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Abstract Eight pyroclastic fall deposits have been identified
in cores of Late Pleistocene-Holocene marine sediments from
the Ross Sea (Antarctica), and their components,
granulometry and clast morphologies were analysed.
Sedimentological, petrographic and geochemical analysis of
clasts, with 40Ar-39Ar dating of alkali feldspar grains, indicate
that during this period at least five explosive eruptions of mid
to high intensity (plinian to subplinian) occurred, and that
three of these eruptions took place from Mount Melbourne
volcanic complex, between 137.1 ± 3.4 and 12 ka.
Geochemical comparison of the studied tephra with micro-
and crypto-tephra recovered from deep Antarctic ice cores
and from nearby englacial tephra at Frontier Mountain indi-
cates that eruptive activity in the Melbourne Volcanic
Province of northern Victoria Land was intense during the
Late Pleistocene-Holocene, but only a general area of prove-
nance for the majority of the identified tephra can be
identified.
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Introduction

Tephra layers are isochronous surfaces on a geological time-
scale. When distinctive and sufficiently widespread, they rep-
resent valuable stratigraphic tools for geological correlation
and dating (Lowe 2011 and references therein). In polar re-
gions, tephra layers have been widely used as a chrono-
stratigraphic tool (Smellie 1999; Wilch et al. 1999; Dunbar
et al. 2003; Narcisi et al. 2006; Dunbar and Kurbatov 2011;
Di Roberto et al. 2012) to obtain independent age constraints
for glaciological modelling (Narcisi et al. 2006; Curzio et al.
2008) and to synchronize palaeoclimatic proxies from widely
spaced records (Davies et al. 2010; Narcisi et al. 2012).

Victoria Land (Antarctica, Fig. 1) has been the site of in-
tense and recurrent volcanic activity since 150 ka (LeMasurier
and Thomson 1990; Kyle 1982; Armienti and Tripodo 1991;
Perchiazzi et al. 1999; Esser and Kyle 2002). This activity has
produced abundant and widespread subaerial fallout deposits
found in the region’s outcrops and embedded in the ice sheets
(Keys et al. 1977; Perchiazzi et al. 1999; Laurenzi et al. 2003;
Curzio et al. 2008). Records of Late Pleistocene-Holocene
subaerial volcanic activity in Victoria Land are also present
in marine sediments from the Ross Sea, which contain several
tephra layers. Previous studies on Ross Sea marine sediments,
including radiocarbon dating, suggest that some of these teph-
ra are primary pyroclastic fall deposits emplaced between 29
and 22 thousand 14C yr B.P (Licht et al. 1999; Colizza et al.
2003). The volcanoes of the Melbourne Volcanic Province
(LeMasurier and Thomson 1990) are considered the most
likely sources for these tephra on the basis of volcanological,
geochemical and age constraints. In particular, most tephra

* P. Del Carlo
delcarlo@pi.ingv.it

1 Istituto Nazionale di Geofisica e Vulcanologia, Sezione di Pisa, Via
della Faggiola 32, 56126 Pisa, Italy

2 Istituto di Geoscienze e Georisorse, CNR, via Moruzzi 1,
56124 Pisa, Italy

3 Dipartimento di Matematica e Geoscienze, Università di Trieste, Via
E. Weiss 2, 34127 Trieste, Italy

4 Dipartimento Scienze Geologiche, Università Roma Tre, Largo San
Leonardo Murialdo 1, 00146 Rome, Italy

1

http://dx.doi.org/10.1007/s00445-015-0924-0


deposits are attributed to the Mount Melbourne, Mount
Rittmann and the Pleiades recently active volcanoes (Fig. 1),
though it has been impossible to ascribe the deposits to spe-
cific eruptions because the eruptive history of these three vol-
canoes is still poorly known. Giordano et al. (2012) recently
characterized Pleistocene volcanic products of Mt. Melbourne
using new stratigraphic data, age determinations, petrology
and geochemistry. In addition, recent investigations have re-
vealed that volcanic centres in Marie Byrd Land or beneath
West Antarctic Ice Sheets might have erupted explosively in
the Holocene and produced tephra layers (Behrendt 2012;
Lough et al. 2013).

Given that tephra horizons are regionally better preserved
in marine environments than in subaerial ones (Engwell et al.
2014), we decided to analyse in detail tephra layers in marine
cores recovered during the last 30 years by Italian Antarctic

Research Program (PNRA). We report here the results of
tephrostratigraphic and geochemical studies on eight tephra
beds identified in marine sediment sequences from Ross Sea
gravity cores. Core sites are south, southeast and east of the
main volcanic complexes in Victoria Land (Mount
Melbourne, Mount Rittmann and The Pleiades). Moreover,
we provide 40Ar-39Ar data on alkali feldspar crystals extracted
from identified tephra beds.

Study sites

Nine gravity cores were selected from among those recovered
in the Ross Sea during the 1999, 2000 and 2005 cruises
(Fig. 1) and stored in the Italian repository at the Museo
Nazionale dell’Antartide (Trieste, Italy). Four of the nine cores
(ANTA99-NW27 and -NW31, ANTA02-NW02 and -NW03)
were studied previously by Colizza et al. (2003). The nine
cores are distributed along the coast of Victoria Land
(Fig. 1), in an area extending from the Dryglaski Glacier
Tongue to Cape Hallet. Downwind areas of the main volcanic
edifices of the north Victoria Land (Mount Melbourne, Mount
Rittmann and The Pleiades) were targeted for the cores selec-
tion. This on the basis of nowadays average wind directions at
500 hPa (~5.5 km altitude), 300 hPa (~9 km altitude) and
100 hPa (~12 km altitude) that for the studied area are mainly
westerly (Connolley and King 1993).

Cores ANTA99-NW27 and NW31, ANTA02-NW2 and
NW3 were collected north of Coulman Island in the northern
Drygalski Trough at depth of 524, 535, 588 and 534 m, re-
spectively (Fig. 1). Cores that are located in the axis of the
trough that in this part of the basin are about 600 m deep. The
morphology of this area is very articulated and characterized
by drumlins, mega-scale glacial lineations and iceberg fur-
rows (Shipp et al. 1999) parallel to the through axes. Cores
ANTA99-cD35 and cD39 were collected south of the
Drygalski Ice Tongue (inner part of Drygalsky Trough) at
886 and 845 m depth, respectively (Fig. 1). The depocentre
of the basin in the inner part is more than 900 m. The sea floor
morphology is complex with a draping deposit characterized
by undisturbed sedimentation and lack of gravity flows. Cores
ANTA02-AV43 and BAY05-c43 are located on western side
of a depocentre, a >1000-m deep basin near the outlet of
Aviator Glacier at a depth of 916 and 1033 m, respectively.
This basin is oriented WNW-ESE and is connected to the
Drygalski Basin through a morphological sill. Core BAY05-
c20 was collected at the entrance of the Edisto Inlet, along the
conjunction between Cape Hallett and Cape Christie. Edisto
Inlet is a small bay, about 15 km long and 4 km wide, about
500 m deep and separated by a sill from the larger Moubray
Bay. Core locations, recovery parameters and water depth of
sampling are reported in Online Resource 1.

Fig. 1 Map of Victoria Land (Antarctica) showing the location of the
studied cores in the Ross Sea and relevant geological features. The
locations of the four cores where tephra have been identified and
characterized are highlighted in yellow. The map also shows main
volcanic complexes of the Victoria Land that were active during the
Late Pleistocene-Holocene. Satellite map from Polar Geospatial Center
(PGC) (ANT REF-MS2006-006). Average wind directions at 500 hPa
(red arrow; ~5 km altitude), 300 hPa (green arrow; ~9 km altitude) and
100 hPa (blue arrow; ~12 km altitude) measured in the studied area
(Connolley and King 1993) are indicated by arrows.
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Materials and methods

For all nine cores, stratigraphic logging and identification of
the main lithologies were carried out by visual inspection.

Sixty-four beds of unconsolidated sediments containing
volcanic particles were identified and sampled for this study.
All samples were washed in an ultrasonic bath for 5 minutes
and subsequently wet-sieved at oneφ (phi=negative log base
2 of the grain diameter) for the −3 φ (8 mm) to +5 φ
(0.032 mm) grain size range. The Mdφ (mean diameter) and
σφ (sorting) were calculated from the grain size distribution
(Inman 1952; Table 1).

The nature, texture and qualitative abundance of compo-
nents were determined using a stereomicroscope. These pre-
liminary data were used to select volcaniclastic deposits
(pyroclastic fall deposits, volcaniclastic deposits and
volcanogenic sedimentary deposits according to the
terminology of McPhie et al. 1993) for scanning electron mi-
croscopy and microprobe analyses. The quantitative abun-
dance of deposit components was determined on the −3 to 0
φ (8–1 mm) grain size fractions; about 1000 clasts were
counted in each sample. The selected samples were mounted
with epoxy resin and prepared as standard polished thin
sections.

Morphological and micro-textural analyses of components
were performed using an optical microscope and a scanning
electron microscope (SEM) Zeiss EVO MA 10 at Istituto
Nazionale di Geofisica e Vulcanologia (Pisa). The major ele-
ment composition of volcanic glass (Table 2) was determined
at the HPHT Laboratory of Istituto Nazionale di Geofisica e

Vulcanologia (Rome) using a JEOL JXA 8200 microprobe
equipped with 5 wavelength-dispersive spectrometers
(WDS) and an energy-dispersive analytical system (EDS).
Instrumental conditions were 15 kV accelerating voltage,
12 nA beam current, 5 μm probe diameter, 10 and 5 s acqui-
sition time for peak and background, respectively. A mini-
mum of 10 points was analysed in each sample. Chemical
analysis of mineral was performed at Istituto Nazionale di
Geofisica e Vulcanologia (Pisa) using a Zeiss EVO MA 10
equippedwith an Oxford ISISmicroanalytical system on crys-
tals 0.5–2 mm in size.

In addition, we analysed the major element composition of
glass in five pyroclastic deposits sampled from the summit
cone of the Mount Melbourne volcano and from Edmonson
Point and Baker Rocks. These samples were collected during
the XVIII Italian Expedition in 2002–2003 and may represent
the proximal/medial deposits of eruptions of which distal de-
posits were found in the cores studied. Sample locations, ages
and bulk rock compositions are reported in Giordano et al.
(2012).

40Ar-39Ar analyses of single grains or multigrain splits of
alkali feldspar were completed at IGG-CNR (Pisa), following
the procedures described in Di Vincenzo and Skála (2009) and
Di Vincenzo et al. (2010). Analyses were achieved using the
total fusion technique and a CO2 laser system for gas extrac-
tion. Ages are relative to the 28.34 Ma Taylor Creek sanidine
(TCs; Renne et al. 1998) and were calculated using the con-
stants recommended by Steiger and Jäger (1977). We adopted
old constants due to the lack of general consensus on the 40K
decay constants. Note that the use of the total 40K decay

Table 1 Layer thickness and main grain size parameters Mdφ and σφ for primary pyroclastic fall and slightly resedimented volcaniclastic deposits
identified in the studied cores

Sample Layer thickness (cm) Sample depth in core (cm) Md σ

ANTA02-NW2-0-13 13 3.5–4.5 0.97 2.68

ANTA02-NW2-213-230 17 225–226 1.44 1.43

ANTA02-NW2-255-265 10 256–257 0.42 2.27

ANTA02-NW3-25-35 10 0–1 1.45 1.75

11–12 0.62 2.38

20–21 1.67 1.37

28–29 1.42 1.64

32.5–33.5 1.36 1.70

ANTA99-NW31-42-61 28 51–52 1.09 2.10

54–56 −0.60 2.32

ANTA99-NW31-173-205 32 179–180 1.54 2.24

186–187 1.59 2.12

190–191 −0.22 2.18

197–198 −0.71 2.17

ANTA02-AV43-137-148 11 138–139 2.40 1.57

143–144 1.21 2.02

ANTA02-AV43-148-151 3 149–150 1.23 1.74
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constant in the 40Ar-39Ar method makes the age of an un-
known sample nearly insensitive to the value adopted but
strongly dependent on the value used for the age of the fluence
monitor. Adopting an age of 28.62Ma for the TCs standard, as
proposed by Renne et al. (2010), increases ages by only ~1 %,
falling within errors in all cases. Data corrected for post-
irradiation decay, mass discrimination effects, isotopes de-
rived from interference reactions and blanks are listed in
Table 3, and Online Resource 2. Errors are given as 2σ.

Data

Tephra characterization

Most of the studied samples (56 out of 64) represent
volcanogenic sedimentary deposits (terminology after
McPhie et al. 1993) resulting from post-eruptive, long trans-
port and reworking of volcanic particles (pumice to scoria and
lava fragments) including significant mixing with variable
amounts of non-volcanic detrital grains (metamorphic and in-
trusive rocks, loose crystals of various mineral phases and
bioclasts) and modification of primary clast shapes (e.g. clast
rounding). These deposits were not considered suitable for
correlation and dating purposes due to their high degree of
reworking.

Eight samples from four of the nine studied cores (Fig. 2)
show sedimentological features of primary pyroclastic falls to
resedimented volcaniclastic deposits (terminology after
McPhie et al. 1993). Deposits range in thickness from a few
cm up to ~30 cm and are massive to faintly normal graded.
Beds have non-erosive, sharp, sometimes irregular basal con-
tacts and gradational to diffuse tops often affected by biotur-
bation (typical of submarine tephra layers; Fisher and
Schmincke 1984), resulting in sand-silt lenses engulfed in a
muddy matrix. Deposits are mainly composed of ash- to
lapilli-sized pyroclastic fragments consisting of frothy to tu-
bular pumice, minor blocky and dense glass shards, dark ve-
sicular scoria, loose magmatic crystals and variable amounts
of lithic particles (Fig. 3). The pyroclastic particles in each
sample display a strong geochemical homogeneity (see be-
low) and most of loose, magmatic crystals are euhedral and
often preserve a coating of highly vesicular glass (with the
same composition of the glass within pyroclastic fragments)
adhering to crystal surfaces. These features suggest the ab-
sence of significant mixing of pyroclastic material with grains
from other sources and indicate that pyroclastic particles were
not affected by significant abrasion during the transport
(Carey and Sigurdsson 1978). Nevertheless, minor enrich-
ment in non-juvenile material and incipient juvenile clasts
(pumice) rounding occurs in some of the deposits and indi-
cates that original pyroclastic fall deposits may have been
transported and resedimented only a limited distance, e.g. byT
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short-lived gravity-driven sediment flows or bottom currents.
Conversely, the origin of these deposits by long run-out tur-
bidity currents (either by primary pyroclastic influx or after
subaerial fluvial/glacial reworking) seems very unlikely be-
cause of the absence of traction sedimentary structures, as
observed in ash turbidites (Schneider et al. 2001).

On the basis of this limited degree of reworking, we con-
sider also resedimented volcaniclastic deposits meaningful as
chronological marker and thus, we selected them for
tephrostratigraphic and geochemical analysis and dating
purposes.

The main sedimentological and textural features, as well as
the components of the identified primary pyroclastic fall de-
posits, are described in the following.

Core ANTA02-NW2 [Lat. (S) 73° 5.16; Long. (E) 170°
55.07; Depth b.s.l. 588 m]

NW2-0-13 is a 13-cm-thick, poorly sorted, ungraded
coarse ash (σφ=2.68; Mdφ=0.97) with dispersed <1 cm
pumice clasts (Fig. 3a). The basal contact with dark
volcaniclastic sand is sharp to diffuse and irregular.
Juvenile components include white to grey, angular to
subangular pumice (77 vol.%) from frothy to tubular in
shape (Figs. 3a, 4a–c, and 5a–c). Pumice occasionally
contains mm-sized feldspar crystals (Fig. 5a). There are
loose crystals of feldspar (<3 vol.%; Fig. 5e) and rare
pyroxene (Fig. 3a) coated by pumice. Lithic fragments
(20 vol.%) consist of subangular scoria (commonly
showing traces of abrasion and slight surface alteration),
subrounded to rounded holocrystalline rocks (granitoids),
oxidized lavas and loose olivine and amphibole crystals.

NW2-213-230 is a 17-cm-thick massive bed of well-
sorted medium ash (σφ=1.43; Mdφ=1.44). The bed is
normally graded. The basal contact with volcaniclastic
sand is sharp and irregular, while the upper contact again
with a volcaniclastic sand is diffuse. The juvenile com-
ponent consists of microvesicular to frothy (Figs. 4d and
5d), subangular, white to grey pumice (80.5 vol.%) and
abundant (~8.5 vol.%) pristine crystals of feldspar,
clinopyroxene and amphibole often coated by pumice
(Figs. 3b and 5e, f). The lithic component (11 vol.%)
consists of scarce subangular fragments of scoria and
lava, loose crystals of feldspar (subrounded and milky),
pyroxene and amphibole (rounded and abraded) and frag-
ments of holocrystalline rocks (mostly consisting of feld-
spar; Fig. 3b).

NW2-255-265 is a massive, up to 10-cm-thick lens
within grey mud, and consists almost entirely of poorly
sorted coarse ash (σφ=2.27; Mdφ=0.42) with dispersed
<1 cm angular pumice (Fig. 3c). The juvenile component
(98 vol.%) includes highly vesicular pumice with almost
spherical to tubular vesicles (Figs. 4b, c and 5b–d). Some
pumice clasts bear feldspar crystals <3 mm in size andT
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tiny acicular clinopyroxene crystals. Lithic fragments are
scarce (<2 vol.%) and consist of subangular scoria,
holocrystalline rocks (granitoids) and subrounded crys-
tals of milky feldspar (Fig. 3c).
Core ANTA02-NW3 [Lat. (S) 72° 58.02; Long. (E) 170°
59.34; Depth b.s.l. 534 m]

NW3-25-35 is a ~10-cm-thick bed composed of well-
sorted medium ash (σφ=1.64–1.70; Mdφ=1.36–1.42).
The bed is normally graded with a sharp and concave
basal contact against sandy mud; the top grades into
stacked mm- to cm-thick layers of a well- to poorly sorted
coarse to medium ash (σφ=1.37–2.38; Mdφ=0.62–
1.67) set in a muddy matrix and commonly containing
oversized clasts up to 5 mm in diameter. The juvenile
component (88 vol.%; Figs. 3d and 4e, f) consists of
blocky and variably vesicular (low to moderate) glassy
particles, pale yellow to dark brown in colour and equant
in shape with microlites of plagioclase, olivine and oxide
(Fig. 5g, h) and frothy to fluidal fragments, moderately to
h igh ly ves icu la r, wi th mic rophenocrys t s o f
clinopyroxene and olivine immersed in a groundmass
rich in plagioclase microlites. Scarce (<1 vol.%) loose
crystals of plagioclase occur (Fig. 3d). Lithic fragments
are abundant (11 vol.%; Fig. 3d) and include subangular
pumices and scoria, rounded fragments of tuff and

abundant holocrystalline rocks. Twomainmineral assem-
blages were identified within the holocrystalline rock
fragments; the first consists of quartz, K-feldspar, plagio-
clase, oxides±orthopyroxene, the second of plagioclase,
clinopyroxene, oxides±nepheline. Most lithic fragments
show variable degrees of alteration with the original min-
erals subst i tuted by clays. Loose crystals of
clinopyroxene, olivine and feldspar also occur.
Core ANTA99-NW31 [Lat. (S) 73° 13.53; Long. (E)
170° 59.28; Depth b.s.l. 535 m]

NW31-42-61 is a 19-cm-thick, normally graded bed
consisting of a poorly sorted, very coarse to medium ash
(σφ=2.1–2.3;Mdφ=−0.6–1.0) with scattered, oversized
angular to subangular pumice (up to 2 cm). The basal
contact with underlying clayey sand and the top contact
with silty mud are both sharp. Juvenile clasts (~91 vol.%;
Fig. 3e) include greenish dense glass fragments (Figs. 4g,
h and 5i) and highly vesicular, pale grey pumice with
vesicles ranging in shape from elliptical to tubular
(Figs. 3e and 5b, c). There are a few (<3 vol.%) crystals
of feldspar and clinopyroxene wetted by pumice. The
lithic component (~5 vol.%) consists of subangular frag-
ments of lava and holocrystalline rocks (chlorite meta-
morphic schist) and loose crystals of feldspar and
clinopyroxene (Fig. 3e).

Fig. 2 Stratigraphic logs of the
studied cores 40Ar-39Ar (this
study) and 14C ages (in red) for
studied deposits from Colizza
et al. (2003) are highlighted;
b.s.l.: below sea level
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NW31-173-205 is a 32-cm-thick bed composed of
poorly sorted (σφ=2.12–2.24) very coarse to medium
ash (Mdφ=−0.71–1.59) with abundant <2 cm, angular
to subangular pumice especially in the lowermost part of
the deposit. The basal contact with massive mud is sharp
and slightly irregular, while the upper contact with mud is
sharp and horizontal. The juvenile component
(~72 vol.%; Fig. 3f) consists of white to pale grey pumice
(almost aphyric) and scarce, dense fragments of greenish
glass (Figs. 4g, h and 5i). Ash and pumice are highly
vesicular with vesicles ranging in shape from
microvesicular to frothy and tubular (Figs. 4a–d and

5b–d). There are a few (<4 vol.%) loose crystals of feld-
spar coated by pumice (Figs. 3f and 5e).

Lithic fragments are abundant (~24 vol.%) and com-
prise subangular scoria often altered to zeolite,
holocrystalline rocks mainly consisting of plagioclase,
clinopyroxene, spinel and alkali feldspar, tuff with perlitic
texture, fragments of volcaniclastic siltstone and loose
crystals of subrounded milky feldspar and quartz
(Fig. 3f).
Core ANTA02-AV43 [Lat. (S) 74° 8.45; Long. (E) 166°
4.97; Depth b.s.l. 218.5 m]

AV43-137-148 is an 11-cm-thick, well to poorly

Fig. 3 Images of grains from
tephra layers with grain size
distribution, main component
abundances (vol. %) and
description. Illustrated clasts are
of grain size class phi-1.
‘Crystals’ coated by glass with the
same composition of the glass
within pumice are of inferred
primary origin. Fps feldspar, Cpx
clinopyroxene, Pl plagioclase, Ol
olivine, Amp amphibole, Qz
quartz, Bt biotite, Ms muscovite
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sorted (σφ=1.57–2.02), medium to fine ash (Mdφ=
1.21–2.4). The bed is normally graded. The basal contact
with primary pyroclastic fall (AV43-148-151) is sharp,
and the upper contact with massive mud is sharp and
horizontal. The juvenile component includes white to
pale grey subangular pumice (77 vol.%; Fig. 3g) and
abundant (~7 vol.%) feldspar crystals (Figs. 3g).
Pumice are highly vesicular and microvesicular to tubular
(Figs. 4b–d and 5b–d). The abundant lithic fragments
(16.5 vol.%) include subangular fragments of highly
crys ta l l ized lava and two different types of
holocrystalline rocks; the first type consists of plagio-
clase, biotite, apatite and quartz, the second of K-feldspar,
plagioclase, biotite and loose crystals of quartz, as well as

subrounded, milky feldspar and loose muscovite and bi-
otite laminae (Fig. 3g).

AV43-148-151 is a 3-cm-thick, well-sorted (σφ=
1.74) medium ash (Mdφ=1.23). The bed consists almost
entirely of juvenile clasts (96.5 vol.%) comprising angu-
lar to subangular, white to pale grey pumice and scarce
greenish vesicle-free glass (Figs. 3h and 5i). The basal
contact with sand and the upper contact with AV43-
137-148 tephra is very sharp and almost flat. Pumice is
highly vesicular and microvesicular to tubular (Fig. 4b–
d). There are a few (~2 vol.%) crystals of feldspar and
clinopyroxene, along with sporadic biotite-rich laminae
(Fig. 3h). Lithics are very scarce (~1 vol.%) and include
subangular scoria fragments, holocrystalline rocks

Fig. 4 Scanning electron
microscope secondary electron
(SEM-SE) images representative
of textures identified in studied
primary pyroclastic and
resedimented volcanic deposits. a
Highly vesicular, frothy pumice
fragments (NW02-0-13); b, c
highly vesicular, blocky pumice
with tubular vesicles (NW2-255-
256); d highly vesicular
(microvesicular), blocky pumice
(NW2-213-230); e, f moderately
vesicular, glassy scoria with f
fluidal texture (NW3-25-35); g, h
almost vesicle-free glass fragment
(AV43-148-151)
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fragments (granitoids) and loose crystals of feldspar and
sporadic biotite (Fig. 3h).

Glass and mineral composition

The major element composition of analysed glass and
minerals are shown in Fig. 6 and Table 2 and in Fig. 7,
respectively. Only clear and euhedral to subhedral crystals
were selected for analyses in order to avoid non-juvenile
minerals when possible selecting those coated by volcanic
glass. Crystals in Fig. 3 are those coated by glass with the
same composition of the glass within pumice and were
considered representative of pumice mineral assemblage.
Three of the samples from Mount Melbourne volcano
were holocrystalline and not suitable for glass ground-
mass microprobe analysis. Only two of the five samples

from Mount Melbourne volcano, G03 and G62, have
glassy groundmass suitable for microprobe analyses, al-
though with a significant amount of microlites of alkali
feldspar.

Most tephra beds consist of a single, homogeneous glass
population (Table 2 and Fig. 6). The majority of samples are
evolved rocks plotting in the trachyte field of the TAS diagram
(SiO2=60.8–66.6 wt.%; Na2O+K2O=11.2–13.8 wt.%). The
major element compositions of glass in the studied samples
from sediment cores form at least four compositional groups
within the Harker and K2O vs. Na2O wt.% classification dia-
grams (Fig. 6).

Samples NW2-0-13 and NW31-42-61 are chemically indis-
tinguishable from one another and can be discriminated from the
other samples by their lowAl2O3 content and slightly high FeOtot

content, as indicated in Fig. 6c. Loose crystals in equilibrium
with these glasses are anorthoclase Ab58–65, Or40–32, An2–4 and

Fig. 5 Scanning electron microscope secondary electron (SEM-BSD)
images representative of textures identified in studied primary
pyroclastic and resedimented volcanic deposits. a Frothy pumice with
feldspar microphenocrysts (NW2-213-230); b, c tubular pumice (AV43-
148-151 and NW31-42-61); d highly, microvesicular pumice (NW31-
173-205); e, f loose magmatic crystals of amphibole and feldspar

coated by vesicular glass (NW2-255-256); g, h blocky, low-vesicular,
basaltic fragment with glassy groundmass containing microlites of
plagioclase, olivine and oxide (NW2-25-35); h moderately vesicular,
basaltic fragments with plagioclase microlite-rich groundmass (NW2-
25-35); i low-vesicular, blocky glass fragment (NW31-42-61)
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clinopyroxene Fs20–30 (Fig. 7). Other loose crystals of differing
compositions, more abundant in NW2-0-13, are apparently
reworked (slightly abraded and opaque) plagioclase (An25-90),
clinopyroxene (Fs11-16; Fig. 7) and olivine (Fo70–86) coated by
less evolved glass, and rare kaersutitic amphibole.

Sample NW2-213-230 stands out for a high silica content
and an overall low alkali content, Na2O especially (Fig. 6b).
Minerals in equilibrium with glass are anorthoclase (Ab60–65,
Or28–36, An4–7), clinopyroxene (Fs28–41, Wo41–45; Fig. 7) and
ferropargasitic amphibole (Mg# 0.28–0.44, Si in formula 6.1–
6.4). Less calcic anorthoclase crystals (Ab67–71, Or28–32,
An<1) are interpreted as lithic clasts.

AV43-137-148 and 148–151 and NW2-255-265 show vir-
tually the same glass composition and mineral chemistry
(Fig. 6a–c). Loose crystals in equilibrium with the glass
are mainly anorthoclase Ab59–68, Or30–40 and An<4 as-
sociated with minor Fe-rich clinopyroxene (Fs40–50,
Fig. 7). AV43-148-151 also contains local biotite
crystals.

The composition of layer NW31-173-205 is intermediate
to that of NW2-213-230 and other trachytic samples (Fig. 6a–
c) and shows a wide range of Al2O3 contents. Pumice bears
anorthoclase crystals that are slightly less potassic than in
NW2-213-230 (Ab55–58, Or43–36) but have similar calcium
contents (An2–6, Fig. 7).

The composition of glass in sample NW3-25-35 plots
in the basanite field (CIPW normative olivine=11.86 %;
SiO2=46.6–48.1 wt.%; Na2O+K2O=7.1–8.2 wt.%;
Fig. 6a) and shows a sodic affinity (Fig. 6b). Glass
fragments contain <1 mm crystals of Fo80–84 olivine
with tiny (<10 μm)~Fo76 rims, Fs11–17 clinopyroxene
<0.5 mm in diameter and rare microphenocrysts of
andesinic plagioclase (Fig. 7). Loose large Na-rich pla-
gioclase and alkali feldspar are lithic clasts.

The composition of glass in samples G03 and G62 from
Edmonson Point and Baker Rocks (Mount Melbourne) are
low K-alkaline trachytes similar to those of NW02-213-230
and NW31-173-205 but with slightly differing Al contents.

Fig. 6 Glass compositions of the
primary pyroclastic fall,
resedimented volcaniclastic
deposits identified in the studied
cores and samples G03 and G62
(coloured full symbols) from
Edmonson Point and Baker
Rocks, respectively (Giordano
et al. 2012). These are plotted
against comparable glass
compositions available in
literature for crypto- and micro-
tephra recovered in ice cores and
for ash layers in blue ice from the
Frontier Mountain. The number
of analyses plotted for studied and
reference samples are reported in
square brackets. Analyses were
normalized to 100 % on a
volatile-free basis. a Total alkali-
silica diagram of Le Bas et al.
(1986); b classification of the
glass composition in a K2O vs.
Na2O wt.% diagram; c Harker
diagrams

36 Page 10 of 17 Bull Volcanol (2015) 77: 36

10



Both samples show short compositional trends that are con-
sistent with the glass groundmass being residual (mainly de-
pleted in alkali content) after a variable crystallization of alkali
feldspar microlites.

40Ar-39Ar data

Alkali feldspars suitable for 40Ar-39Ar dating were selected
under a binocular microscope on the basis of their petrologic
characteristics, e.g. clear appearance, low degree of abrasion
and presence of fresh glass coating the crystals.

Grains of alkali feldspar were recovered from sample
NW2-0-13 (sampled at 3.5–4.5 cm depth) for a total weight
of ~15 mg. Grains were split into three aliquots, one of which
consisted of a single large grain yielding ages ranging nomi-
nally from ~23 to ~125 ka. Two of the three ages overlap
within error, yielding an error-weighted mean age of 23.7±
5.3 ka. The youngest nominal value was obtained on the sin-
gle grain (22.6±6.0 Ma, ±2σ analytical error; Online
Resource 2). Mineral separates from layer NW2-213-230
(sampled at 225–226 cm depth) contained several euhedral
to subhedral alkali feldspar grains that were generally too
small for single-grain analysis. Total fusion experiments were
mainly performed on splits consisting of a few (2 to 4) crys-
tals; in a cumulative probability distribution plot (Fig. 8), data
show a single-mode distribution and yield an error-weighted
mean age of 72.0±2.8 ka (±2σ internal error, MSWD=0.89;
Online Resource 2). The slightly deeper layer from the same

core, NW2-255-265 (sampled at 256–257 cm depth), similar-
ly to layer NW2-213-230, yielded several alkali feldspar crys-
tals that were large enough for single-grain analysis (Online
Resource 2). Eight of the eleven analyses define a narrow
range of ages, yielding a statistically acceptable error-
weighted mean age of 74.6±2.1 ka (±2σ internal error,
MSWD=0.65) that is indistinguishable at the 2σ level from
the age of the upper layer. Two further analyses gave ages
overlapping at ~110 ka, whereas a third performed on a single
grain yielded an age of 80.7±4.3 ka (±2σ analytical error).

Sample NW31-42-61 (sampled at 51–52 cm depth) yielded
an alkali feldspar concentrate of ~24 mg that was split into six
aliquots. One run attempted on a single grain yielded a poorly
defined age of 16±15 ka. The analysis of thirteen whitish
grains yielded an age of ~280 Ma and a low K/Ca ratio
(Online Resource 2), indicating that the split included plagio-
clase grains. The remaining splits yielded ages ranging nom-
inally from 19 to 52 ka that are affected by large analytical
uncertainties due to the low gas yield. In a cumulative proba-
bility plot (Fig. 8), four data points define a main peak yield-
ing an error-weighted mean age of 21.2±6.4 ka (MSWD=
0.24) that is statistically indistinguishable from the ~24 ka-
age of layer NW2-0-13, whereas a single analysis defines a
small peak at ~50 ka. A good feldspar concentrate was obtain-
ed from sample NW31-173-205 (sampled at 197–198 cm
depth, with a total weight of 56 mg). Crystals were split into
eleven aliquots, two consisting of single grains (Table 2,
Online Resource 2). Data yield ages ranging nominally

Fig. 7 Composition of feldspars
and clinopyroxenes from the
analysed tephra layers
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from ~130 to 215 ka and defines three peaks in a cu-
mulative probability plot (Fig. 8): the youngest with an
error-weighted mean of 137.1±3.4 ka (n=6, MSWD=
1.1; Online Resource 2), an intermediate one at
~155 ka and the oldest at ~215 ka.

Layers from core AV43 yielded few crystals: less than
10 mg from sample AV43-137-148 (sampled at 138–139 cm
depth) and ~25 mg from sample AV43-148-151 (sampled at
149–150 cm depth). Analyses were performed in three runs
(Online Resource 2). One was performed on turbid whitish
grains and gave a Paleozoic age with a low K/Ca ratio. Two
other analyses yielded ages of 0.73±0.3 Ma and 1.2±0.2 Ma.
The feldspar separate of sample AV43-148-151 was split into
five aliquots. In a cumulative probability plot, age data define
a distinct peak (n=3, Fig. 8) yielding an error-weighted mean
of 9.7±5.3 ka, and single data points define small peaks at
~170 and 280 ka. One analysis performed on a single grain
gave a poorly defined age of 21±17 ka.

Table 3 summarizes the 40Ar-39Ar data presented above
and for each sample lists the age of deposition for each layer.
For samples characterized by a low crystal content (namely
NW31-51-52, AV43-138-139 and AV43-148-151) and conse-
quently by age data affected by large uncertainties, we

conservatively indicate a maximum age based on the youngest
error-weighted mean ages and the relative 2σ internal error
(Table 3).

Discussion

On the basis of sedimentological characteristics, the high
abundance of volcanic particles and small quantity of non-
volcanic detritus, as well as the homogeneous chemical com-
position of glass, eight primary pyroclastic falls to slightly
resedimented volcaniclastic deposits were identified in four
of the nine studied cores (NW31 and NW2, NW3 and
AV43). These deposits mostly consist of pumiceous lapilli
and ash, with minor amounts of loose magmatic crystals and
lithic fragments. The majority of the studied deposits have
trachytic compositions, with only the NW3 tephra consisting
of scoriaceous lapilli and ash of basanitic composition.

Implications for eruptive style

Tephra thickness and granulometry, including the maximum
size of lithic and juvenile clasts, systematically measured in a

Fig. 8 Cumulative probability
distribution of ages from total
fusion experiments on alkali
feldspar separates. Uncertainties
on the error-weighted mean ages
also include the error in the J
values. (n) refers to the number of
runs
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number of exposures are normally used to infer eruption
source parameters such as eruptive column height, total mass
ejected, mass discharge rate, etc. The morphology of volcanic
particles can provide clues on how the particles formed (i.e.
fragmentation mechanism and eruption dynamics), on param-
eters such as magma viscosity and volatile content, on inter-
action with external water (sea, freshwater or ice) and on the
post-fragmentation history of juvenile fragments (e.g. abra-
sion for long distance reworking/transport).

In the case of the studied deposits, it was impossible to obtain
a rigorous estimate of eruption parameters without knowing how
the physical characteristics of the deposits varied with distance
from the eruptive centre. Our results may nonetheless help to
qualitatively assess the eruptive style and intensity of the volcanic
eruptions that produced these pyroclastic fallout deposits.

Considering that layers are tens of centimetres-thick, that
some of the tephra contain medium-sized lapilli and that sam-
pling sites are at least 50 km (up to >200 km) from any known
(subaerial) volcanic centre, we infer that they were deposited
during high-energy subplinian to plinian eruptions able to
produce an eruptive column of several km and to disperse
lapilli and ash over large distances (Carey and Bursik 2000).
This also taking into account that the dispersion of pyroclastic
fall products might have been influenced by the westerly pre-
vailing winds (Fig. 1; Connolley and King 1993) and thus that
the studied deposits might represent the thickest deposits in
proximity to maximum dispersal axis.

As mentioned above, volcanic particles identified in the
studied tephra show a variety of morphologies: they are most-
ly highly vesicular pumice with only minor amounts of poorly
vesicular to vesicle-free particles. Loose magmatic crystals are
also abundant. Pumice range in shape from frothy to elongated
and have spherical, elongated to tubular vesicles whereas
poorly vesicular to dense vitric particle are mostly blocky.
Loose magmatic crystals are coated by highly vesicular glass
with the texture and same geochemical composition of the
pumices. Particles morphology and texture, including those
of magmatic crystals, likely suggest that the studied deposits
originated mostly by magmatic fragmentation (exsolution of
dissolved volatiles) during explosive eruption, and that there
are few hydroclastically fragmented pyroclasts for the interac-
tion of magma with ground water or ice (Heiken and Wholetz
1985; Buettner et al. 1999).

The morphology and texture observed in the scoria lapilli
and ash from the ANTA02-NW3 core are vice versa typically
generated by weakly to mildly explosive basaltic eruptions
(Cashman et al. 2000). The contemporary occurrence of ve-
sicular, frothy to fluidal and blocky particles may suggest that
a combination of magmatic and hydromagmatic fragmenta-
tion cannot be ruled out. The dispersal of fallout from this
kind of eruption is usually more limited with respect to plinian
and subplinian eruptions, implying a more local unknown
volcanic source.

Possible volcanic sources for Ross Sea tephra

40Ar-39Ar results constrain the possible volcanic sources to
those active between ca. 137 and 12 ka (Table 3). Since all
the studied beds are well-preserved pyroclastic fall deposits
with thicknesses of the order of several to tens of centimetres
and relatively coarse grain size, we considered the northern
Victoria Land volcanoes as probable sources because they are
the closest volcanic edifices to the coring sites. The potential
sources must have yielded products in this time frame with
eruptive style and geochemical composition similar to those of
the tephra. Volcanoes that fulfil these conditions are Mount
Melbourne, Mount Rittmann, The Pleiades volcanic com-
plexes and more to the south, Erebus volcano. Mount
Melbourne volcano has been very active since 150 ka
(Giordano et al. 2012). Late Pleistocene to Holocene deposits
crop out in different portions of the edifice and consist of
trachytic ignimbrites (123.6±6.0 ka; Giordano et al. 2012),
alkali basaltic, hawaiitic and subordinate benmoreitic lavas
and scoria cones (90.7±19.0 ka; Giordano et al. 2012). The
most recent products ofMount Melbourne are exposed widely
on the edifice and consist of trachytic to rhyolitic pumice fall
deposits likely originated from plinian-scale eruptions
(Giordano et al. 2012). Mount Rittmann volcanic activity
dates between 3.97 and 0.07 Ma (Armienti and Tripodo
1991; Perchiazzi et al. 1999). Recent activity is still poorly
known due to the scarcity of outcrops. It is unknown if the
volcano has been active in the recent past. K-Ar ages for
Mount Rittmann effusive products of phonolitic or trachytic
composition yield ages of 240±200, 170±20 and 70±20 ka
(Perchiazzi et al. 1999). The fumaroles and geothermal activ-
ity discovered on the summit part of the volcano (Bonaccorso
et al. 1991) suggest that the volcano is dormant but not extinct.
The Pleiades volcanoes have been very active over the last
100 ka. (Esser and Kyle 2002). 40Ar-39Ar ages indicate that
the most recent volcanic activity occurred at 6±6 ka (Esser
and Kyle 2002) and that volcanism in this area is as old as
847 ka. K-Ar data gives even more recent ages of around 3 ka
(Armstrong 1978). The occurrence of hydrothermal activity
(Esser and Kyle 2002; Fraser et al. 2014) and the widespread
pumice lapilli fallout deposits on the surface of The Pleiades
provide evidence for Holocene volcanic activity. Deposits
from The Pleiades consist of rocks belonging to the alkali-
rich basanite-tephrite-phonotephrite-phonolite suite (Kyle
1990) and to an alkali-poorer suite of hawaiites, mugearites,
benmoreites and trachytes (1990).

Erebus volcano has been active since at least 1.3 Ma and
has erupted lava varying from basanite to phonolite in com-
position (Kyle et al. 1992; Esser et al. 2004). The relative
recent explosive activity of Erebus volcano is testified to by
several tens of tephra beds embedded in ice on the flanks of
the volcano or cropping out at several localities close to the
volcano including at least two large eruptions that deposited
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tephra ~200 km from source (Harpel et al. 2008). Late
Pleistocene and Holocene activity has included anorthoclase-
phyric phonolitic lava flows, caldera formation, and explosive
activity including a plinian eruption forming the tephra pre-
served at Mount DeWitt (Harpel et al. 2004).

To identify the possible provenance of the studied tephra,
we compared the composition of glass and minerals with data
from the literature on the pyroclastic products of known erup-
tions of the above-mentioned volcanoes.

Tephra correlation has been determined on the basis of the
similarity coefficient (SC) of Sarna-Wojcicki et al. (1984).
The SC was calculated comparing the average major element
composition (calculated on normalized concentrations) of
glass in the studied tephra and those from the literature.
Similarity, coefficients were calculated excluding elements
with concentrations close to detection limits (Sarna-Wojcicki
et al. 1984) by using this formula:

SC ¼ 1

n

XXiA

XiB

Where: i=element number, n=number of elements, XiA=
concentration of element i in sample A, and XiB=concentra-
tion of element i in sample B with XiA is the minimum of the
pair XiA, XiB. SC of 0.92 is typically considered as the lowest
acceptable value for tephra correlation (Froggatt 1992). SC>
0.95 indicates a good correlation between a sample pair, and
SC>0.97 is considered a very good correlation.

Unfortunately, there are limitations that reflect limited
knowledge of the volcanology, chronostratigraphy and rock
geochemistry of most Antarctic volcanoes, especially those in
northern Victoria Land. Furthermore, most of the published
geochemical data on known and dated eruptions of Mount
Melbourne, Mount Rittmann, The Pleiades and Erebus are
for bulk rock compositions, with an almost complete absence
of published glass geochemistry. This makes comparison with
microprobe compositions of glass difficult. It is well known
that the major element composition of volcanic glass in pyro-
clastic products may strongly differ from the bulk rock com-
positions of the same volcanic products (e.g. lavas, dikes,
bombs, blocks, etc.) even if taken from the same rock (Stern
1990, 2008; Kraus et al. 2013). This is because bulk rock
analyses include phenocrysts with compositions different
from that of the glass, which represents melt that is usually
enriched in some chemical elements relative to that of the bulk
rock.

Nonetheless, our analyses of pyroclastic products from
Mount Melbourne highlight that at least two of the studied
marine tephra layers, NW31-173-205 and NW2-213-230,
are compositionally compatible with, respectively, the
Edmonson Point trachytic ignimbrite (sample G03 of
Giordano et al. 2012; SC=0.89) and the products of the last
Mount Melbourne eruption, a plinian pumice fallout deposit
of probable Holocene age (G62 of Giordano et al. 2012; SC=

0.86). Although the SC value is slightly below the lowest
value acceptable for tephra correlation (0.92; Froggatt 1992),
we suggest that NW31-173-205 and NW2-213-230 have a
compositional affinity with products of Mount Melbourne.
In addition, the 40Ar-39Ar age of 137.1±3.4 ka for NW31-
173-205 is comparable, though not overlapping within error,
with that of 124.3±6.4 ka for the Edmonson Point trachytic
ignimbrite (Giordano et al. 2012), and strengthen inference of
a source in the Mount Melbourne volcanic complex.

We also compared the glass composition of tephra identi-
fied in the studied cores with those of englacial tephra from the
study area and of micro- and crypto-tephra recovered in
Antarctica during deep ice core drilling at Dome Fuji (Fujii
et al. 1999; Kohno et al. 2004; Narcisi et al. 2006), Vostok
Dome (Basile et al. 2001; Delmonte et al. 2004; Narcisi et al.
2010a), Siple and Taylor Domes (Dunbar et al. 2003; Dunbar
and Kurbatov 2011 and references therein), EPICA Dome-C
(Delmonte et al. 2004 and 2008; Narcisi et al. 2005; Narcisi
et al. 2010a) and Talos Dome (Narcisi et al. 2010b and refer-
ences therein).

Samples AV43-137-148 and -148-151, with an 40Ar-39Ar
age of 9.7±5.3 ka, are contiguous in the core and chemically
indistinguishable, yielding a SC value of 0.95. These probably
represent deposits of two different phases of the same eruption
or deposits produced by two eruptions from the same volcanic
complex that occurred over a short period of time and were fed
by the same magma source. These layers have a good corre-
lation in age and composition to the TD741 (SC=0.92–0.96)
and TD779 (SC=0.90–0.94) ash layers identified in the Talos
Dome ice core (Narcisi et al. 2012) with inferred ages of 13.77
±0.13 ka and 15.9±0.14 ka, respectively (Table 3). For
TD741, no source has yet been suggested, whereas for
TD779, derivation fromMount Melbourne has been indicated
by Narcisi et al. (2012).

As mentioned above, samples NW2-0-13 and NW31-42-
61 are almost chemically indistinguishable (SC=0.96) and
correlate with the NW2 and NW31 cores. Unfortunately, be-
cause of the paucity of data on the composition of the volcanic
glass in the northern Victoria Land, it was not possible to
either correlate these deposits with their onland vent(s) or to
infer the area of origin. Similarly, the remaining glass sam-
ples NW2-255-265 (trachyte) and NW3-25-35 (basanite)
have only a partial geochemical affinity with the glass in
some volcanic ash and tephra layers identified in Antarctic
ice cores (e.g. Talos Dome, Taylor and Siple domes,
Vostok Dome and Epica Dome-C) and in the blue ice of
Frontier Mountain (Curzio et al. 2008) and Brimstone
Peak (Dunbar 2003). Although most of these tephra have
compositional affinities with the products of explosive ac-
tivity at Mount Melbourne, Mount Rittmann and The
Pleiades volcanic complexes (Narcisi et al. 2001; Dunbar
2002; Narcisi et al. 2006; Curzio et al. 2008; Narcisi et al.
2010a, b; Narcisi et al. 2012; Dunbar and Kurbatov 2011),
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they cannot be ascribed to any one volcano or to a spe-
cific eruptions.

Conclusions

For the first time in this area, we have attempted a correlation
between marine and terrestrial archives by comparing pyro-
clastic fall and slightly resedimented volcanic deposits recov-
ered in cores with subaerial tephra sampled on Mount
Melbourne volcano. In addition, we compared the studied
tephra with micro- and crypto-tephra recovered in deep
Antarctic ice cores and with englacial tephra.

Results indicate that eruptive activity in the Melbourne
Volcanic Province of northern Victoria Land was intense dur-
ing the Late Pleistocene-Holocene. At least five mid to high
intensity (plinian to subplinian) explosive eruptions occurred
in this period.

Geochemical data and 40Ar-39Ar ages indicate that one of
these eruptions took place from the Mount Melbourne volca-
nic complex at 9.7±5.3 ka and two more show a geochemical
affinity with this source.

As for the remaining studied tephra, the limited knowledge
of the volcanology, chronostratigraphy and glass geochemis-
try of most volcanic centres in the Melbourne Volcanic
Province only allows the identification of a general area of
provenance, precluding correlation between marine tephra
layers and specific source volcanoes or eruptions.

We conclude that Antarctic tephrostratigraphic records,
whether marine, terrestrial or glacial, provide only a partial
picture of the eruptive history of an area and cannot be used
alone for volcanological reconstructions. The majority of the
eruptions identified in the studied cores, though inferred to
have been of high intensity, are not recorded in ice cores
drilled in Antarctica and vice versa. This is because the dis-
persal of pyroclastic products is strongly influenced by the
direction of prevailing winds.

A major obstacle in the correlation and synchronization of
different records is the lack of comparable geochemical data,
e.g. the composition of glass from all possible volcanic sources.
A challenge for future tephrochronology research in Antarctica
will be the enrichment of available geochemical datasets (e.g.
AntT Project founded by National Science Foundation; http://
cci.um.maine.edu/AntT/), which must include the major and
trace element composition of glass from as many volcanic
sources as possible. This would allow the reliable correlation
and synchronization of tephra identified in records from
different environments with source areas.
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