering only a limited range of sampling that consist of a massive, 
saccharoidal rhyolite, and a coarse-grained Plinian fall deposit formed of 
weakly lithified rhyolitic pumice (LeMasurier & Rex, 1989; LeMasurier 
& Thomson, 1990).

Based on major and trace elements glass compositions, petrographic fea-
tures, and age, the sample that represents the best candidate for the prox-
imal deposit of the tephra studied here is the 32A rhyolite (or MB.7.3 of 
Iverson et al. 2021) sampled on the caldera rim of Chang Peak volcano. 
Note, however, that 40Ar-39Ar data reported by Iverson et al. (2021) are in 
a meeting abstract, and consequently a more rigorous comparison with 
our Ar data from the U1524 tephra is currently precluded.

The volcanic structure of the Chang Peak volcano also agrees well with 
the occurrence of a high-magnitude Plinian eruption such as the one that 
generated the marine tephra. The Chang Peak volcano is truncated by a 
10-km-wide caldera. This type of volcanic structure forms under various 
tectono-magmatic conditions but is often associated with catastrophic ig-
nimbrite-forming explosive events (Acocella 2007). We thus suggest that 
the U1524 tephra may be the distal fallout deposits of a Calabrian age ma-
jor caldera-forming eruption at Chang Peak volcano, 1.282 ± 0.012 Ma 
ago. Volcanic activity resumed in the same area approximately at c. 1 Ma, 
c. 0.3  Ma later, with the formation of Mount Waesche shield volcano 
that lies on the south rim of Chang Peak volcano (LeMasurier & Thom-
son, 1990) and possibly continued until recent times ( Le Masurier, 1972).

5.2.  Paleoenvironmental Significance of U1524 Tephra

Given the thickness of this tephra (20 cm), it ought to be present in other 
sediments and possibly in deep ice core records in the area; however, so 
far it has not been identified at other drilling sites.

Coeval sediment is eroded at many sites on the Ross Sea continental shelf, 
including IODP Site U1521 (McKay et  al.  2019a), DSDP Sites 270–273 
(Hayes & Frakes, 1975), Cape Roberts Project Sites CRP-1 and CPR-2/2A, 
and ANDRILL Site AND-1B (Naish et  al.,  2009). At IODP Site U1522, 
recovery was only 11.5% over the 200-m interval dated to the Pleistocene, 
so even if the tephra was deposited at the location, it was not recovered 
during coring operations. Site U1523 is located on the outer continental 
shelf on the southeastern flank of Iselin Bank; in the sediments recov-
ered at this site, between 19 and 33 cm in the U1523A-3H-1 core section 

(corresponding to 18.19–18.33 m CSF-A), clear glass shards and pumiceous fragments occur mixed with fo-
ramimifers, diatoms, and silt/clay particles. This volcanoclastic layer shows signs of reworking (e.g. erosive 
base, mud chips, etc.) but the XRF core logger data signature is similar to that of the U1524 tephra, which 
shows Si and Zr enrichment and Ba and Ti depletion. The age of this interval is also broadly compatible 
(early Pleistocene) with that of U1524 tephra (McKay et al., 2019c). We thus argue that the volcanoclastic 
layer at Site U1523 could be the reworked counterpart of U1524 tephra.

Site U1525 is located upslope of Site U1524 on the southeastern levee of Hillary Canyon. Despite being in 
a similar depositional setting, there is no evidence of the tephra at this site. While recovery is very good, it 
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Figure 6.  (a) Cumulative probability and ranked distribution of 40Ar-
39Ar ages from total fusion experiments on individual sanidine grains. 
Bars are 2σ analytical uncertainties. (b) Age release spectra of three 
multigrain aliquots of alkali feldspar. Box heights indicate the 2σ analytical 
uncertainty.
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is possible that the tephra is present in the sediment at this site but fell within a gap between cores and so 
was not recovered. Sediment at Site U1523 and U1525 also shows evidence of reworking by bottom cur-
rents (McKay et al., 2019d) so it is possible that the tephra may have been deposited but then removed via 
these currents. Unfortunately, this hampered the correlation between the different drilling sites and also 
the more detailed reconstruction of tephra dispersal and deposit parameters that would have been useful 
in reconstructing source eruption volcanic parameters and eruption dynamics. A careful check of sediment 
geochemical composition at Site U1525 will potentially reveal the occurrence of dispersed volcaniclastic 
materials and cryptotephra with composition matching with that of U1254 tephra and will be targeted in 
future work.

Conversely, since tephra grains are transported as suspended particles by winds, the tephra dispersal could 
help reconstruct past climatic conditions and in particular past atmospheric circulation patterns of Antarc-
tica (Narcisi et al., 2005). The identification of such thick tephra at Site U1524, west of the inferred source 
in the Marie Byrd Land, is indicative of westward atmospheric circulation at the moment of the tephra 
dispersal. Atmospheric near-surface winds from ERA5 reanalysis (Hersbach et al., 2020) show that part of 
the ash produced in the Chang Peak volcanic eruption in the Marie Byrd Land that falls toward the surface 
can be transported and deposited at Site U1524 (Figure  9). During the austral summer, Easterly winds, 
blowing westward, provide two different atmospheric transport pathways, (a) a southward branch through 
Sipple Coast, and (b) a northward branch along Mary Byrd Land coastal area, both sustained by katabatic 
winds (Figure 9a). This second pathway almost contracts during austral winter when Westerlies strengthen 
and Easterlies shift toward Antarctica (Figure 9b). Westward atmospheric flow is consistent with Mezgec 
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Figure 7.  Bathymetric map of the Ross Sea area with included sites drilled during the International Ocean Discovery Program (IODP) Expedition 374 
and main volcanic structure discussed in the text (red triangles) and Chang Peak volcano (green triangle). Ross Sea bathymetry is from the International 
Bathymetric Chart of the Southern Ocean (Arndt et al., 2013).
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Figure 8.  Binary variation diagrams for selected trace elements (Th, Y, Nb, and Ce) plotted against Zr, taken as 
differentiation index of U1524 tephra compared to trace elements composition compared of volcanic rocks available for 
Erebus, Hallett, Melbourne, and Marie Byrd land (see Figure 4 for data references) volcanic provinces including Chang 
Peak (red diamond) and Toney Mountain rocks (green square).

Figure 9.  Near-surface winds (10 meters) circulation averaged over 2000–2019 for (a) January (peak of austral summer) and (b) July (peak of austral winter). 
Color scale corresponds to the 10-m wind speed in m/s. Bathymetry is from IBCSO (Arndt et al., 2013) and ice sheet surface elevation is from BedMap2 
(Fretwell et al., 2013). Black dots indicate IODP Exp. 374 sites, DSDP drilling sites and ANDRILL sites as of Figure 1. Site U1524 is shown in yellow and Chang 
Peak is shown as a green triangle.
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et al.  (2017) back trajectory analysis showing that particles from the Western Ross Sea could end up on 
the East Antarctic plateau. Last Glacial Maximum (LGM, c. 21 ka) and Last Great Interglacial (LIG, peak 
at ∼127 ka) atmospheric circulation (Figure S2) show that ash transport from the Marie Byrd Land to Site 
U1524 could occur in a similar way today.

Sea ice drift is another way to indirectly convey ash from the Amundsen Sea to the Ross Sea. The ice drift 
is wind-driven and the winter cyclonic conditions that develop over the Amundsen Sea are favorable to a 
westward coastal sea ice drift toward the Ross Sea (Figure 9b.). However, the occurrence of sea ice would 
mostly prevent direct deposition of ash through the water column at a particular site and cannot explain 
the primary characters of the studied tephra (thickness, structure, etc) at Site U1524. Therefore, we suggest 
that the tephra deposition occurred during a warming phase when sea ice was seasonal and the ice sheet 
grounding line likely retreated southward from the continental shelf edge. Thus, most of the tephra could 
have been deposited during austral summer when Easterlies blew from Marie Byrd Land to the Ross Sea. 
We argue a predominately atmospheric transport pathway, with minimal evidence of substantial reworking 
by ocean currents. In fact, after the rapid fall out of the heavy ash load, across the upper water layers (with 
relatively high-speed westward Antarctic Slope Current), the ash settled down to the sea-floor and was not 
reworked because the currents bottom velocity is almost null at Site U1524. However, localized oceanic 
currents or vertical plume processes (see Manville & Wilson, 2004) could act to focus sedimentation and 
enhance the thickness of the tephra layer at Site U1524. The plume mechanism implies a large volume of 
tephra, originated from a highly explosive eruption, transported westward from the Marie Byrd Land, and 
deposited rapidly as fall-out settling at Site U1524. This hypothesis fits well with the tephra geochemical 
and sedimentological interpretations. At other sites, this tephra may be dispersed over a wider area directly 
by oceanic bottom currents reworking. In the future, the U1524 tephra could be of critical importance to 
compare and correlate the timing of climatic fluctuation between the continental and marine realms. From 
the perspective of future deep ice drillings aimed at recovering ice records up to 1.5 million years old ice 
(see Beyond EPICA project), or from “snaphot” records of multimillion-year-old from horizontal ice cores 
from blue ice areas (c.f. Yan et al., 2019), the tephra could offer an exceptional possibility of dating and of 
synchronizing ice sequences with the marine environment.

6.  Conclusion
We report a discrete, lower Pleistocene rhyolitic tephra layer found at 43.99 mbsf intercalated in the sedi-
mentary sequence recovered at Site U1524 during IODP Expedition 374, in the Ross Sea. The geochemical 
composition including the peralkaline nature of the volcanic glass and the high iron content, point to an 
origin from volcanoes of Western Antarctica and more precisely from the Marie Byrd Land region. 40Ar-39Ar 
data, based on both single grain total fusion analyses and multigrain step-heating analyses on sanidine 
crystals extracted from the tephra, suggest an eruption age of 1.282 ± 0.012 Ma, which is consistent with the 
paleomagnetic age constraints of Site U1524. By integrating petrographic and geochemical data with age 
constraints we correlated this tephra to rhyolitic Plinian fallout deposits exposed on the rim of the 10-km-
wide Chang Peak caldera volcano, in the Marie Byrd Land, as far as c. 1,300 km from Site U1524.

Our findings represent one of the few cases in which a marine tephra layer is correlated with reasonable 
certainty to its source volcano in Antarctica, offering important volcanological data on the (a) the eruptive 
history of the poorly known Chang Peak alkaline volcano in Marie Byrd Land, (b) the intensity of the erup-
tion that generated it and (c) the potential impact of such major eruptions on Antarctic ice sheet.

This tephra provides an important chronological marker for the early Pleistocene in the Ross Sea area con-
sidering its far-traveled nature and thickness. It, therefore, represents a critical marker to correlate and 
synchronize coeval records of the Ross Sea, the neighboring Amundsen Sea, and the Western Antarctica 
continental records. In fact, because the tephra was deposited far from the volcanic source both in the con-
tinental and deep marine realms it can be used as a key horizon to synchronize and correlate paleoclimatic 
records resulting in a better understanding of the synchronicity/asynchronicity between marine and terres-
trial climate change in Antarctica.

From the perspective of future deep ice drillings aimed at recovering ice records up to 1.5 million years old 
(see Beyond EPICA project), or snapshot ice cores records of ancient ice from blue ice areas, the tephra 
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offers an exceptional possibility of precisely and independently dating the continental ice sequences and of 
synchronizing them with records from the marine environment.

Data Availability Statement
Major-element data of single glass shards (Data Set  S1) are available at https://doi.pangaea.de/10.1594/
PANGAEA.933364. The trace-element concentrations including the analysis of the USGS BCR2G standard 
used to provide the instrument quality control at https://doi.org/10.1594/PANGAEA.933481 (Data Set S2). 
40Ar-39Ar total fusion data are available at https://doi.org/10.1594/PANGAEA.933421 (Data Set S3).
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