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ABSTRACT

We present the results of the tephrochronology study of a 14.49 m long marine sediment core (TR 17-08) collected in the Edisto Inlet, Ross Sea (Antarctica). The core
contains four cryptotephra layers at 55-56, 512-513, 517-518, and 524-525 cm of depth, which have been characterised by a detailed description of the texture,
mineral assemblage, and single glass shards major and trace element geochemistry. The age model of the investigated sedimentary sequence, based on radiocarbon
dating, indicates that the topmost cryptotephra correlates with the widespread 1254 CE tephra erupted by a historical eruption (696 + 2 cal yrs BP) of Mount
Rittmann, in northern Victoria Land. Deeper cryptotephra layers were derived from previously unknown explosive eruptions of Mount Melbourne volcano and were
emplaced between 1615 cal yrs BP and 1677 cal yrs BP, e.g. between the 3rd and 4th centuries CE. This discovery demonstrates that the Mount Melbourne volcanic
complex has been highly active in historical times allowing significant progress in the current understanding of regional eruptive history. Moreover, from a teph-
rochronological point of view, the detected cryptotephra provide new regional isochron markers to facilitate high-precision correlations and help stratigraphically
constrain changes in environmental and climatic conditions that are identified by multidisciplinary studies.

1. Introduction marine tephra layers that in the last years proved crucial to improve the
knowledge of volcanic activity as well as for chronostratigraphic tools
(Del Carlo et al., 2015; Di Roberto et al., 2019, 2020, 2021; Hillenbrand

et al., 2008; Moreton and Smellie, 1998; Wilch et al., 1999). Antarctic

Explosive volcanic eruptions produce large volumes of mostly ash-
sized pyroclastic products that can be transported in the atmosphere

and rapidly sedimented across different depositional environments, over
vast areas. The resulting tephra and cryptotephra (i.e. layers of volcanic
ash not visible to the naked eye) layers are ideal as chronostratigraphic
marker horizons but are at the same time important tools in volcanology
and other disciplines of the Earth sciences like anthropology, archae-
ology, and pedology (Freundt et al., 2021 and references therein). The
volcanological relevance of distal tephra and cryptotephra is enhanced
in those settings, like Antarctica, where proximal exposures of volcanic
rocks are scarce. In Antarctica, a special mention should be made to
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marine tephra layers helped determine the style, magnitude, and in-
tensity of past, previously unknown large explosive eruptions and their
age (Di Vincenzo et al., 2010; Di Roberto et al., 2012; 2020, 2021). They
also offered temporal and spatial correlations between ice and marine
successions (Di Roberto et al., 2019; Wilch et al., 1999) that are of
fundamental importance in the study of connections and coupling pro-
cesses between atmospheric, ice sheets, ocean dynamics, and climate
change. Volcanic ash is also part of the atmospheric dust that is
distributed by atmospheric currents at different levels and depends on
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temporal variabilities. Therefore, volcanic ash distribution and trajec-
tories during an eruption can be proxies of past wind circulation
patterns.

Here we report the results of a tephrochronology study of the 14.49
m-long TR17-08 sediment piston core recovered from the Edisto Inlet, in
the western Ross Sea, Antarctica, using magnetic, X-ray diffraction,
textural, and geochemical analyses plus ten radiocarbon dates were
acquired. Within the stratigraphic sequence, we detected four crypto-
tephra horizons, which were analysed in detail for the texture of vol-
canic fragments, major and trace element geochemistry, and mineral
assemblage. Ten radiocarbon dating performed on carbonate material
provided the core age model and tephra chronology. The results of our
work indicate that tephra originated from historical eruptions of Mount
Rittmann and Mount Melbourne volcanoes, located in northern Victoria
Land, Antarctica.

We correlate the uppermost cryptotephra with the 1254 C.E. tephra
from Mount Rittmann, representing a ubiquitous chronostratigraphic
marker horizon for the marine and continental ice record of East and
West Antarctica. Deeper in the sequence, we found three cryptotephra
layers that can be associated, based on correlation with geochemical
composition and age determinations, with historical explosive eruptions
of Mount Melbourne.

Results contribute to constraining the rates of volcanism from two
very active volcanic complexes of North Victoria Land and to adding
new tephra isochrones available for tephrochronological purposes.

2. Study area

The Edisto Inlet is a small ice-filled fjord elongated in the NNE-SSW
direction and situated between Cape Hallett and the North Victoria land
coast, in the western Ross Sea, Antarctica (Fig. 1). It is approximately 15
km long and 4 km wide, and reaches a maximum water depth >500 m
with a saddle 400 m-deep that separates the fjord from Moubray Bay to
the north. Several small glaciers flow into the Edisto inlet and in
particular the Manhaul Glacier in the west, and Edisto and Arneb gla-
ciers in the south and east, respectively (Fig. 1). Sediment cores and
geophysical data (3.5 kHz sub-bottom profiler) acquired near the fjord
entrance during the 2002 and 2005 Programma Nazionale di Ricerche in
Antartide (PNRA) Italian expeditions revealed that the inlet is charac-
terised by a broadly flat seafloor morphology (Morelli et al., 2008) and
by soft biogenic laminated sediments (Tesi et al., 2020).

3. Materials and methods

The piston core TR17-08 (72° 18.2778' S; 170° 04.1784’ E; 462 m
water depth) was collected (Fig. 1), during the XXXII PNRA Expedition
(2016-2017), onboard the R/V Italica in the framework of the TRACERS
project (PNRA16_00055). The 14.49 m-long core was divided into 1 m-
long sections, stored at 4 °C on the vessel, and transported to the labo-
ratories of CNR-ISMAR of Bologna.

The sediment core was measured for Magnetic Susceptibility (MS),
X-rayed, opened in two halves, and described for lithology. The sedi-
ment comprises mainly laminated diatom ooze characterised by the
alternation of light and dark laminae on the mm-to cm-scale throughout
the core. According to the previous studies of cores from the same area,
the lamination corresponds to several bloom cycles of diatom species
(Finocchiaro et al., 2005; Mezgec et al., 2017; Tesi et al., 2020). This
kind of sediment is the ideal archive for tephra and cryptotephra pres-
ervation as unaffected by consistent erosion or bioturbation.

3.1. Samples preparation and textural analyses

A third-generation AVAATECH core scanner with which high-
resolution images and X-ray fluorescence (XRF) data were acquired for
analyses at a 1 cm depth resolution.

Samples corresponding associated with

indicative features
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Fig. 1. Maps of the study area. a) Map of Antarctica showing the locations of
the studied sediment core, ice core tephra archives, and blue ice field. b) Detail
of the Edisto Inlet area and location of core TR17-08. Bathymetry and land
morphology are from map SS 58-60/2 (Cape Hallett), original scale 1:250,000
edited by U.S. Geological Survey. Modified after Di Roberto et al. (2019). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

evidenced by XRF core scanning data (Fig. 2) were examined under a
microscope to test the presence of volcanic particles (e.g., small frag-
ments of pumice or scoria, glass shard, or magmatic crystals). We tested
the presence of volcanic particles also in sediments respectively 1 cm
above and 1 cm below the XRF anomalies. The samples showing the
presence of volcanic particles were treated using hydrogen peroxide
(H205) with 40% concentration to dissolve organic matter and washed
with deionized water in an ultrasonic bath. Treated samples were sieved
with a metal sieve with 0.032 mm (5 ¢) mesh size (¢ = -logsD with D =
diameter of the particle or grain in millimetres), and dried at 60 °C. The
samples were then prepared in 1-inch epoxy resin stubs, polished, and
prepared for textural, mineralogical, and geochemical analyses. The
textures of glass particles and the mineral phases composition were
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Fig. 2. Lithology, magnetic susceptibility curve, and XRF representative data (element ratios) for Core TR17-08. Red lines show the position of TR17-08-56 and
TR17-08-512, —518, and —524 cryptotephra layers. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

studied at the Istituto Nazionale di Geofisica e Vulcanologia, Sezione di
Pisa (INGV-Pisa) using a scanning electron microscope (SEM), Zeiss EVO
MA equipped with an Oxford Energy-Dispersive X-Ray Spectroscopy
system (EDS).

3.2. Major and trace elements composition

Major and minor element glass composition was determined using a
JEOL JXA-8200 electron microprobe (EPMA) equipped with five
wavelength-dispersive spectrometers at the High-Pressure High-Tem-
perature (HPHT) Laboratory of INGV-Rome. Operating conditions were
15 kV accelerating voltage, 8 nA beam current, 5 mm probe diameter,
and 10 and 5s acquisition time for peak and background, respectively).
At least 30 single glass shards were analysed but compositions with a
total oxide weight lower than 95% were discarded (Hunt and Hill,
1993).

The trace element compositions of glass shards were determined by
laser ablation inductively coupled plasma mass spectrometry (LA-ICP-
MS) at the Department of Physics and Geology, University of Perugia
(Italy). The analyses were performed with a Teledyne Photon Machine
G2 laser ablation system coupled with a Thermo Fisher Scientific iCAP-Q
quadrupole-based ICP-MS (Petrelli et al., 2016a, 2016b). The operating
conditions were optimised by analysing reference material NIST SRM
612 (Pearce et al., 1997) to provide maximum signal intensity and sta-
bility 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
13914, 208pp, 232Th and 238y by a short-term stability test. It consisted of
5 acquisitions (1 min each) on a linear scan of NIST SRM 612 glass
reference material (Petrelli et al., 2016a, 2016b). Tephra glasses were
analysed by using a circular laser beam with a diameter of 20 pm, a
frequency of 10 Hz, and an energy density at the sample surface of 3.5
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J/cm?. NIST SRM 610 (Pearce et al., 1997) reference material was used
as the calibrator and 2°Si as the internal standard. USGS BCR2G refer-
ence material was analysed as unknown to provide quality control
(Jochum et al., 2006; Supplemental Table 2). Under these operating
conditions, precision and accuracy are better than 10% for all the
investigated elements (Petrelli et al., 2016a, 2016b).

The glass compositions of the studied cryptotephra were compared
with glass composition data available in the literature (Del Carlo et al.,
2018) and a database of major- and trace-element compositions of
Neogene-Quaternary tephra from Antarctic ice cores, marine sediments,
and blue ice and continental outcrops (AntT database - https://www.
tephrochronology.org/AntT/database.html). Major oxide and trace
element compositions including reference standards are presented in
Supplementary Tables 1 and 2

3.3. Multivariate statistics

Principal component analysis (PCA) is a multivariate statistical
method that aims to exert relevant information from a data set and
represent it in a lower-dimensional space (Jolliffe and Cadima, 2016). In
detail, it extracts new uncorrelated variables from the data set, named
principal components, that maximize variance (Jolliffe and Cadima,
2016). The main objective is to increase the interpretability of a data set
by reducing the dimensionality of the problem but, at the same time,
minimizing information loss (Jolliffe and Cadima, 2016).

The Principal Component Analysis (PCA) has been utilised to visu-
alise trace element data (Rb, Sr, Y, Zr, Nb, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd,
Dy, Er, Yb, Lu, Hf, Ta, Pb, Th, and U), in a lower dimensional space. The
compositional nature of chemical analyses has been accounted for by
applying the centred log-ratio transformation (clr; Aitchison, 1986). It
consists of dividing each chemical analysis for a specific element (e.g, Rb
or Sr) by the geometric mean of all the determinations for that element,
then making the logarithm (Aitchison, 1986):

X2 Xn

5(x)

g eeey

clr(x)=|In i, In ,

g(x) glx)

where g(x) is the geometric mean of the element x.

Table 1
Radiometric ages produced from TR17-08 sediment cores.
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3.4. Radiocarbon chronology

The Edisto Inlet is characterised by a very high sedimentation rate
(ca. 0.55 cm/yr; Tesi et al., 2020) thus the age of tephra layers falls
within the late Holocene. Moreover, since the studied cryptotephra bear
few feldspar crystals and of very small size <200 pm (see text below), it
was not possible to determine the tephra age directly (e.g., “°Ar/3°Ar
method). Consequently, the age model for the TR17-08 marine core and
the age of cryptotephra layers rely on the radiocarbon dating of car-
bonate material (Table 1). Overall, we analysed ten samples, six }*C ages
throughout the core and four within cryptotephra. Analyses were per-
formed at the MICADAS (Mini Carbon Dating System) of the
Alfred-Wegener-Institut Helmholtz-Zentrum Fiir Polar-Und Meer-
esforschunglab. The ages were calibrated using the Marinel3 curve
(Reimer et al., 2013) and calibrated using a local reservoir correction
(AR) of 790 + 125 yrs (data from Hall et al., 2010 and adjusted to the
new Intcal20 curve). We used the Marinel3 curve instead of the latest
Marine20 since the latter is not recommended in polar regions (Heaton
etal., 2020). Ages across the record were obtained using OxCal4.4 using
the P_Sequence deposition procedure and a k value (i.e., the index that
sets the stiffness of the age-depth model upon the dating sequence) of
0.5 cm™ L. The OxCal age-depth model ran with Outlier-Model analysis
using the General setting and a prior probability of 0.05, which weighs
down the chronological constraints that have a probability >5% of being
age reversals. No outliers were detected and a robust and coherent age
model was generated with a high agreement index.

4. Results
4.1. Tephra components and texture

We identified cryptotephra at 55-56, 512-513, 517-518, and
524-525 cm of depth in core TR17-08 (herein after TR17-08-56, —512,
—518, —524 tephra), respectively (Fig. 2). These correspond to relevant
and sharp geochemical signals (spikes) in XRF data (e.g., Zr/Rb, Zr/Sr,
Ti/Ca and Ti/K ratio in Fig. 2). Note that all sediment intervals corre-
sponding to anomalies in the XRF data were inspected with the light
stereomicroscope.

TR17-08-56 tephra consist of well-sorted, colourless to light-green
glass shards and vesicular fragments up to 200 pm (red arrows in
Fig. 3a) and scoriaceous, microlite-rich fragments up to 700 pm (blue

Name Carbon source Mean depth (cm) Unmodelled (y BP) Modelled (y BP)

median from (2s) to (2s) median from (2s) to (2s)
dates used for the age-depth models
Mt. Rittman tephra (687 + 7 BP, WAIS chronology)* 55.5 687 701 673 687 702 672
TR17-08_XV_61-63 Echinoidea 62 801 1051 556 692 791 667
TR17-08_XII1_78-79 Echinoidea 234.5 1075 1310 790 1052 1263 862
TR17-08_X_13-14 Ophiuroidea 463.5 1416 1708 1157 1490 1684 1290
TR17-08_X_61-63 Foraminiferida (benthic) 512 1374 1721 1036 1612 1801 1420
TR17-08_X_66-69 Foraminiferida (benthic) 517.5 1743 2095 1395 1648 1832 1483
TR17-08_X_74-75 Foraminiferida (benthic) 524.5 1770 2116 1414 1677 1997 1518
TR17-08_X_75-76 Foraminiferida (benthic) 525.5 1782 2130 1421 1683 1997 1521
TR17-08_VIII_77-78 Ophiuroidea 729.5 2242 2640 1922 2219 2476 1971
TR17-08_V1_12-13 Echinoidea 863.5 2621 2922 2314 2527 2774 2309
TR17-08.1_.17-18 Scaphopoda 1369.5 3376 3691 3035 3440 3760 3139
extrapolated ages for cryptotephras
TR17-08-512 512.5 1615 1804 1424
TR17-08-518 517.5 1648 1832 1483
TR17-08-524 524.5 1677 1997 1518

*Narcisi, B., Petit, J. R. & Chappellaz, J. 2010. A 70 ka record of explosive eruptions from the TALDICE ice core (Talos Dome, East Antarctic plateau). J. Quat. Sci. 25,
844-849 (2010); Iverson, N. A. Characterization and correlation of englacial tephra from blue ice areas and ice cores, Antarctica Nels Anton Iverson Dissertation
Submitted as Partial Fulfillment of the Requirements for the Degree of Doctor of Philosophy in Earth and Environmental Sc (2017).
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Fig. 3. Light microscope and scanning electron mi-
croscope (SEM) backscatter images of particles
forming the cryptotephra layers found in the TR17-08
core. a) light microscope image of TR17-08-56 cryp-
totephra deriving from the 1254 CE eruption of
Mount Rittmann. Particles include aphyric to micro-
lite poor, vesicular glass shards (red arrows) and
microlites-rich (K-feldspar, plagioclase, and Fe-Ti
spinels) scoria fragments (blue arrows). b) light mi-
croscope image of TR17-08-518 cryptotephra from
Mount Melbourne. Red arrows indicate aphyric, ve-
sicular glass shards forming the cryptotephra layers
dispersed in the volcanoclastic sediment. ¢) SEM

A A

TR17-08-518 [

arrows in Fig. 3a). Glass shards are aphyric to microlite poor and occur
in multiple morphologies including blocky, cuspate, y-shaped, or platy
glass (Fig. 3a, ¢), and vesicular fragments are moderate to high vesicular
and range texturally from frothy-vesicular to tubular (Fig. 3a, c). Light
brown to dark brown scoria fragments are also present (Fig. 3a, c); the
latter is rich in acicular microlites of K-feldspar, plagioclase, and Fe-Ti
spinels (Fig. 3a). Crystals of feldspars and clinopyroxene up to 200 pm
rimmed with volcanic glass also occur. Few lithic fragments comprise
sideromelane faintly altered to palagonite and holocrystalline volcanic
rocks (Fig. 3a, c).

TR17-08-512, —518, and —524 cryptotephra, respectively are char-
acterised by very similar particle texture and components, even with
slight variation in the particle type relative abundance. Cryptotephra
particles (red arrows in Fig. 3b and white arrows of Fig. 3d—f) comprise
colourless to light-green glass shards up to 100 pm and pumices frag-
ments up to 150 pm (Fig. 3b), respectively, which are embedded in
volcaniclastic sediment. Glass shards are mostly crystal-free and have a
blocky, y-shaped and bubble wall morphology (Fig. 3d—e). The pumice
fragments are moderate vesicular and range texturally from frothy-
vesicular to tubular (Fig. 3d—e). Shards preserve fragile glass tips and
show no abrasion or rounding. Glass is usually aphyric but rare frag-
ments bearing acicular plagioclase, clinopyroxene, and oxide microliths
occur.

backscatter images of TR17-08-56 cryptotephra from
Mount Rittmann, d-f) SEM backscatter images of d -
TR17-08-512; e — TR17-08-518 and f - TR17-08-524
cryptotephra layers showing glass shards morphol-
ogies. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web
version of this article.)

4.2. Major and trace elements composition

Glass compositions of the cryptotephra corresponding to the TR17-
08-56 sample are predominantly trachytic. A few compositions plot
across the boundary with phonolites in the total alkalis-silica diagram
(TAS; LeBas et al., 1986, Fig. 4a). Average total alkalis value is 13.1 wt %
(20 = 0.35) and the average K20/NayO ratio is 0.64 (26 = 0.03). Mean
CaO and FeO contents are ~1 wt % (26 = 0.1) and ~6.4 wt % (20 =
0.14), respectively (Fig. 5; Table 2). Trace element distributions for
TR17-02-56 tephra are reported in the spidergram of Fig. 4b. The trace
element compositions of the TR17-02-56 cryptotephra are enriched
compared to PM (Primitive Mantle; McDonough and Sun, 1995) values
for most of the investigated elements (i.e., from ~10x to ~200x). Glasses
composition normalised to the PM displays prominent negative anom-
alies in Ba, Sr, and Ti which may be related to the fractionation of alkali
feldspar, plagioclase, and oxides (Fig. 4b). These trachytes-phonolites
are enriched with incompatible trace elements, for example, Zr is
500-849 ppm and Th is 9.5-19.6 ppm. High-Field-Strenght Elements
(HFSE) ratios vs. Th remain fairly constant (Fig. 6), with Zr/Th = 47.26
+ 2.44, Nb/Th = 11.58 + 0.59, and Y/Th = 3.95 + 0.28.

Glass compositions of the TR17-08-512, —518, and —524 crypto-
tephra plot in a narrow cluster in the trachyte field of the TAS diagram
(Fig. 4a). Mean total alkalis values range from 9.9 to 10.4 wt % and
average K2O/NayO ratios are between 0.87 and 0.92. Mean CaO and FeO
contents are ~1.7 wt % (20 = 0.3) and c. 5 wt% (20 = 0.6), respectively
(Fig. 5b and c). Trace element distributions for TR17-08-512, —518, and
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Fig. 4. a) Total Alkali versus Silica (TAS) classification diagram (LeBas et al., 1986) and (b) normalised spider diagram for primitive mantle (after McDonough and
Sun, 1995) showing the glass major and trace element compositions (representative average value) of the tephra found in Edisto Inlet marine sequence.

—524 cryptotephra are reported in selected bi-plot variation diagrams of
Fig. 6. Also, in this case, the trace element compositions of studied
cryptotephra perfectly overlap and normalised to the PM, they display
identical patterns with slight negative anomalies in Sr and Ti (Fig. 4b)
which may be related to the fractionation of plagioclase and oxides.
Light Rare Earth Elements (LREE) are enriched relative to Heavy Rare
Earth Elements (HREE). These trachytes are significantly enriched in
incompatible elements, e.g., Zr is 607-856 ppm and Th 19.5-26.7 ppm.
HFSE ratios vs. Th remain constant (Fig. 6) with Zr/Th = 33.74 + 3.3,
Nb/Th = 7.63 + 1.05, and Y/Th = 2.81 + 0.29.

4.3. Age-depth models and age of cryptotephras

According to our age-depth model, the TR17-08 core encompasses
the last 3400 years BP (Fig. 7). The age of Mount Rittman tephra, also
known as 1254 C.E. tephra (TR17-02-56) is 687 + 7 BP, and is derived
by West Antarctic Ice Sheets chronology (Narcisi et al., 2010; Iverson,

2017).

Down in the core, within the interval that contains cryptotephras
(TR17-08-512, TR17-08-518, and TR17-08-524), ages extrapolated from
the age-depth model are 1615 yrs cal. BP (1804-1424 yrs BP; 20), 1648
yrs cal. BP (1832-1483 yrs cal. BP; 20) and 1677 yrs cal. BP (1997-1518
yrs cal. BP; 20), respectively. The ages of the identified cryptotephra
layers indicate that their respective eruptions occurred within a short
time interval.

5. Discussion
5.1. Tephra emplacement

The Edisto Inlet is ice-bound for much of the year apart from a few
weeks in late summer/early winter. Tephra and cryptotephra found in
the Edisto Inlet’s marine sediment could be deposited directly through
the water column in the short ice-free window, or deposited first on sea
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Fig. 5. a) TAS classification diagram (LeBas et al.,
1986) and (b-d) major element bivariate plot showing
glass compositions of the tephra samples found in
Edisto Inlet marine sequence compared to glass major
element composition of proximal volcanic deposits of
northern Victoria Land volcanoes including Mount
Melbourne, Mount Rittmann and The Pleiades. All
data are normalised to a 100% total. Reference tephra
data used for comparison are from Del Carlo et al.
(2022); Lee et al. (2019). Mount Rittmann: Di Roberto
et al. (2019, 2020); Lee et al. (2019). The Pleiades:
Lee et al. (2019); this work.
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Table 2
Average chemical composition of cryptotephra found in core TR17-08.
TR17-08-56 TR17-08-512 TR17-08-518 TR17-08-524

Average (n = 18) st.dev Average (n = 20) st.dev Average (n = 20) st.dev Average (n = 20) st.dev
Si02 61.42 0.29 66.34 0.65 66.76 0.96 66.57 0.77
Al203 16.78 0.15 15.52 0.25 15.55 0.35 15.59 0.22
FeO 6.39 0.14 5.03 0.18 4.99 0.43 5.03 0.59
TiO2 0.41 0.08 0.39 0.06 0.41 0.09 0.40 0.07
P205 0.07 0.03 0.05 0.03 0.05 0.03 0.07 0.05
CaO 1.00 0.10 1.73 0.06 1.69 0.26 1.75 0.29
MgO 0.18 0.05 0.17 0.04 0.17 0.06 0.17 0.04
MnO 0.18 0.04 0.10 0.03 0.10 0.03 0.11 0.02
Na20 7.99 0.34 5.56 0.65 5.18 0.18 5.22 0.22
K20 5.14 0.11 4.77 0.13 4.77 0.17 4.80 0.24
F 0.19 0.03 0.15 0.03 0.15 0.02 0.13 0.03
Cl 0.26 0.03 0.18 0.02 0.19 0.04 0.18 0.02
Alkali 13.14 0.35 10.32 0.67 9.94 0.27 10.01 0.32
K20/Na20 0.64 0.03 0.87 0.09 0.92 0.04 0.92 0.06

ice and then redeposited during the melting of sea ice.

The TR17-08-56 cryptotephra shows features that suggest a primary
deposition through the water column. The layer is characterised by a
well-sorted grainsize, has a homogeneous geochemical composition,
contains rare volcaniclastic or detrital particles and glass shards show
pristine shape, indicating no to a very low degree of transport. TR17-08-
512, 518 and 524 cryptotephra have similar features but are charac-
terised by a lower abundance of glass shards dispersed within volcani-
clastic sediment, which might support the hypothesis that they first
deposited on the sea-ice, and then redeposited after sea ice melting.
Even in the case of a secondary transport, given the very short interval
between the eruptions and the final deposition (at most in the order of a
few months), the studied cryptotephra layers would not lose their value
as potential tephrochronological and stratigraphic markers. As
described by Di Roberto et al. (2019), the Edisto Inlet sediment se-
quences comprise very expanded Holocene sediments almost entirely
made by soft biogenic (diatomaceous ooze) laminated sediments
without evidence for relevant ice-rafted debris input, especially in the
sediment interval where the cryptotephra is contained. Thus, the

sedimentation via iceberg rafting for the studied cryptotephra, which
could explain the abundance of volcaniclastic components, can
reasonably be ruled out.

5.2. Source correlation and tephra dispersal

The volcanoes of the South Sandwich Islands, as well as the intra-
plate Antarctic volcanoes of Marie Byrd Land and Victoria Land,
represent the main sources of tephra recognized in the different records
of Antarctica (Narcisi et al., 2012; Di Roberto et al., 2019, 2021; Hop-
fenblatt et al., 2022). Extra-Antarctic sources, with particular reference
to the South America and New Zealand volcanoes, have been also sug-
gested (Narcisi et al., 2012) but most of the correlations proposed are
weakly constrained (Del Carlo et al., 2018). The only confirmed
extra-Antarctic tephra that was identified in ice-core records is attrib-
uted to the c. 25.6 kyr Oruanui super-eruption from Taupo volcano
(Dunbar et al., 2017). Recently, the presence of a cryptotephra from a
peat section on sub-Antarctic South Georgia was also confirmed and a
correlation with the 2950 cal yrs BP Alpehué eruption of the Chilean
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Fig. 6. Bivariate plots of trace elements glass
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Sollipulli volcano was proposed (Oppedal et al., 2018). In addition,
extremely fine ashes (<5 pm) found in surface snow and shallow firn
samples, were attributed to the 2011 eruption of Puyehue-Cordén Caulle
(Chile (Koffman et al., 2017); and the 1257 CE Samalas eruption, in
Indonesia (Narcisi et al., 2019). However, this last attribution is based
on electron microprobe geochemical data showing a very low total oxide
weight percentage (down to 60 wt%), obtained on extremely small
particles (a few microns), and cannot be confirmed. Note that analyses of
volcanic glass with a total oxide weight lower than 95% should be dis-
carded (Hunt and Hill, 1993).

The average grain size of particles in the studied cryptotephra
(around 100 pm) suggests a source located in Antarctica, not too far
from the sampling site. The Na-alkaline phonolitic-trachytic and
trachytic compositions point toward the intraplate alkaline volcanoes of
the McMurdo Volcanic Group in Victoria Land as possible sources rather
than the low-alkali tholeiitic South Sandwich Islands and calc-alkaline
South Shetland volcanoes. We thus compared the glass composition of
the studied tephra with the glass composition of tephra samples recov-
ered on proximal exposure of McMurdo Volcanic Group in Victoria Land
as well as with the composition of distal tephra found in ice cores.

The major and trace element glass compositions of TR17-08-56
cryptotephra plot in the compositional field of products of Mount Ritt-
mann volcano (Fig. 5; Di Roberto et al., 2019; Lee et al., 2019). In
particular, the glass composition of TR17-08-56 cryptotephra matches
both that of proximal deposits sampled on top of Mount Rittmann (Di
Roberto et al., 2019, 2020) and of cryptotephra layers found at 139-140
cm of depth in core BAY05-c20 (Di Roberto et al., 2019) and 136.5 cm of
depth in the HLF17-1 core (Tesi et al., 2020), both recovered in the
Edisto Inlet. These distal tephra have been in turn correlated with the
widespread 1254 CE trachytic tephra attributed to Mount Rittmann and
also found in deep ice cores at Taylor Dome (Dunbar et al., 2003), Siple
Dome and Talos Dome (Dunbar and Kurbatov, 2011; Narcisi et al., 2012,
2017) and several shallow ice cores in East and West Antarctica (Han
et al., 2015; Iverson, 2017).

Multivariate statistical investigations, i.e., PCA analysis, further
support the hypothesis that Mount Rittmann volcano is the volcanic
source for the TR17-08-56 cryptotephra (Fig. 8). In detail, the PCA on
trace elements (Fig. 8a, c) allows the discrimination among Mt.

80

Th [ppm]

Melbourne, Pleiades, and Mt. Rittman proximal samples and the attri-
bution of each unknown sample (i.e., TR17-08-56, TR17-08-512, TR17-
08-518, and TR17-08-524) to a specific volcanic source. To better un-
derstand the role of each trace element in the modulation of the different
PCs, Fig. 8d-e shows the relative contribution of these elements in the
PC2 vs PC1 (Fig. 8a) and PC3 vs PC2 (Fig. 8b), respectively. Finally,
Fig. 8f reports the cumulative explained variance of the PCA. In detail,
Fig. 8F highlights that considering the PC1 alone, the explained variance
is ~90%. Including PC2 and 3, the explained variance is ~94 and more
than 95%, respectively.

It was proposed that the 1254 CE tephra derive from a long-lasting,
ash-forming eruption of the Mount Rittman volcano that occurred c. 700
yrs BP (Di Roberto et al., 2019). This determination also helps define the
age for the additional tephra layers down in the core, which clearly is
older than c. 700 yrs BP.

The major and trace element glass compositions of the TR17-08-512,
—518, and —524 cryptotephra fall within the compositional field of the
proximal explosive products of Mount Melbourne (Figs. 4 and 5). A very
good geochemical match exists with the major element composition of
tephra sample A1621 from Mount Melbourne (Lee et al., 2019) c. 300
km from the Edisto Inlet. Conversely, there is no overlap with the
composition of proximal trachytic products sampled on the summit of
Mount Melbourne volcano recently reported by Del Carlo et al. (2022)
and interpreted as the result of Strombolian to sub-Plinian/Plinian
eruptions yielding “°Ar-3°Ar ages younger than 13.5 + 4.3 ky.

The glass compositions of studied cryptotephra have a c. 2 wt %
higher average content of SiO, and slightly lower alkalis content (c. 1 wt
%) relative to Mount Melbourne, along with other differences in the
concentration of the other major oxides (Figs. 4 and 5). Trace element
compositions of studied tephra layers are comparable with those of
summit products of Mount Melbourne with slightly higher content in
incompatible elements like for example Zr, Y, and La confirming the
correlation to this volcanic source.

Searching for distal tephra correlation, we found that no direct
match exists with the composition of tephra layers found in the younger
part (<16 kyr) of the Talos Dome ice core, most of which have been
previously attributed to Mount Melbourne (Narcisi et al., 2012), or with
tephra in the Siple and Taylor ice cores (Dunbar et al., 2003). No
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correlation exists with tephra found in Styx Glacier ice core records
which is the record closer to the Mount Melbourne volcano but should
date back only to c. 1.04 kyr (Han et al., 2015). The PCA also points to a
strong affinity of the TR17-08-512, —518, and —524 cryptotephra with
Mount Melbourne volcanics (Fig. 8).

In summary, we suggest that TR17-08-512, —518, and —524 cryp-
totephra derive from a series of explosive eruptions that occurred in a
very short time interval (a few decades scale) from Mount Melbourne
between 1615 cal yrs BP (1804-1424 cal yrs BP; 26), and 1677 cal yrs BP
(1997-1518 cal yrs BP; 20), i.e., between the 3rd and 4th century CE.
The fine ashes from these eruptions were dispersed mainly to the
northeast, up to the Edisto Inlet c. 300 km from the source. These pre-
viously unknown eruptions likely took place from vents belonging to the
Mount Melbourne volcanic field complex.

The obtained results emphasize that studies of tephra and crypto-
tephra layers allow significant progress in reconstructing regional vol-
canic histories. In detail, the marine cryptotephra of Edisto Inlet
contributes to constraining the rates of volcanism from Mount Mel-
bourne and indicates that this volcanic complex has been strongly active
in historical times.

From a tephrochronological point of view stricto sensu, the wide areal
dispersal of the studied tephra and cryptotephra layers found c. 300 km
away from the volcanic source, allows cross correlation between the
marine sediment of the Edisto Inlet and englacial sequences on the flank
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of Mount Melbourne and provides new chronostratigraphic marker beds
to connect and synchronize geological and palaeoenvironmental event.
Similarly to the Mount Rittmann 1254 CE tephra, these layers should be
useful as additional points for precise dating and support the develop-
ment of accurate age-depth models for sedimentary sequences in the
Antarctic region.

The atmospheric cargo of dust (including fine volcanic ash particles)
is distributed by currents at different levels and the dispersal depends on
the temporal variabilities of these currents (Obreht et al., 2017; Plunkett
et al.,, 2020). A generally persistent large-scale clockwise (westerly)
circulation characterises the average Antarctic wind pattern both in the
summer and winter seasons (Geyer et al., 2017). This circulation char-
acterises all atmospheric levels including mid-troposphere, tropopause,
and low-stratosphere, which mainly transport products of volcanic
plumes (from eruptions of any size), and consequently controls the
dispersal of eruption clouds and pyroclastic products.

Tephra input in the atmospheric load is punctual in time and space
(Narcisi et al., 2005) and the distance reached by ash away from the
source volcano depends on the height of the eruption column, the
temperature of the air, and wind direction and speed. Information from
modern atmospheric dynamics represent a proxy for palaeoatmospheric
condition that would be responsible for the distribution of ash. There-
fore, records of ash in ice and sediment cores that have known sources
can be useful in identifying local, seasonal and periodical perturbation
of the main atmospheric circulation model.

The dispersal of studied tephra from Mount Rittmann and Mount
Melbourne to the Edisto Inlet is in agreement with and validates the
results of the meteorological model over Antarctica proposed by Geyer
et al. (2017). According to the result of the model (see Fig. 3 of Geyer
et al., 2017), eruption columns between 5 and 10 km in height, from
Mount Rittmann and Mount Melbourne volcanoes, would intercept
winds with speeds between 10 and 30 m/s. Such winds would easily
spread the volcanic plumes and carry tephras downwind for some
hundreds of kilometres from the sources. In this case, field data validate
the model results and in turn, the model suggests that the eruptions that
deposited the studied tephras were characterised by eruptive plumes of
considerable height, capable of reaching low-stratosphere.

6. Conclusions

Tephra layers preserved in distal archives have been demonstrated to
be of pivotal importance to enhance the knowledge and understanding
of the volcanic history of a region, especially when proximal volcanic
successions are scarce as in the glacierized areas of Antarctica.

An integrated investigation performed on the piston core TR17-08
collected in the Edisto Inlet document that Mount Melbourne is an
active volcano with a high-level of explosive activity in the 3rd-4th
centuries CE. In fact, besides the historic eruption from Mount Ritt-
man (1254 CE) that has been extensively documented in the literature,
our research allowed us to detect three additional cryptotephra layers
from Mount Melbourne at 1615 yrs cal. BP, 1648 yrs cal. BP and 1677
yrs cal. BP that were not previously known. These unprecedented data
provide additional chronostratigraphic control points for the tephros-
tratigraphic studies in the Antarctic region. Moreover, the areal distri-
bution and characteristics of identified tephra provide insight into the
wind regime suggesting scenarios that are consistent with those pro-
posed by numerical simulations. Besides information on the frequency of
volcanic activity and styles of eruption, tephra can provide information
that is relevant to paleoclimatic conditions in Antarctica.
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